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Abstract

Lightweight manipulator design is one of the diverse and rich research fields in the
area of robotics. The lightweight manipulator development has become increasingly
essential because of its distinctive benefits such as reduced inertia, low energy
consumption and safer operation that are the key challenges in optimising a
manipulator design. Various designs approaches have been proposed over the
past decades in the development of lightweight manipulators. However, majority
of lightweight manipulator designs from the literature were developed following
the conventional design approach such as positioning the actuators at base or
allocating a dedicated actuator for each degree of freedom. Reduction of humber
of actuators (underactuation) utilised has significant benefits such as cost
reduction, compactness and reduced weight. Thus, incorporation of underactuation
concept with the lightweight manipulator design will integrate the features of
underactuation concept with lightweight manipulator that enhance the design.
More interestingly, development of tendon driven manipulators incorporating
underactuated concept has not been explored extensively in the field of lightweight
manipulator design. In addition, electromagnetic clutches have been widely utilised
in underactuated systems as a coupling device due to its advantages such as fast
activation and electrical controllability. However, a continuously supply of electrical
energy is essential to sustain the engaged state of an electromagnetic clutch
during operation. Therefore, an electromagnetic clutch consumes substantial amount
of electrical energy during the operation. Moreover, conventional electromagnetic
clutch is not fail safe in unexpected power failure conditions. These factors have a
significant impact on energy efficiency and safety of the manipulator design, that

are vital design aspects of underactuated lightweight manipulators.



These elements are addressed in this research through the development of
underactuated tendon driven manipulator incorporated with bistable electromagnetic
coupling mechanism. A bistable electromagnetic coupling mechanism is developed
initially in this research for underactuated manipulators. The developed bistable
electromagnetic coupling mechanism has the capability to maintain stable
mechanism states either engaged or disengaged without a continuous electrical
power supply. Thus, the design is with the potential of minimising electric energy
usage and providing a fail-safe coupling mechanism. Moreover, bistable electromagnetic
coupling mechanism comprises the advantages of conventional electromagnetic
clutch such as rapid activation and electrical controllability. The experimental results
illustrated that the proposed bistable electromagnetic coupling mechanism has utilised
only 1.104 ] of energy throughout the entire operation of the coupling mechanism.
In addition, a tendon driven manipulator is developed which utilises reduced
number of motors for the actuation, adopting the underactuation concept in the
design. The developed manipulator is with the capability of reducing driving joint
torques required for actuation. The effectiveness of the proposed design in
reducing driving joint torques is examined via theoretical and experimental
studies. The experimental and theoretical results have highlighted the significance
of the developed tendon driven manipulator design in reducing driving joint
torques with comparison to the conventional manipulator. The energy consumption of
the proposed bistable coupling mechanism based actuation is also analysed
experimentally. Experimental results further illustrated that proposed coupling
mechanism based approach has reduced the energy consumption by 188 ] and
144 ] during the actuation of manipulator joints. Experimental studies have
highlighted the potential of the proposed manipulator design in reducing both

driving joint torques and the energy consumption. Furthermore, in the research



study further enhancement to the developed manipulator design is introduced by
utilizing a single motor for the actuation. The single motor tendon driven manipulator
design proposed in the study comprises the features of lightweight manipulators
and the advantages of the underactuation concept. Thus, the proposed underactuated
tendon driven manipulator incorporated with bistable electromagnetic coupling
mechanisms makes a promising design approach in the field of lightweight manipulator

development.
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Chapter 1

Introduction

1.1 Background

The lightweight manipulator design has gained a significant attention of the
researches and robot manufactures due to its high demand, distinct features and
the significant benefits. Furthermore, lightweight manipulator design has become
a growing research trend creating a novel branch of research in manipulator
design.

The huge demand of lightweight robots is contributed by the requirements
of working environment such as space robots [1][2][3], service robots [4][5] and
medical robots [6][7]. For example, lightweight design is crucial in space
applications. The cost of transporting heavy masses to the space is relatively
higher that ranges from 8000 to 20000 US Dollars per kilogram. In addition, higher
operational speeds which lead to higher productivity [8][9]and safer operation for
human robot interaction also enhance the demand of lightweight manipulators.
Safety is an essential requirement for the coexistence of robotic manipulators and
humans in industrial environments and in various domains [10][11]. Lightweight
manipulators have less inertia and shorter breaking distance because of reduced
weight [12]. Therefore, lightweight manipulators are safer compared to the
traditional manipulators [13]. In addition, Lightweight robots consume less energy
as the weight reduces. Besides that, lightweight manipulators also have higher

payload to weight ratio compared to conventional manipulators [14][15].



In majority of the conventional manipulator designs, motors are fixed at
each joint of the manipulator with respective gearbox and other related
components. The advantage of this approach is the ease in control of joint motion
independently. However, the plurality of motors increases the mass and demands
high power supply. When considering the present lightweight redundant
manipulators, most of robotic manufactures have developed several lightweight
manipulators following the conventional lightweight manipulator design approach
positioning the actuators at base and allocating a dedicated actuator for each
degree of freedom.

The general strategies of designing lightweight manipulators are by
designing lightweight joints [16-18] or locating the actuators, heavy joint
components at the base and transmitting the power to each joint through gears,
tendons or special transmission mechanisms [19][20]. When considering the
present lightweight manipulators, many robotic manufactures and researchers
have developed several lightweight manipulators following the conventional
lightweight manipulator design approach positioning the actuators at the base and
allocating a dedicated actuator for each degree of freedom (DOF). Even though
lightweight concept is preserved, the designs utilise dedicated actuators, which
are similar to the conventional design approach. The number of actuators
employed for the actuation has not been reduced in these designs. Reduction of
actuators have significant benefits such as low energy consumption, compact in
design, reduced weight and cost [21].

The mechanical system with reduced number of motors in comparison to
the number of degrees of freedom of the system is known as underactuated
system [21][22]. In order to achieve this goal, passive elements are used. These

elements replace the motors leading to a reduction of number of actuators.



However, these passive components do not function similarly as actuators. By
definition, passive element could be considered as a device that does not
contribute for the positive work generation on its environment [22]. Therefore,
passive components cannot generate arbitrary forces or motions though able to
modify forces or motions provided by an external source such as a human user to
produce passively controlled forces and motions.

As stated previously, substantial number of motors increase the mass, cost
and demands more power. Therefore, underactuated systems have significant
benefits over the traditional fully actuation due to the reduced use of motors.
Therefore, applying underactuated concept in design of the lightweight
manipulator could merge the beneficial features of underactuated system with the
lightweight manipulator enhancing the manipulator design. The distinct benefits
of minimising the number of actuators used advocate the implementation of the
concept of reduction of motors used in lightweight manipulator design. These are
the motivating factors of the current research to explore the possibility of

designing lightweight manipulator merging the underactuated system concept.



1.2 Motivation

Robot technology implementation in the manufacturing field has been evolved
remarkably in the recent years. As a result, robotic devices such as robot
manipulators have become general manufacturing tool in the industrial operations.
These devices are implemented to enhance the efficiency of the manufacturing
process and to improve the quality of the manufactured product. The traditional
robot manipulators are employed for the execution of scripted tasks, while
operating inside a safety fence. The manipulator is isolated from the human
interaction [23]. However, the concept of human and robot collaboration in
manufacturing process has become a new frontier in the industrial manipulator
design sector [24]. This concept utilises abilities of each member such as the
intelligence, dexterity and perception of the human worker and the memory,
strength and precision of the robot manipulator [25][26]. According to the
“Service Innovation for Smart Industry Human-robot collaboration” report by
“European commission for Internal Market, Industry, Entrepreneurship” states
that, the collaborative robot manipulators will be having a significant impact on
the manufacturing sector while creating new unexplored manufacturing sector
known as small-medium manufacturing [27]. The report further states there is a
research trend in the development of collaborative robot manipulators in
manufacturing sector. Companies such as Volkswagen, BMW and Mercedes have
already initiated pilot projects with robot manipulators which operate close with
humans in assembly lines of the manufacturing plants [28][29]. The safety is an
essential attribute to be considered in the development of human collaborative
robots. Therefore, international safety standards have been implemented to

enhance the safety of the workers. ISO 10218-1, 5.10.5, ISO/TS 15066 are some



of the safety standards implemented [30][31]. Lightweight design aspect is one
of the important safety attributes among international safety standards for human
collaboration robots in manufacturing [31][32]. This factor has greatly influenced
the growth of the research in designing of lightweight manipulators for human
robot collaborative manufacturing.

Plurality of motors in a system increase the mass and demands high power

supply. Reduced uses of motors (underactuation) have significant benefits over
the traditional actuation mechanism such as low energy consumption, cost
reduction, compactness and reduced weight[33][34]. Due to the advantages of
underactuated concept over the fully actuated concept, it has gained a significant
attention in many robotic fields. The underactuate concept has been implemented
in various robotic applications such as mobile robots, underwater robots, space
robots etc [33][35][36].
In spite of this it has not been applied extensively in the design of lightweight
manipulators. The general strategies of designing lightweight manipulators are by
designing lightweight joints or locating the actuators, heavy joint components at
the base and transmitting the power to each joint through gears, tendons or
special transmission mechanisms [37][38]. When considering the present
lightweight manipulators, most of robotic manufactures and researchers have
developed several lightweight manipulators following the conventional lightweight
manipulator design approach positioning the actuators at base and allocating a
dedicated actuator for each degree of freedom (DOF).

Several lightweight manipulators have been developed over the years.
However, it could be observed from the literature that the conventional actuation

principle has been adopted in majority of the developed tendon driven manipulator



designs. There is a dedicated motor allocated for each joint. As such, the humber
of actuators employed for the manipulation has not been reduced.

Combining underactuated concept with the lightweight manipulator design
will merge the features of underactuated concept with the lightweight manipulator
that will enhance the design. Furthermore, reduction of cost and energy
consumption is vital for the human collaborative manipulators in manufacturing
apart from weight reduction [45][46]. Therefore, there is a capability of expanding
the quality of lightweight robot manipulators in manufacturing by introducing a
novel idea that is to develop a tendon driven manipulator comprising both
lightweight and underactuated characteristics. With the initiation of concept, it will
aid for the achievement of vital goals such as lowering the cost and the energy
consumption in addition to the lightweight attribute.

Furthermore, over the years researchers have developed several under
actuated robot designs. These underactuated robot systems replace the motors
installed at each degree of freedom with coupling mechanism. A central motor is
maintained for the distribution of energy to the joints through gear trains or
through tendons. The coupling mechanism installed control the supply of energy
to the joints. However, majority of the underactuated robot designs have
incorporated electromagnetic clutches as the coupling device due to the benefits
such fast activation, moderate torque density and electrical controllability [47-51].
The underactuated system motion is manoeuvred through controlling the energy
supply to the passive joints by engaging and disengaging the clutches [52].
Engaging of the clutch is analogous to switch On state of the motor and similarly
disengaging to the switch Off state. This leads to reduction of motors in these

underactuated robot systems.



Apart from the benefits, the major drawback of the conventional
electromagnetic clutch is that, power should be supplied throughout the operation.
The power supply is used for the excitation of the electromagnetic coil. The
electromagnet provides the holding force required to maintain the engaged state
of the clutch. Therefore, power supply could only be terminated during
disengaging the clutch [53-55]. As such, electromagnetic clutch consumes high
amount of energy during the clutch operation. Furthermore, disengagement of the
clutch due to unexpected power failure is another drawback [56] [57]. According
to the EU directive 2006/42/EG clause 1.2.6 the drive must not disengage in case
of a power failure [58]. The directive enhances the safety of a system in a situation
where unexpected power failure occurs. However, a conventional electromagnetic
clutch cannot remain in engaged state without a continuous power supply. Hence
implementation of conventional electromagnetic clutch may affect the safety of
the system. Moreover, dissipation of heat energy from the electromagnetic coil
due to the continuous power supply is another disadvantage. Therefore, designing
of energy efficient and safe mechanism is essential for the underactuated
manipulators. Furthermore, it will enhance the fundamental design requirements
of underactuated lightweight manipulators such as safety and efficiency. These
elements are the major incentive for this research on the development of
underactuated tendon driven lightweight manipulator incorporated with energy-

saving and safe coupling mechanism.



1.3 Aims and Objectives

The aim of the research is to develop a tendon driven lightweight manipulator
incorporating reduced number of motors with reduced driving joint torques and
with the capability of independent movement of each degree of freedom using low

energy consuming coupling mechanism.
The objectives of this research include:

1. To develop a coupling mechanism with low energy consumption for the

independent joint motion of the underactuated lightweight manipulator.

2. To develop a working prototype of the tendon drive lightweight robot
manipulator using reduced number of motors with reduced driving joint

torques.

3. To implement the dynamical model of the lightweight manipulator and

coupling mechanism.

4. To analyse the performance and to validate the theoretical models of the
lightweight manipulator and the coupling mechanism via experimental

studies.



1.4 Summary of Original Contributions

The contribution of this work is to introduce a novel design of the light weight
tendon driven manipulator that incorporates underactuated concept and to
introduce a coupling mechanism that consumes reduced electric energy for
underactuated lightweight manipulators. A summary of original contributions is
given as below.

A design of bistable electromagnetic coupling mechanism, with reduced
energy consumption and with fail-safe design is introduced. The concept of the
bistable electromagnetic mechanism consists of an electromagnet with two
permanent magnets. The proposed bistable coupling mechanism is with the
capability of maintaining stable states of the mechanism either engaged or
disengaged without a continuous electrical power supply. As such the mechanism
is unaffected due to sudden power failure. Thus, enhancing the fail-safety.
Furthermore, the bistable coupling mechanism could function without a continuous
power supply during the operation. Hence the proposed design reduces the energy
consumption. Apart from that, the proposed mechanism prevents dissipation of
heat energy from the electromagnetic coil due to continuous flow of current.
Moreover, the design incorporates the advantages of conventional electromagnetic
clutch design such as fast activation and electrical controllability. The rotor and
armature sections of the proposed coupling mechanism are developed utilizing
aluminium and Teflon materials respectively. These materials are used to reduce
the weight of the design and to maintain the lightweight aspect. Neodymium
permanent magnets are employed in the mechanism due to its distinct benefit of
high magnetic power to weight ratio. Two Neodymium magnet with the holding

force of 33 N and 2.9 N are employed in the mechanism that provides the holding



force to sustain engaged and the disengaged states of the design respectively.
The fabricated prototype desigh was implemented on a lightweight underactuated
manipulator to investigate the operation. The experimental results highlight the
effectiveness of the proposed mechanism in reducing electric energy consumption
and the functionality. The reduced electric energy consumption and fail-safe
design make the bistable electromagnetic mechanism a promising concept for
underactuated lightweight manipulators. Furthermore, it fulfils the fundamental
design requirements of underactuated lightweight manipulators such as safety and
efficiency that lack in currently used electromagnetic clutches. The proposed
design eliminates the drawbacks of the traditional electromagnetic clutch and
provides a safe and energy saving coupling mechanism for underactuated
lightweight manipulators.

Mechanical design of a tendon driven lightweight manipulator that
incorporates reduced number of motors is also introduced. The introduced design
deviates from the traditional manipulator design. In conventional manipulators a
dedicated motor is allocated for each degree of freedom, however in the proposed
design only a single motor is allocated for the manipulation of four degrees of
freedom. As such, the design has reduced the number of motors used in
comparison to the conventional manipulator design. Reduction of number of
motors has added advantages such as cost reduction and compact in design apart
from the reduction of weight. Therefore, the proposed tendon driven manipulator
incorporates these benefits in the design that lacks in conventional manipulator.

Apart from that the design does not contain any heavy components fixed at
the joints. Motor, coupling mechanisms and the gear trains are fixed at the base.
Thus, the lightweight characteristics and the compactness of the design further

enhanced by reducing the heavy components installed at the joints. Moreover,
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proposed manipulator design is capable of reducing the driving joint torque during
its motion. A comparison between the driving joint torques of the proposed
manipulator design, and that of the conventional (one motor for each joint)
manipulator are conducted. The theoretical and experimental results have
highlighted the impact and the effectiveness of the design in reducing the driving
joint torques. The reduction of cost is another vital aspect required to be achieved
in manipulator design. The proposed manipulator design accomplishes these
aspects such as reduction of cost and space required due to the use of
underactuated mechanism over traditional actuation mechanism. Therefore, the
design is capable of reducing the cost and achieving a compact design apart from

minimisation driving joint torque.

1.5 Thesis Overview

Chapter 1 introduces background study of lightweight manipulator design. The

motivation and the contributions of the work are also presented in the chapter.

Chapter 2 presents a literature review conducted on light weight manipulator
designs. The comprehensive literature study is performed focusing on three main
lightweight manipulator design solutions namely tendon driven robot
manipulators, gears and clutches driven manipulators and modular mechatronics
approach. The mechanisms and the significance of each design approach are
analysed and discussed thoroughly under this chapter. The chapter also describes
the advantages and challenges of each design approach. In addition, the future
research trends of lightweight manipulator design are addressed in the chapter

that will shape the future of the lightweight robot manipulators.
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Chapter 3 illustrates the overview of the research methodology performed during
the research study. The research methodology is also presented in a flow chart to

illustrate the sequence of research activities.

Chapter 4 introduces a designh of an energy saving bistable coupling mechanism
for underactuated manipulator. The mechanical design and the operation principle
of the proposed bistable coupling mechanism are discussed in detail under this
chapter. The chapter also illustrates the development of mathematical model of
the bistable coupling mechanism. Developed mathematical model is validated via
experimental studies in this chapter. Furthermore, to study the effectiveness of
the proposed coupling mechanism in reducing electric energy usage with
comparison to the conventional electromagnetic clutch, experimental
investigations are conducted. The experimental studies conducted and the results

obtained are also presented in this chapter.

Chapter 5 presents a design of underactuated tendon driven manipulator design
incorporated with bistable coupling mechanism. The detailed mechanical design
and the operation of the proposed manipulator prototype design with reduced
motors are discussed in the chapter. In addition, kinematics and the dynamic
model of the proposed manipulator are developed. The development of the
dynamic and the kinematic model of the proposed manipulator prototype are

illustrated in detail under this chapter.

Chapter 6 investigates the performance of the proposed manipulator protype
design in reducing both driving joint torques and energy consumption during joint
actuation. The chapter includes the experimental studies conducted to analyse the

significance of the proposed manipulator design in reducing driving joint torques
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and verification of the dynamic model developed. Furthermore, the energy
consumption of the proposed and the conventional actuation approaches during
joint actuation are investigated experimentally under this chapter. The results

obtained from the experimental analysis are presented here in the chapter.

Chapter 7 proposes a further enhancement of the manipulator design prototype
introducing a single motor tendon driven manipulator design. The operation and
the design of the enhanced manipulator are presented in this chapter. The
kinematics and the dynamic model developed for the manipulator are also shown
in the chapter. The chapter further includes simulation studies performed to

analyse effectiveness of the proposed enhanced manipulator.

Chapter 8 concludes the thesis and provides recommendations for the possible

future research work.
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Chapter 2

Literature Review

2.1 Introduction

A robot manipulator consists of a series of connection of individual links and joints.
The links are the rigid members connecting the joints or axes. The manipulators
execute its motion via the joints and the actuators connected with the joints. The
actuators connected to each joint control the motion of each link independently
and hence introduce an independent degree of freedom (DOF) to the system.
Traditionally a robot’s DOF is defined by the number of actuators installed. This
landscape has changed in recent years as some alternative designs have been
proposed [22]. The general strategies include designing lightweight joints or
locating the actuators at the base and transmitting the power to each joint through
tendons or special transmission mechanisms. For example, Yahya et al proposed
a robotic manipulator architecture which uses gears instead of separate actuator
on each joint [52]. Although the motion of these links is constrained by the gear
ratio and should not be treated as an independent DOF, this design approach has
stimulated research interests in developing robotic manipulators with less
actuators. A potential advantage of such approach is the reduction of weight and
the actuation components which leads to cost savings. This has created a novel

branch of research in lightweight manipulator design.
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The huge demand of lightweight robots is contributed by the requirements
of working environment (e.g. space robots [53-56] service robots [57][58] and
medical robots [59][60]). For example, lightweight design is crucial in space
applications. The cost of transporting heavy masses is relatively higher. In
production systems, the needs of higher operational speeds (which lead to higher
productivity) [61-63] and safer operation of human robot interaction also enhance
the demand of lightweight manipulators. Safety is an essential requirement for
the coexistence of robotic manipulators and humans in industrial environments
and other domains such as medical robots , personal care robots in home
environments which is a subcategory of domestic robots [64-68]. Lightweight
manipulators have less inertia and shorter breaking distance because of reduced
weight [69]. Therefore, lightweight manipulators are safer compared to the
traditional manipulators [69][70]. In addition, Lightweight robots consume less
energy. Besides that, lightweight manipulators also have higher payload to weight
ratio compared to conventional manipulators [71-74].

In recent years various design approaches have been proposed for the
lightweight manipulators. Transmission of power from base actuator to each joint
using tendons, gear trains or other mechanisms is a viable approach and gaining
increasing attention. Tendon driven manipulators have relatively longer
development history in this field. Tendon driven manipulators has evolved since
1980s with enhancement in joint torque reduction, controllability, payload to
weight ratio and energy consumption. Mackori et al developed a 6 DOF
manipulator with seven tendons in 1980 [75]. Jaccobsen et al developed a system
to drive joints of Utah/MIT dexterous hand using antagonistically pulled tendons
against each other in 1985 [76]. Other examples include Coupled Tendon drive

(CT) arm 1 and CT arm 2 in 1986 [75], Whole Arm Manipulator (WAM) in 1988
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[77], 7 DOF coupled tendon drive manipulator in 1993 [78] and recently Thomas
Lens et al developed series elastic tendon driven manipulator in 2010 [79]. In
commercial applications, Barret company commercialized the WAM manipulator
developed by Salisbury and Townsend in 1988 [80]. The manipulator is designed
with two configurations, one with 4 DOF and another one with 7 DOF. The weight
of the manipulator ranges from 25.4 kg to 27.2 kg and its payload varies from 3
kg to 4.5 kg. Higher payload to weight ratio and back drivability are the main
advantages of the Whole Arm Manipulator [80].

Meanwhile the development of lightweight manipulator using gear train and
clutch system is relatively new. Karbasi et al proposed the first modular robot
design with uni-drive concept using, gear train and clutch system in 2002 [81].
Karbasi et al implemented a modular robot design with single actuator and each
joint is equipped with gear train and clutch system. Shafer et al proposed a single
motor powered manipulator design with Magneto-Rheological clutches for safe
human machine interaction in 2011 [82]. Li et al proposed a manipulator with
single motor with multiple joints in 2011 inspired by Karbasi et al design approach
[83]. Yahya et al implemented a lightweight redundant manipulator with three
motors and gear train in 2012 [2]. Joint controlling mechanisms such as clutches
are used in the designs reviewed except for the Yahya et al design. The joint
control mechanisms are used in the designs at the joints instead of actuators. The
actuators installed at the joint are replaced with clutch systems in the design. The
usage of the motors at the joints are prevented in these design that aids for the
reduction of driving joint torques.

In contrast, the modular mechatronic approach is different compared to
the other approaches mentioned previously. It is a relatively new concept and first

proposed by DLR German aerospace centre in 1993 with development of ROTEX
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manipulator end effector [84]. Unlike reducing the number of actuators or placing
the actuators at the base, the modular mechatronic approach integrates
electronics to the joint while considering lightweight design structures. Another
interesting feature is that Harmonic drives and structures fabricated with
lightweight materials and composites are also integrated. Harmonic drive is also
known as strain wave gearing. It is used for the high torque transmission by
maintaining high position accuracy, repeatability and lightweight. The individual
elements of the harmonic drive are fabricated with lightweight materials.
Furthermore, the drive is small in size compared to traditional torque transmission
system. Lightweight materials and composites such as nanocrystalline aluminium
sheet metal, cellular titanium, carbon fibre composites are used in the design of
miniaturized lightweight mechanical components [85-87].

DLR has developed series of lightweight manipulators after the initial design
ROTEX. In particular, the Light Weight Robot I (LWRI) was developed in 1995 with
carbon fiber structure maintaining 1:2 load to weight ratio. Light Weight Robot II
(LWRII) was built with integration of harmonic drive and toque measuring
electronic system in 2000 [88]. Meanwhile Light Weight Robot III (LWRII) was
introduced in 2003 with lightweight motor drive (DLR Robo-drive), lightweight
harmonic drive and lightweight structure (carbon fiber reinforced plastic).
Commercial examples include DLR Micro robot and KUKA lightweight robots. DLR
Micro robot is tailored for surgical applications. The manipulator weights 10 kg
with a payload capacity of 30 N. The compact and lightweight modular design
enables the safe human interaction and integration in crowded surgical
environment [89]. KUKA lightweight manipulator weights 15 kg with a payload of
7 kg. The manipulator has additional degree of freedom apart from the seven

axes, which enhance the flexibility. The compliance control of the manipulator
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enables manual guidance of the manipulator. In addition, KUKA lightweight
manipulator has with high performance force control. The manipulator is tailored
for industrial assembly operations [90].

This chapter presents a summary of the lightweight manipulator
development to date, with discussions on the actuation means, structural design,
benefits and the drawbacks of current designs and as well as future research
trends. The Section 2.1 provides a general overview of the lightweight
manipulators and its historical development background. Section 2.2 to Section
2.4 present a detail discussion on three main classes of lightweight manipulator
designs namely tendon manipulators, gear/clutch driven manipulators and
modular mechatronics based manipulators. The advantages and challenges of
each class are explained. The Section 2.5 of the chapter presents the future trends
of lightweight manipulator design and it is discussed in generally under the title
future research trends. Finally, the chapter concludes on the perspectives of
current research that are shaping the future of the lightweight robot manipulators

in the Section 2.6.

2.2 Lightweight Manipulators with Tendon Driven Mechanism

Tendon driven manipulators employ a mechanism inspired by the musculoskeletal
systems used in the design of lightweight miniature robotic arms [76][91][92]
and devices [93-95]. In tendon driven mechanism, actuators are positioned at the
base of the manipulator and the energy is transmitted from the base to the joints
of the manipulator using wire cables [96-98]. Therefore, it reduces the weight and
joint torque of the manipulator. Light weight, reduced backlash and low friction

are some of the significant advantages of tendon drive transmission systems
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[19][99]100]. However high antagonistic forces and tendon slacking intervene
smooth operation of the mechanism, affecting the performance and the efficiency.

The tendon driven systems are categorized as open ended and closed loop
tendon drives. In the open-ended tendon mechanism one end of the tendon is
attached to a movable link while the other end is connected to an actuator as
shown in Figure 2.1 [101][102]. In closed loop drives, a belt is looped around two
pulleys placed with constant centre distance as shown in Figure 2.2 [101][102].
The driving pulley is mounted to an actuator and the driven pulley is connected to
a link to be controlled. The transmission of force is limited to unidirectional in open
ended tendon mechanism. However, in the closed loop configuration, drive force
can be transmitted in both directions [102].

Besides that, tendon driven mechanism can be further classified according
to the system degree of freedom (DOF) N, N+1 and 2N [103-105]. In the first
configuration (N) number of motors required is equal to the degree for freedom.
Khalil and Liegeois developed a six-degree-of-freedom manipulator with this
configuration [106]. Another example is the three-fingered hand developed by
Okada [107]. As for the N+1 configuration, the number of actuators and tendons
required to control N degree of freedom manipulator is N+1. For example, Morecki
and Salisbury developed a six DOF manipulator with seven tendons and
Stanford/Jet Propulsion Laboratory Hand with four cables for each three degree of
freedom finger respectively [108][109]. The actuator required for the third
configuration (2N) is twice the DOF of the manipulator. The (2N) configuration
employs more actuators in the design compared to other design approaches.
However, in the design approach motors used for the actuation are positioned at
the base or near to the base of the manipulator. Therefore, the lightweight design

concept of the manipulator is still justifiable [110-112]. Furthermore, 2N
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configuration supports the generation of low contraction forces and the
independent control of joints [103]. Jacobsen et al has implemented the 2N

configuration in the design of Utah/MIT Dexterous manipulator [76].

Tendons

(to actuator 3)

(to actuator 2)

- (to actuator 1) Actuator
Figure 2.1: Opened ended tendon Figure 2.2: Closed loop tendon drive [101].
drive [101].

Tendon drive mechanisms are employed widely in various robotics designs
such as lightweight spatial arms [113][114], robotic hands [91][115] and
humanoid robots [116]. Tendon drive mechanisms are extensively adopted in the
biomimetic robotic fingers and hand designs compared to other robotics designs.
Similarly, tendon drive concepts have also been implemented considerably in the
lightweight manipulator domain as well. In the following section, several examples
of the lightweight articulated manipulators developed with tendon drive

mechanisms are discussed.

2.2.1 Tendon Driven Manipulator Designs

CT arm 1 is a manipulator with open ended 2N configuration with couple tendon
drive mechanism designed by Hirose [117]. Sets of pulley and tendon are used
for the transmission of power from the actuators to the joints. The pulleys are
fixed at each corresponding joint [118]. Pair of tendons are looped around the
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pulley i riveted to link i. The other ends of the tendons are wound on the pulley
i-1 connected at joint /-1 and similar on the pulley /-2 at the joint /-2 then the
tendon is looped around first pulley at the first joint prior to connecting to the
actuators at the base [118]. The design has also employed connected differential
mechanism. During the operation, equal amount of torque is applied thought all
the joints in the manipulator [118]. Therefore, coupled drive mechanism in
manipulator distributes required output power among the actuators without
concentrating power on one actuator. As a result, lightweight driving mechanism
can be implemented without using high torque actuators. In the CT arm design,
traction force supporting the payload at each joint is maintained at a constant
value and the burden of the tendon traction force is also reduced [119]. The design
is shown in Figure 2.3.

CT arm 2 is an improved version of CT arm 1 design developed by Hirose
[118]. The fundamental structure of the mechanism remains the same to that of
CT arm 1, however the only difference is a pair of tendons are looped through
joint /-1 to joint 1 via two pulleys. The tendons are stretched on the same side of
the pulleys [118]. The stretched driving tendons are positioned at upper section
of the arm with respect to the gravitational field. The mechanism functions
efficiently, as such the torque generated from the bias force accumulates to the
joint torques 1 to i-1 reducing the torque to be generated by the tendons. Apart
from that the generated torque also sustains the manipulator weight and payload
weight [112]. The pulley and cable design is shown in Figure 2.4.

Furthermore, both CT arms have the capability of varying the joint
compliance controlling the two driving actuators corresponding to each joint. The
joints of CT arm 1 and 2 are driven by torque controlled 100 W DC servo motors

[120]. The CT arm 1 uses 16 DC motors for the actuation of 9 DOF [120]. In the
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both designs CT arm 1 and CT arm 2 velocity controlled 100W DC servo motors
are positioned at the base apart from joint motors to rotate the entire manipulator.
The payload capacity of the manipulators are 3 kg and 8 kg in CT arm 1 and CT
arm 2 respectively [120].

The CT arm design uses couple drive mechanism that contributes to the
lightweight design. The mechanism distributes the required power for the
actuation of the robot joints among all actuators. This rule out the use of high
power and larger actuators for the manipulator. Consequently, lightweight
actuators are implemented in the design reduces the weight of the manipulator.
Apart from that the actuators in the design are installed at the base of the
manipulator enhancing the lightweight attribute of the design. Due to the design
configuration (2N) both the designs have used more motors for the actuation. The
major applications of the CT robot manipulator involve unstructured industrial
environments with the interaction of soft, fragile objects and humans because of

the CT arm’s lightweight attribute and larger payload capacity [19].

Figure 2.3: CT Arm model 1 [118]. Figure 2.4: CT Arm model 2 [118].
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Seven degree of freedom tendon driven manipulator developed by Yokoi et
al is another example of opened ended (N+1) tendon drive robot. The design
employs set of pulleys and tendons to transfer power from the actuator to the
corresponding joints. Number of pulleys fixed at each joint is identified by the joint
number /. If the joint number is i then the number of pulleys fixed is either 9-/ or
10-/. If j is an odd integer then number of pulleys required is (9-/) otherwise it is
(10-/) [121]. The manipulator design has seven degrees of freedom. Therefore,
eight tendons are employed according to (N+1) configuration. The tendons are
connected to a fixed link in a pattern. Where tendon 1 and 2 are connected to link
7. The tendon 3 and 4 are connected to the link 6. Similarly, tendon 5 and 6 to
the link 4. The last two tendons 7 and 8 are connected to link 2. The other end of
the tendon is looped around the respective pulleys and then connected to the
actuators positioned at the base [121]. The maximum torque is generated at joint
1 and 2 closer to the base. Therefore, the joints 1 and 2 are actuated with eight
tendons. Similarly, six, four and two tendons are used for actuation of joints 3 and
4, joints 5 and 6, and joint 7 respectively. Joint torque and tendon tension are
considered at the time of designing the pulleys. Eight direct drive motors with 5
Nm maximum torque are installed as the actuators. The actuators are connected
at the base, hence it reduces the weight providing a higher payload to weight
ratio. The significant feature of the mechanism is that the joints with large torque
requirement are driven by more tendons. Therefore, more actuators will be
engaged in supply power as the more tendons are used. Because all the tendons
are connected with actuators installed at the base. In this case, actuators of the
same size could be installed as such the required power is distributed among the
actuators. The actuators with the same size could function corporately according

to the mechanism to achieve the required large power for the actuation. Therefore,
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implementation of high torque large actuators is avoided, hence it reduces the
weight of the manipulator design. However, in this design number of motors
utilised for the actuation is greater than the degrees of freedom of the

manipulator. The design is shown in Figure 2.5.
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Figure 2.5: 7 DOF coupled driven Figure 2.6: Structure Series elastically
manipulator mechanism for 3 joints driven manipulator mechanism [122].
[121].

The BioRobo arm designed by Lens et al is a lightweight manipulator with
the N tendon drive configuration [122]. The objective of the design is to implement
a human robot interaction with manipulator capable of cooperating safely with
humans. The manipulator has combined both tendon drive actuation mechanism
and series elastic concept in the design. In the series elastic design concept
springs are integrated with the tendons used for the tendon drive mechanism that
contributes for the actuation as shown in Figure 2.6. The springs (elastic element)

connected to the tendons restrict the slacking of cables [122]. Apart from that the
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mechanism provides compliant tendon actuation enhancing the safety of the
system. Furthermore, the series elastic design dynamically decouples the link and
motor inertia which protects the actuators [123].

In this design joints are actuated using a DC motor drive fixed near to the
base. Two motors actuating joints 1 and 2 are positioned in the first link. Similarly,
the remaining two motors actuating joints 4 and 5 are placed within the second
link as counterweights for the link [123]. Each joint is connected with four cables
combined with springs. The cables are looped around the actuator and the other
ends of cables are looped around the pulley [122]. A cable is wound to the guiding
pulley and the other end of the cable is looped around the pulley fixed at joint 4.
Another cable is looped around the guiding pulley and the actuator as shown in
the Figure 2.7. Guiding pulley fixed at joint 3 aids for the actuation of pulley fixed
at joint 4. Guiding pulley operates as power transferring device between the
actuator and the pulley fixed at joint 3. The total weight of the manipulator is 3.7
kg. Figure 2.6 shows a schematic diagram of the mechanism. The actuators are
installed close to the base and away from the joints, hence the weight of the
manipulator is reduced significantly enhancing the lightweight attribute of the
manipulator [122]. Apart from that in the design tendons are protected from
fatigue or plastic stretching that occur as a result of larger strains generated on

the tendons [122].
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Figure 2.7: Series elastically driven manipulator [123].

Robot arm introduced by Lee et al with motion decoupled joints and cable
drive actuation is another tendon drive manipulator model [124]. The shoulder
joint of manipulator has 2 DOF: pitch and roll of the upper arm. The design
consists of three pulleys with equal diameter fixed to the arm namely P1, P2 and
P4 [124]. The pulley P3 performs a linear motion with respect to the forearm pitch
motion. The mounted pulleys in the manipulator are shown in Figure 2.8. During
the rotation of the forearm in clockwise wise direction, pulley moves towards left
to compensate the overall length change in the cable [124]. Similarly, when the
forearm rotates in the counter clockwise direction, pulley moves towards the right
direction. The decoupling link is connected to the pitch link of the forearm in which
two cables are looped in an opposite direction at both sides of the link. Figure 2.9

shows the operation of the mechanism using pulleys P5, P6, P7 and Fig. 8 shows
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the diagram of the same mechanism installed with the manipulator. The pulleys
P5, P7, P6 in Figure 2.9 corresponds to the pulleys P2, P3, P4 in the Figure 2.8
respectively. When the forearm rotates, the cable looped around the pulley P6 is
wrapped and the cable on pulley P5 is unwrapped. These cables move pulley P7
linearly with respect to the direction of rotation of the forearm [125]. Therefore,
no variation of length occurs in the cable [125]. The robot arm has 6 DOF with a
motion range of 1.55 m, 1.66 m and 1.575 m in the X, y and z direction
respectively. The manipulator has the capability of handling 25 kg of load [125].

This design prevents the variation of the length of the tendon during the
operation [126]. A novel joint motion decoupling concept is introduced in the
manipulator design. Apart from that the mechanism prevents the change in tensile
forces in the cable as a result of change in the length of the cable during the
operation. In addition, similar to other tendon drive designs, this design reduces

the weight of the manipulator as the actuators are positioned at the base [127].

Forearm pitch link

] 9?— Decoupling link

Forearm

Figure 2.8: Pulley P1, P2, P4 and P3 Figure 2.9: Decoupling link mechanism [124].
design [124].

WAM is a commercially available tendon driven manipulator designed by

Salisbury and Townsend [128] and Ilater was commercialized by Barrett
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Technology Company. WAM manipulator has gained considerable attention
commercially, being employed in many global corporations such as Honda, Ford,
Sony and Z-KAT Medical Inc. [129]. The manipulator has two different versions,
one with 4 degrees of freedom and the other with 7 degrees of freedom. The
motors are positioned at the shoulder height close to centre plane at the base,
reducing the inertia of the joints [128]. The actuators for the wrists are mounted
in the forearm to prevent cables connecting through the elbow joint. The
manipulator adopts a novel cable differential in the design, which has zero
backslash and near zero friction [129]. Apart from that the design uses a speed
reduction mechanism developed using cables instead of gears, which reduces the
cable compliance [129]. WAM manipulator has high back drive-ability. Motion
control in the manipulator is performed through joint torque control, which enables
the intrinsic sensing of forces over the whole arm and makes it inherently safe to
human operation [129]. Furthermore, WAM innovation helps to overcome two
barriers: axial cable compliance and absence of equivalent fully cable drive
mechanism for the bevel gear differential mechanism [130]. The total weight of
the 4 DOF and 7 DOF manipulators are 25.4 kg and 27.2 kg respectively.

Over the past years several tendon drive manipulator designs have been
developed using tendon driven approach. Among these different tendon drive
designs a common design aspect could be observed. Positioning of actuators at
the base of the manipulator or near to the base is common design technique used
in all the tendon drive designs to reduce the weight. In addition the tendon driven
manipulator with configuration N also follows the traditional manipulator actuation

A\Y

principle “"One actuator for One degree of freedom “. Therefore, each joint is
allocated with dedicated actuator similar to the conventional manipulator (one

actuator for each joint). However, the tendon configurations such as 2N and (N+1)
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even require additional number of actuators than the number joints in the
manipulator. Therefore, even though the lightweight property is maintained in 2N
and (N+1) design configurations, large number of actuators are implemented for

the manipulator actuation.

2.3 Lightweight Manipulators with Gear Driven Mechanism

The gear driven manipulators use gear trains, shafts and clutches to transmit
mechanical power to the joints of the manipulator and permit the mechanical
drives to be installed closer to the base of the manipulator [131-133]. Therefore,
it reduces the joint torque and the weight of the manipulator. The gear drive
transmission systems are capable of handling higher torque and higher stiffness
[134]. Mechanisms with gear drive transmission frequently employ shafts to
transmit power in scenarios that actuator and the driven gear are located with
larger physical separation [134]. Therefore, it permits the actuators to be located
remotely from the driven joint [134]. According to the literature three lightweight
manipulator designs have been identified that are developed using the gear drive
transmission. Therefore, it could be observed from the literature relatively few
manipulator designs have been developed using gear drive transmission concept
compared to other design approaches. In the following section, examples of the
lightweight manipulators implemented with gear drive transmission concept are

discussed.
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2.3.1 Gear Driven Manipulator Designs

Single motor driven manipulator with multiple joints developed by Li et al adapts
the uni-drive concept for the development of the manipulator [135]. The uni-drive
concept uses a single actuator to drive multiple joints in a manipulator
[81][136][137]. A single motor is used to control each joint of the manipulator in
the design. The robot is designed to achieve two types of motion, namely joint
motion and main motion. Gears and the two clutches in each joint function and
perform the motion of the joint or transfer the energy to next joint. The main shaft
and the gear box transfer energy to the joints of the manipulator, however the
clutch controls the supply of energy to the joints by switching it off and on [135].
Each joint consists of a brake and two clutches. The main shaft of the manipulator
is driven by a DC motor. The two clutches control the bidirectional motion and the
brake is used for stopping the motion, while the motor is rotating uni-directionally
at a constant speed [135]. The design incorporates three pivoting joints and three
twisting joints. In the twisting joint, initially the main motion is transmitted to the
planetary gear box through the spur gear train before transmitting to the next
joint [135]. To perform the joint motion, the main shaft torque is transmitted to
the harmonic drive through the clutches. Two spur gears are fixed with two
clutches to control the direction of motion. The spur gear fixed with the brake is
used to halt the motion.

Similarly, three spur gears in the pivoting joint perform the same
functionality as in the twisting joint. Five bevel gears are mounted to the pivoting
joint. These gears can be divided into two gear trains. The gear train with three
bevel gears are used to transmit the motion to the next joint [135]. The gears in

the gear train share the same pitch and are smaller in dimensions compared to
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the gears in the second gear train. The second gear train contains two large bevel
gears used to perform pivoting motion of the joint through a harmonic drive [135].

Each joint is designed to perform bidirectional motion even the main
actuator rotates at constant speed in unidirectional [135]. Furthermore, the design
does not contain actuators at each joint and energy is transmitted to the joints
from the base motor. Therefore, the design reduces the weight of the manipulator.
However, transmission gears and electromagnetic clutches are installed at the
joints of the design. This is a limitation of the design that contributes for the
increment of driving joint torques.

A three dimensional 6 DOF redundant manipulator desighed by Yahya et a/
is an example of gear driven manipulator [138]. There are three motors in this
design. The first motor is fixed at the base of the manipulator. It is used to perform
the rotational motion of the entire robot manipulator around vertical axis. The
second actuator controls the angle between the first link and the second link. The
gear wheel is fixed to the second link, when the worm wheel driven by the actuator
rotates, the gear wheel of the second link rotates correspondingly [138].
Therefore, the motion of the second link is driven by the rotation of gear wheel as
shown in Figure 2.10. The torque transmission mechanism consists of a planetary
gear train with two bevel gears, shaft connected to one of the bevel gears in
planetary gear train and an arm. At the instance wheel gear fixed to the arm starts
rotating. The rotation of the second bevel gear around the first bevel gear will
start at the same angular velocity [138]. The second bevel gear is fixed to a shaft
that rotates with the second bevel gear as shown in Figure 2.11. Transferring of
power from the second link to the third link is performed by rotating the first bevel
gear. When first bevel gear rotates, as a result the second bevel gear will start

rotating. Therefore, the shaft connected to second bevel gear will rotate
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transferring the power to the subsequent joint. The mechanism is as shown in
Figure 2.11. The rotating shaft transfers the motion from second link to the third
link as shown in Figure 2.12. The same mechanism is implemented for other links
to perform the motion without an actuator.

The design uses three motors to control N degree of freedom in three-
dimensional redundant robot arm instead of using N number of actuator as the
traditional manipulator design approach [139]. However, according to the design
the angle and speed of rotation can be controlled independently only on the first
three joints of the manipulator that are connected with the actuators. All the joints
in the manipulator afterwards the third joint perform motion similar to the third
joint following the same angle of rotation and the speed of rotation. Therefore,
only the first three joints of the manipulator could be moved independently which
is a limitation of the design. The design minimises the joint torque by reducing
the number of actuators used at each joint [140]. Furthermore, the weight of the

manipulator is also reduced as the actuators are positioned closer to the base.

Figure 2.10: The second joint design Figure 2.11: The third joint design [138].
[138].
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Figure 2.12: The fourth joint design and the whole manipulator [138].

In another example, Shafer and Kermani developed a robot manipulator
with single motor, using Magneto-Rheological (MR) clutch and Distributed Active
Semi-Active(DASA) approach [141]. It uses Magneto-Rheological (MR) clutches
to distribute the torque among the joints. The MR clutch can be considered as a
geared motor with series damper, which couples and decouples the input shaft
from the output [82]. The MR clutch is implemented in the design due to its
distinct characteristics such as higher torque capacities, higher torque to mass
ratio and higher torque to inertia ratio [142][143]. Furthermore, MR clutch has
the advantage of transmitting torque independent of the actuator amateur
position [143]. The concept of the MR clutch is, upon establishing the magnetic
field, rheological behaviour of the fluid changes and ferromagnetic particles in
the fluid combine and are aligned in the direction of the field applied [143][144].
The input shaft in the design is made from a set of disks, which are aligned parallel

to the output disks fixed to output shaft. The empty space between the disks is
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filled with MR fluid [82]. The rotational motion of the input shaft results shearing
in the fluid with the output shaft. Energizing the electromagnetic coil, the shear
stress of MR fluids can be controlled by an applied magnetic field, which alters the
output torque [82].

The Distributed Active Semi Active concept is proposed in the design
approach of the manipulator. In DASA method the driving actuator is installed at
the base and the joint of the manipulator are driven using semi active components
[143]. The proposed approach helps to reduce the weight of the manipulator due
to the positioning of active components (actuators) at the base of the manipulator
and transferring the energy via semi active components [143]. MR clutch is used
as the semi active component in DASA approach due to its distinct characteristics
mentioned above. In addition to that MR clutch reduces non-linearity such as
cogging torque that exists in servo motors. Antagonistic approach is achieved by
connecting the output of the actuator with two clutches. Hence the direction of
rotary joint could be changed by activating the corresponding clutch accordingly
[145]. Similarly antagonistic MR clutch design configuration in DASA enables
transmission of torque either in clockwise or anticlockwise direction independent
of the active actuator output [146][147]. In addition, MR clutch employed in the
design has back drive-ability, therefore it could function as an active actuator as
well [148]. The transmission of torque to the manipulator joints via the actuator

installed at the base is described as follows.
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Figure. 2.13: Transmission model of the 3-DOF DASA manipulator [141].

The torque required for the robot manipulator design is provided by a single
motor coupled through a gearbox. Serially coupled belt transfers the required
torque to drive the three joints of the manipulator. Set of miter gears are used to
generate the bidirectional rotation. The miter gears are driven by the gear box
installed at the base. The clockwise (CW) and counter clockwise (CCW) rotation of
joints are achieved through two sets of timing belts [98]. The rotation direction of
the belt is controlled by miter gears. The CW rotation and CCW rotation are
provided by green and red colour belts respectively as shown in Figure 2.13. The
MR clutches perform the engaging and disengaging of the output shaft from the
timing belt transmission pulleys to perform the respective motion. The clutches of
joint two and three are integrated on to the shaft of the joint at the time of
fabricating [141]. The mechanism implemented at joint one allows rotational
motion around axis normal to the ground. A steel cable with high strength is used
for the mechanism. The winch driven by the clutch wraps the cable around

stationary cylinder installed at the base of the manipulator as shown in Figure
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2.13 [141]. A brushless DC motor with a mass of 910 g provides the required
energy for the motion of the manipulator joints [141].

In the gear drive 3-DOF DASA robot manipulator, each joint can perform
bidirectional motion independent of the base actuator [141]. The drive
components such as motor and the gearbox are installed at the base of
manipulator therefore the inertia of the manipulator has reduced. Apart from that
the design diverges from traditional robot manipulators as a result of transmission
of power to the joints of the manipulator from the base motor without installing
actuators at each joint. These design factors reduce the manipulator weight
creating a lightweight manipulator. The weight of the clutch could be a limitation
of the current design approach [141]. Another limitation of the design is that the
clutches are installed at the joints of manipulator which contributes for the
increment of joint torques. Furthermore, the manipulator design could be further
optimised via focusing future work on reduction of the MR clutch weight and
positioning the clutches at the base of the manipulator.

The general lightweight manipulator design technique, positioning the
actuators at base of the manipulator or near to the base is also followed in the
gear driven design approach. The technique has been employed for the reduction
of weight of the manipulator similar to the tendon driven approach. However, in
contrast to other lightweight manipulator design approaches in gear driven
approach researchers have made an effort to decrease the number of actuators
used in addition to reduction of weight of the manipulator. All three example
manipulator designs reviewed have employed less actuators than the degrees of
the freedom of the manipulator. The manipulator designs have not only reduced
the weight of the manipulator by positioning the actuators away from the joints

but also reduce the number of motors employed for the actuation. Therefore, it
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could be observed that the gear driven design approach has deviated from the
traditional manipulator actuation concept of “one actuator for one degree of

freedom”.

2.4 Lightweight Manipulator Design with Modular Mechatronic
Approach

Modular mechatronic approach is a relatively new technique where it integrates
miniaturized electronic and mechanical components in the design of lightweight
manipulators [149-151]. Lightweight actuators, gears systems, links and joint
structures are the common features in this approach [149][152]. For example,
carbon fiber structures could be considered in the design of lightweight robotic
links. Apart from that, technologies such as surface mounting, chipsize-packaging
and flip-chip are employed in the integration of electronic components with the
robot structure in the modular mechatronic design concept [149][152]. Therefore,
these integrated manufacturing technologies reduces the amount of wires and
cables required, facilitating the reduction of weight. These factors help to reduce
the weight while maintaining the rigidity, strength, precise motion and larger
weight to load ratio of lightweight manipulator.

Harmonic gear drive is a common feature in most of the modular
mechatronic lightweight manipulator designs. Harmonic gear drive transmits high
torque through elastically deformable component [153]. The three main
components of a harmonic gear drive are circular spline, flexspline and wave
generator. The diameter of the circular spline is larger than the flexspline. The
wave generator of harmonic drive has an elliptical shape. The elliptical structure

of wave generator causes engagement of flexspine to the circular spline at two
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positions of the major axis of the ellipse. At the time of rotation of the wave
generator (input), the region that gear teeth are connected will start to move in
the direction of major axis of the ellipse. In harmonic drive reduction ratio depends
on the number of teeth and its variance between circular spline and flexspline.
Therefore the reduction ratio can be achieved with three components [153][154].
Thus, the harmonic drive is lighter than a traditional gear system as it requires
less components. High positioning accuracy, repeatability, zero backlash,
compactness and light weight are the main benefits of a harmonic drive
[153][154]. Furthermore, harmonic drive has high torque capacity compared to a
conventional drive with more weight. The weight could be reduced further by
fabricating the wave generators and circular splines with aluminium alloys and

titanium [153] [154].

2.4.1 Modular Mechatronic Approach Based Manipulator Designs

KUKA DLR Lightweight robots (LWR), DLR Miro, Mitsubishi PA 10 and Schunk
Powerball are some of the commercial modular mechatronic lightweight
manipulator designs. It could be observed based on the number of commercial
lightweight manipulator designs found in the literature, modular mechatronic
approach is considerably adopted in the development of commercial lightweight
manipulators. In the following section, several examples of modular mechatronic
approach oriented lightweight manipulators developed are discussed. The details
of the some of the commercial modular mechatronic lightweight manipulator
designs are presented in Table 2.1 and the Figure 2.14.

The DLR Light Weight Robot I (LWR I) is @ modular mechatronic lightweight

manipulator developed at DLR robotics and mechatronics lab [87]. Manipulator
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link structures are fabricated with carbon fiber, which reduce the weight of the
structure [87]. The electronic module integrated to the joint consists of a torque
sensor, power inverter and a joint controller. The joint controller unit comprises
of four circuit boards. One board consists of supply circuitry and the other two
boards perform the required joint control algorithms. Apart from that the last
board consists of the interface circuitry required for the joint control process [155].
The robot joint modules are integrated close to the joint controller units [155].
Therefore, only information and the electrical power are transmitted between the
controller and the joint. As a result, fewer wires are required for motor connections
and signal transmission. This reduces the weight, space and cost [87].
Furthermore, the power inverter is mounted directly next to the motor.
Consequently, reduces the length of the high voltage wires utilised for the joint
motor connection with the power adapter [155]. These seven degrees of freedom
manipulator has a total weight of 18 kg [156]. The load to weight ratio of the LWR
I robotis 1:2. LWR I design prevents the use of heavy wiring and electronic control
cabinet in the conventional manipulators [87] [156].

The DLR Light Weight Robot IT (LWR II) is an upgraded version of LWR I
manipulator developed at DLR robotics and mechatronics lab [85]. The LWR II
robot structure is built with aluminium, however the links between the joints 2
and 3 are fabricated with carbon fiber [157]. In designing of lightweight structure
it is necessary to inspect the loaded mechanical components. The stiffness and
the strength of structure should be increased while maintaining the lightweight
aspect of the mechanical structure [158]. Hence Finite element method is applied
for the analysis of required stiffness and strength of the structure in the
manipulator design, while maintaining the lightweight aspect. The joints of the

manipulator are integrated with sensors to measure the torque, link position and

39



the motor position [159]. The motors installed at the joints are mounted without
the housing [159]. The housing of the joint is designed with aluminium to transfer
the thermal energy produced from the motor to the surrounding. Apart from that
40% of the weight is reduced by this concept compared to the former design [85].
The joints are equipped with modified lightweight electromagnetic brakes that
contribute for the lightweight design. The weight has reduced from 281 g to 155
g in the modified electromagnetic brake [85]. The performance of the robot can
be optimized with the control of the position of the Brushless DC motor installed
at each joint [85]. Therefore, two analogue hall sensors are integrated to the
motor, which measure rotor magnetic field and provide the motor position. As a
result of sensor integration, the additional space requirement for the installation
of separate sensors has been avoided. The backplane concept is used in the design
of robot. One backplane is implemented to carry the electronics required for the
manipulator two joints [85]. The joints 2 and 3, joint 4 and 5, joint 6 and 7 share
each electronic sector integrated to the robot structure. It is integrated to the
manipulator reducing the usage of long cables and the weight. Electronics used
for joint 1 is installed at the base of the robot. Apart from that aluminium crafted
wave generator and circular spline of Harmonic drive further reduces the weight
of the robot design [54]. LWR II manipulator has 7 DOF and the weight to payload
ratio is 17 to 8 [160][161].

DLR Light Weight Robot III (LWR III) is an upgraded version of LWR II
designed at DLR robotics and mechatronics lab adapting the modular mechatronic
approach [162]. Even though LWR III is an improved version, several significant
components developed for LWR II are implemented in the upgraded manipulator
design. The torque sensor, motor positioning hall sensors and the robot electronic

supply components are transferred from the former lightweight robot (LWR II)
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design [161]. In LWR III manipulator, lightweight attribute is enhanced compared
to the former design due to the improvement of Harmonic drive gearing. The
redeveloped Harmonic drive gearing contributes for lightweight design with a
reduction of weight by 60% in comparison to the former Harmonic drive gearing
design [161][162]. Furthermore, lightweight motor (ROBODrive) with high energy
is also introduced as an actuator for the joints of the upgraded robot manipulator
[87]. ROBODrive is designed with the concept of subdividing and winding stator
poles of the motor. Design increases the ratio of copper to the winding area from
40% to 60% [161][162]. Apart from that the magnetic flow computation results
for the optimal positioning of poles preventing the lengthy flow paths. After further
optimization of ROBODrive design, the weight and the loss of power are reduced
by 50% compared to the conventional motors used in robot manipulators
[88][150]162]. ROBODrive contributes significantly in the lightweight design
approach of the manipulator. The improved lightweight electromagnetic breaks
with a weight of 30g is also integrated with the robot [88][162]. The brake design
aids the lightweight design of the robot. Apart from that, the link structure is
fabricated with carbon fiber that reduces the weight of the robot structure. The
links are fabricated with single direction carbon fiber rowing, which are sewed to
carrier fabric [163]. The process helps for the production of lightweight links with
optimally placing carrying fibres to support the expected load [164]. The total
weight of LWR III is 14 kg and has the capability of handling a payload of 14 kg

over its complete dynamic range [165].
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Table 2.1: Details of lightweight manipulators designed with modular mechatronic

approach.
Manipulator Total Maximum Degrees of freedom
Weight (kg) Payload (kg)
1 DLR LWR-I (1995) 14.5 7 7
2 DLR LWR-II (2000) 18 7 7
3 DLR LWR-III (2003) 14 14 7
4 DLR Miro 3 9.8 7
5 Schunk Powerball LWA 12 6 6
4P
6 Mitshubishi PA-10 40 10 6

DLR LWR-1I DLR LWR- II DLR LWR- III
L L.I
“'-.‘
._F.q-'.-

DLR Miro Schunk Powerball LWA 4P Mitshubishi PA-10

Figure 2.14: Lightweight manipulators designed with modular mechatronic approach.

DLR Miro is a lightweight manipulator designed to perform surgical
applications using modular mechatronic approach. DLR Miro robot adopts the

technologies and the components developed through the designing of DLR
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Lightweight robots LWR I, LWR II and LWR III. The shell structural design is used
in the DLR LWR lightweight manipulators. However, the design of Miro manipulator
required a compact and a minimal design in complexity [165]. Therefore, it is
developed differently to fulfil the functionality and requirements. The structure of
manipulator is based on the skeletal structure with unencumbered housings [166]
[167]. The design follows human bone structure and the components are designed
as tubes. It imitates the human arm structure to improve the lightweight structure
and flexibility [17]. The electronic components used for joints are fixed outside
the structure [168]. Furthermore, the casing of the robot can be removed
completely and operated while performing maintenance and repair. The robot
contains hollow shafts that allows internal electronic components and cables
allowing the robot to be compact and lightweight [169]. The manipulator is
capable of handling a maximum payload of 30 N [170]. Micro manipulator not only
uses the modular mechatronic approach in designing the robot but also uses the
features in human arm to improve the design.

Apart from DLR lightweight manipulators commercial robot manufactures
such as Mitsubishi company and Schunk company have also employed modular
mechatronic approach in the development of lightweight manipulators such as
Mitsubishi PA 10 and Powerball robot. Mitsubishi PA 10 manipulator is a 7 DOF
manipulator with a payload of 10 kg [171]. The design integrates the sensors and
electronic components with the joint frame structure following the modular
mechatronic approach [172]. Figure 2.15 illustrates the Powerball robot joint
components. Furthermore, harmonic gear drives are implemented in each joint of
the manipulator to enhance the lightweight design [173]. In addition to that ‘O’

ring sealing structure has been adopted for all the joints of the manipulator [174].
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The sealing structure prevents emitting any internally generated particles in the

joints of the manipulator [174].

1 Electric control system
2 Encoder

3 Drive

4 Harmonic drive gear
5 Holding break

6 Hollow shaft for internal

cabling

Figure 2.15: Powerball ERB module components [175].

Six degrees of freedom Schunk Powerball LWA 4 robot is a further example
for a commercial lightweight modular manipulator [175]. The central element of
the manipulator lightweight design are three ERB Powerball modules [175]. The
module is integrated with two independently movable axes resulting a more
compact design [176]. The design maintains the modular mechatronic approach
integrating the electronic control system, encoder, electronic drive and the holding
brakes to the Powerball ERB joint [176]. The integration of components enhance
the lightweight design of the manipulator reducing the use of long cables and
providing a compact design similar to the other modular mechatronic robot
designs. In addition to that harmonic gear drives are also implemented in the joint
modules. The manipulator joint contains hollow shafts that allows internal cabling

allowing the manipulator to be compact and lightweight [176]. Due to the modular
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mechatronic design approach the lightweight quality of the Powerball manipulator
enhanced. The Powerball ERB joint module is as shown in Figure 2.15. The
manipulator is capable of handling a load of 6 kg and the weight to payload ratio
is 2to 1[177]. Position of actuators at the base of the manipulator or near to the
base to reduce the weight could be observed as a common design technique in
the both tendon driven and gear driven approaches. However, modular
mechatronic approach adopts a different strategy compared to the first two
approaches. Because in modular mechatronic approach the actuators are
positioned at the joint without position at the base. Serval research investigations
have been undertaken in the development of lightweight manipulators using
modular mechatronic approach. Furthermore, throughout the recent years several
generations of lightweight manipulator design prototypes have been developed
adopting the modular mechatronic concept as well. However according to the
literature in modular mechatronic approach a dedicated actuator allocated for each
degree of freedom flowing the traditional actuation principle of "One actuator for
One degree of freedom” [135][178]. Therefore, in modular mechatronic
manipulator design a dedicated actuator is installed at each joint (DOF) for the
actuation. Which is similar to the joint actuation method of the conventional
manipulator. The Table 2.2 illustrates the advantages and challenges of each

lightweight manipulator design approach.
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Table 2.2 : Advantages and the challenges of lightweight manipulator design approaches

Manipulator

Design Category

- Significance of the

Design

' Challenges of the Design

Approach

Tendon driven

manipulator

Negligible backlash effect in

the manipulator design.

Requirement of motor for

the actuation of each joint.

Vibration and noise effects are

insignificant on the manipulator

Periodical retention of the tendons

are required in  manipulator

design. transmission mechanism.
Transmission component
weight is less (belts and
tendons) thus Lightweight

aspect is preserved.

Gear driven

manipulator

Capability of performing higher

torque operations.

Higher vibration and noise
effets that reduce the
manipulator  efficiency and

position accuracy.

Compact in design due to the

requirement of less space for

Higher Transmission components
weight that reduced lightweight

AT transmission components (gears | aspect (Gears and shafts).
and shafts).
Friction effect and backslash
effect  affect manipulator
efficiency and position accuracy.
Complexity of control system | Higher design cost due to the
design is less. use of sophisticated
electronic components and
customized actuator designs
Modular
mechatronic
Higher accuracy and precision | Utilization of motors at each
approach

in performing motions.

joint .

Requirement of advanced
manufacturing techniques and
facilities for the development of
customized components and
actuators
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2.5 Future Trends

The lightweight manipulators are widely engaged in human-robot interaction
applications such as medical robotics and collaborative robotics in manufacturing.
The Human collaborative robot applications have been increasing rapidly over the
years enhancing the standards and requirement of human collaborating robots
such as safety, cost and compact in design. The reduction of cost, energy
consumption and compact in design are some of the aspects vital for the human
collaborative manipulators in manufacturing apart from weight reduction [39].
However, not only for human collaborative robots the aspects such as reduced
cost, compact design are beneficial for other lightweight manipulator applications
as well such as space robots. The reduction of actuators in the design have
significant benefits such as low energy consumption, compact in design, low cost
due to the reduced use of actuators [33][179]. These factors have influenced
researches growing research interest in developing lightweight manipulator with
less actuators. Continuation of research in developing manipulators with fewer
actuators will have a positive impact on the development in the lightweight
manipulator design. Another growing research theme in lightweight manipulators
design is designing lightweight structures. Designing of lightweight structures
using composites has a potential impact because the weight of the structure also
affects the lightweight concept of the manipulator. As a result of the ongoing
research several lightweight manipulators have been developed over the years.
Some of the examples include ROTEX manipulator, Miro manipulator and DLR LWR
IT designed using carbon fiber Reinforced Polymer structure and carbon fiber
structure respectively [84][157][169]. Lightweight actuator with lower energy

consumption and with high power are particularly desirable and vital in lightweight
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manipulator design. Therefore, exploration and studies on developing and actuator
with less weight, energy efficient and powerful actuator are essential. The actuator
consumes greater weight of the manipulator and is one of the challenges in
lightweight manipulator design. ROBODrive is an example of lightweight actuator
successfully developed by DLR Company [87]. Therefore, development of
lightweight actuator with higher torque and energy efficacy is a significant
research area in the lightweight manipulator design. Generally, in the most of
robot designs as described in the review positioning the actuators at the base or
away from joints have been used as potential solution [120]. Furthermore,
majority of the designs have followed the conventional actuation approach “One
actuator for One degree of freedom " instead of adapting underactuation method.
However, handful of research have been performed in the area of developing
lightweight manipulators adapting underactuation concept. Reduction of motors
has significant benefits such as compact in design, reduced cost and reduction of
weight which are favourable factors in lightweight manipulator design [33][179].
Thus, development of manipulators with reduced number of actuators that
enhances the lightweight aspect, energy efficiency and the compactness of the
manipulator design is a blooming sector of lightweight manipulator design
research. Furthermore, with the expansion of research studied on underactuated
lightweight manipulator design, development of novel energy saving coupling
mechanisms for the underactuated lightweight manipulators have become another

growing research theme.
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2.6 Chapter Conclusion

The increasing requirement of robot manipulators in space applications,
manufacturing applications and medical applications foster the design and
development of lightweight manipulators. It could be observed from the literature
there is greater improvement in the field of lightweight manipulator design. Over
the years serval manipulator designs have been developed using different
approaches that have been reviewed in this chapter. The three main design
approaches used for the development of lightweight manipulators are reviewed in
detail discussing the design technique, significance and limitations of each
approach. In addition, future research trends of the lightweight manipulator
design are also addressed. In summary, the research in the lightweight
manipulator design have significant amount of advantages on the future of
lightweight manipulators such as higher energy efficiency, higher speed of motion,
convenient in portability and higher in safety. There are potential research areas
to be explored broadly such as development of lightweight manipulators with less
motors, developing novel motors with less weight, higher torque capacity and with
high energy efficacy and development of energy saving coupling components for
the manipulators with less motors. It could be observed from literature that one
of the desired design aspects of lightweight manipulator development is high
energy efficient design. Furthermore, design of manipulators with energy
efficiency aspect is one of the future research trends in lightweight manipulator
development. Vibration, noise and the backslash effect greatly affect the energy
efficiency of the manipulator that reduce the efficiency of the design. From the
literature it could be observed that the tendon driven manipulator design approach

has minimal vibration and noise effects as well as negligible backslash effect with
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comparison to other design approaches. Moreover, development of lightweight
manipulator adopting tendon driven design approach can be performed without
the requirement of advanced manufacturing techniques and facilities.
Furthermore, development of tendon driven manipulators utilizing reduced
number of motors has not been explored in field of lightweight manipulator design.
Therefore, considering these factors exploring the possibilities of desiging
lightweight manipulator using tendon driven approach with underactuation
concept will help to enhance the lightweight manipulator design by lowering cost
and the energy consumption in addition to the lightweight attribute. In addition to
that continues research in lightweight manipulator design, will enhance the
standards and quality of the lightweight manipulator applications and will expand
the arears of applications. Furthermore, lightweight manipulators will become a

significant tool in the future of robotic manipulator applications.
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Chapter 3

Methodology

3.1 Introduction

This chapter presents the research methodology performed in this study. The
major segments involved in achieving the goals of this research work are shown
in Section 3.2 of the chapter. The research activities performed during each stage
of the study are further discussed in Section 3.2.1 to Section 3.2.3. The chapter
also includes flow charts to illustrate the sequence of the research activities

conducted in each segment of the research study.

3.2 Research Methodology

Figure 3.1 presents major segments of this research in the form of a flow chart.
The research initiates through a comprehensive review on designs of lightweight
manipulators which is presented in Chapter 2 of the thesis. From the literature,
the study identifies that the designs of lightweight manipulators with reduced
motors have not been widely explored. In addition, the development of energy
saving coupling mechanisms for lightweight manipulator designs with reduced
number of motors are found to be another research trend. Thus, as an initiation
to this, present study firstly introduces the design of a bistable coupling

mechanism for a lightweight manipulator as shown in Figure 3.1. Subsequently,
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the development of an underactuated tendon driven manipulator incorporated
with energy saving coupling mechanisms is introduced. This is followed by further
enhancement of the manipulator design utilising a single motor for the actuation.
Finally, as illustrated in Figure 3.1, the work is concluded with recommendations
for future work. The research methodology adopted for each of the above mentioned

segments are discussed in the following sections in detail.

Literature Review
(Lightweight Manipulator Designs)
(Chapter 2)

I

Development of energy saving coupling
mechanism for underactuated
manipulator
(Chapter4)

l

Development of underactuated tendon
driven manipulator incorporated with
energy saving coupling mechanisms
(Chapter 5 and Chapter 6)

|

Further enhancement of manipulator
design by utilising a single motor for the
actuation
(Chapter 7)

Future work
(Chapter 8)

Figure 3.1: Major segments of research.

3.2.1 Development of Energy Saving Coupling Mechanism

Figure 3.2 presents the research methodology adopted in developing the energy
saving coupling mechanism for a lightweight underactuated manipulator. The

methodology initiates by introducing the design of a bistable coupling mechanism
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for a lightweight manipulator. The design of the coupling mechanism is presented
in Section 4.2. A mathematical model is developed for the proposed bistable
coupling mechanism. Subsequently, simulation studies are performed using the
mathematical model and the results are verified through experimental
investigations. The development of the mathematical model, experimental and
simulation studies performed are illustrated in Sections 4.4 and 4.6 respectively.
As shown in Figure 3.2, the study further conducts experimental analysis on the
energy consumption of the coupling mechanism. Lastly, the energy consumption
results obtained from the experimental analysis for both conventional and the
proposed coupling mechanism are compared. Sections 4.6.3 and 4.6.4 present
the experimental analysis conduct on the energy consumption. This is performed

for the investigation of the energy saving aspect of the mechanism.

53



Development of bistable
clectromagnetic coupling mechanism
(Scction 4.2)

l

Mathematical modeling of bistable
coupling mechanism
(Section 4.4)

|

Simulation analysis of the mathematical
model
(Section 4.6.2)

Experimental verification of the
mathematical model
(Section 4.6.2)

Does the
mathematical
model function
as excepted

- . False
Revision of the mathematical

model

Experimental investigation of energy
consumption of the bistable coupling
mechanism
(Section 4.6.3 and Section 4.6.4)

Proposed design
energy consumption=<
conventional design

energy consumptios

Revise the bistable coupling
mechanism design

Figure 3.2: Methodology utilised for the development of bistable coupling mechanism.

3.2.2 Development of Underactuated Tendon Driven Manipulator
Incorporated with Energy Saving Coupling Mechanism

The development of a lightweight manipulator model with reduced motors is
introduced in the present study in addition to the development of the energy
saving coupling mechanism for lightweight manipulators. The research procedure
employed in the development of manipulator is presented in Figure 3.3. Initially
manipulator model is developed in the study. Subsequently to the model
development, a dynamic model is developed for the proposed manipulator model.

This is shown in the Section 5.4. Thereafter, the simulation results obtained
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through the dynamic model are compared with the conventional manipulator
design for emphasizing the significance of the proposed manipulator design.

The study further introduces the prototype design of the manipulator with
reduced motors incorporating the bistable coupling mechanisms as shown in
Figure 3.3. The prototype design of the proposed manipulator is illustrated in
Section 5.2 of the thesis. Experimental studies are conducted in this work for
identifying the driving joint torques of the manipulator. In addition, the study
comprises the validation of the dynamic model. The simulation and experimental
studies performed are illustrated in Section 6.2. Subsequently to the above
analysis, the study further investigates the energy consumption of the manipulator
during joint actuation utilising both the conventional actuation approach and the
proposed actuation method. The studies conducted to investigate energy

consumption of the manipulator are shown in the Section 6.3.
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Development of lightweight manipulator
model with reduced motors
(Section 5.2)

}

Development of dynamic model of the
manipulator model
(Section 5.4)

l

Simulation analysis of the dynamic model

l

Development of manipulator protype with
reduced motors incorporating bistable
coupling mechanisms
(Section 5.2.)

Experimental study of driving joint torques
and validation of the dynamic model
(Section 6.2)

roposed design
driving joint torques
< conventional
design driving joint
torques

Revise the design of the
lightweight manipulator with
reduced motors

Does the
dynamic model
function as
excepted

Revision of the dynamic model

Experimental investigations of energy
consumption of both proposed and conventional
\ actuation methods
! (Section 6.3)

Figure 3.3: Methodology utilised for the development of tendon driven manipulator
incoperated with bistable coupling mechanism.

3.2.3 Further Enhancement of Manipulator Design by Utilising a
Single Motor for the Actuation

In the present work, further enhancement of the manipulator design is presented
by utilising a single motor for the actuation. Figure 3.4 presents the research
methodology adopted for the development of the enhanced manipulator model.

Initially, manipulator model is developed and the development of the model is

56



discussed in Section 7.2. After the development of the modal, dynamic model is
developed for the enhanced manipulator design. The dynamic model development
is presented in Section 7.3.2. Thereafter, the simulation results obtained through
the dynamic model are compared with the conventional manipulator design. This
is performed to highlight the significance of the proposed manipulator design. The

simulation analysis performed are illustrated in Section 7.4.

Further enhancement of manipulator
design by utilising a single motor for the
actuation
(Section 7.2)

Development of the dynamic model of
enhanced manipulator model
(Section 7.3.2)

Simulation analysis of the dynamic
model

(Section 7.4)

dynamic model

Revision of the dynamic model .
function as

Comparison of the results with the
conventional manipulator design

roposed design

driving joint torques <
conventional design

driving joint torque,

False Revise the design of the

lightweight manipulator model

True

Figure 3.4: Methodology utilised for the development of enchanced manipulator model.
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Chapter 4

Design of a Bistable Electromagnetic Coupling
Mechanism for an Underactuated Manipulator

4.1 Introduction

The design of a bistable electromagnetic coupling mechanism used for the
independent joint motion is presented in this chapter. Over the years researchers
have developed systems with reduced actuator. Majority of the designs have
incorporated electromagnetic clutches due to the benefits such as fast activation,
moderate torque density and controlling capability via electrical signals [41-45].
Electromagnetic clutch is a device that regulates the torque transmission
using an electromagnetic actuation principle [180]. However, transmission of
torque is performed mechanically. Electromagnetic clutch could be categorised as
a positive clutch or a friction clutch respective to its torque transmission method.
In a friction clutch, torque transmission is achieved by means of friction contact
between the armature and the rotor plates. The positive clutch operates through
mechanical interlocking of teeth or jaws for the transmission of torque. However,
the actuation mechanism for the two categories, positive clutch and friction clutch
remain the same. The main components of an electromagnetic clutch are
electromagnetic coil, armature, rotor and release spring as shown in Figure 4.1
[181]. The electromagnetic coil is positioned behind the rotor that generate
electromagnetic field used for the controlling as shown in Figure 4.1. The operating

principle of the conventional electromagnetic clutch is described as follows.
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The clutch could be activated by supplying an electric current to the coil
that energises the coil generating an electromagnetic field [8]. The attractive force
generated by the electromagnetic field causes the armature plate to move towards
the rotor overcoming the spring force. The transmission of torque begins at the
instance armature plate engages with the rotor (engage state). The engaged state
is maintained by providing a continuous power supply to the electromagnetic coil.
This energises the coil and provides the attraction force required to maintain the
engaged state. Therefore, the power supply can only be terminated during the
disengaging of the clutch [183-185]. As such, electromagnetic clutches consume
large amount of energy during the operation. To disengage the clutch power
supply needs to be terminated. This would de-energizes electromagnetic coil
eliminating the attraction force thus disengaging the clutch [182]. In the clutch
design, two release springs are used to position armature away from the rotor,
when power supply is switched off. At the instance electromagnet coil is de-
energised spring repels the armature plate away from the rotor disengaging the
clutch. Electromagnetic clutch has the advantages such as electrical controllability
and rapid response time. As such electromagnetic clutches have been

predominately used in various robotics applications [186].
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Armature

Release spring

Air gap

Electromagnetic field

Figure 4.1: Cross sectional view of the electromagnetic clutch [180].

A conventional clutch operates in two states namely disengaged and
engaged. Even though the clutch has two states the device can only sustain
disengaged state without a continuous power supply [50] [187]. Therefore, a
continuous current supply should be supplied during its operation (monostable) to
sustain the engaged state. Thus, the traditional electromagnetic clutch is
monostable. Furthermore, according to the literature few energy saving coupling
mechanisms have been developed in the recent years. W. Cai et al has developed
a bistable electromagnetic clutch unit for an electric vehicle to reduce the energy
consumption of the electric vehicle [188][189]. However, the design is primarily
developed for the wheel electric vehicle drive application [188-190]. As such,
clutch is mainly developed for the function of maintaining the connection between
electric vehicle wheel drive hub and the motor [189-191]. Apart from that
companies such as Ménninghoff , KEB, Eletroid and EIDE have introduced bistable

clutches and bistable brake designs for the applications such as air-conditioning
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compressors, electric doors, wheelchairs and etc [192-195]. However, these
commercial designs utilize power supply for a period of 100 ms to 1000 ms during
the engaging and disengaging operations [192-195]. Energy consumption of the
clutch or the brake decreases with the reduction of power supply time. Therefore,
by minimising power supply time, energy consumption could be further reduced
enhancing the energy efficiency. Moreover, coil springs are incorporated in the
commercial bistable clutch and brake designs for the disengaging process that
reduces the robustness [192][194]. Systems integrated with the coil springs have
low robustness due to the wear and degrading of the springs [196-198].

The operation of the proposed coupling mechanism is similar to the
conventional electromagnetic clutch. However, the proposed design overcomes
the drawbacks of conventional clutch such as high power consumption during its
operation. The sudden decoupling of the clutch due to unexpected power failures
is another drawback of the conventional clutch design. This is also eliminated in
the proposed design providing a safe coupling mechanism. Furthermore, the
proposed design also incorporates the benefits of conventional clutch such as

electrical controllability and rapid response time.

The proposed electromagnetic coupling mechanism is bistable. Therefore,
without continuous power supply the proposed design could maintain its two
states namely engage and disengage. Permanent magnets are implemented to
maintain the engaged and disengaged states stable without an external power
supply. The proposed design uses a current pulse for the engaging and
disengaging of the coupling mechanism. The state of the coupling mechanism
could be changed from one state to another by varying direction of applied current
pulse. In the proposed design power is consumed only for a period of 12 ms during

the engaging and disengaging operations. Therefore, in the proposed design
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power consumption time period is minimised considerably with comparison to the
available commercial energy saving coupling mechanisms. Hence proposed design
reduces the power consumption. Moreover, Heat energy generation from the
electromagnet is also reduced with the elimination of continuous current supply to the
design. This improves the efficiency of the proposed mechanism. Furthermore, the
proposed coupling mechanism avoids the use of mechanical elements (release
spring) that is used in conventional clutch design and other energy saving coupling
mechanisms. The release spring is employed for the returning of armature plate
when the power supply is Off [50][187]. The designs integrated with springs have
low robustness due to the wear and degrading of the springs [196][197]. Release
springs are not incorporated in the proposed coupling mechanism. Magnetic force
replaces the release spring function in the proposed coupling mechanism and
performs the disengaging thus enhancing the robustness. The advantages of the
proposed coupling mechanism are further amplified with the fail-safe design. The
force generated by the permanent magnets maintains the engaged or disengaged
state stable in the absence of power supply. To vary the existing state of the
mechanism, current pulse with change in direction of current should be applied.
Therefore, in case of power failure state of the coupling will not vary. The proposed
bistable coupling mechanism state cannot be changed until a further current pulse
is applied. As such, the design offers increased safety. Furthermore, the proposed
design is fully compliant with EU directive 2006/42/EG clause 1.2.6 that states the
drive must not disengage in the case of a power failure [51]. Thus, the directive
enhances the safety of the system in a situation where unexpected power failure
occurs [51]. In summary, the main features of the proposed bistable coupling
mechanism can be expressed as follows. The proposed coupling mechanism is

with the capability of reducing electric energy consumption during its operation.
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Thus, the proposed coupling mechanism is capable of providing energy efficient
coupling mechanism for underactuated manipulators. This is one of the key
highlights of the proposed bistable coupling mechanism. Furthermore, fail-safe
design is another highlight of the proposed mechanism. Bistable permanent
magnetic design approach provides the fail safety capability to the mechanism. As
such the proposed design is with the potential of providing safe coupling
mechanism. Therefore, the proposed bistable design is capable of providing an

energy efficient and safe coupling mechanism for underactuated manipulators.

4.2 Mechanical Design of the Bistable Electromagnetic Coupling
Mechanism

The design consists of two segments. Segments are categorized as A and B as
shown in the Figure 4.2. The section B contains the electromagnet used for the
mechanism and section A is equipped with the permanent magnets and the sliding
disk. The rotor shown in the Figure 4.2 is the rotating section of the segment B
that rotates freely when engaged. Rotor transfers the rotational motion to the load
when the mechanism is engaged. Load is connected to the extended segment of
the rotor as shown in the Figure 4.2. Needle roller bearings are connected between
the electromagnet casing and the rotor. Therefore, the rotor could rotate freely

maintaining the electromagnet in a stable position.
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Figure 4.2: Cross sectional view of the proposed clutch design.

In the design groves are fabricated at the segment B plate to couple it with the
teeth fabricated in the sliding disk. The bearings mounted between the rotor and
the housing of the proposed mechanism prevent the rotation of the casing of the
bistable mechanism along with the rotor. Rotor is fabricated using Aluminium.

The segment A of the proposed design consists with the sliding disk and
the armature. The sliding disk is as shown in Figure 4.2. The diameter and the
thickness of the fabricated sliding disk are 50 mm and 10 mm respectively. At the
centre of sliding disk, a disk type NdFe35 permanent magnet (L) with a holding
force of 33 N is mounted. The diameter and the thickness of the magnet are 20
mm and 3 mm respectively. The permanent magnet provides the holding force
required to maintain the engaged state. Thus, the requirement of continuous
power supply is eliminated. Similarly, a disk type NdFe35 permanent magnet (S)
with a holding force of 2.9 N is attached to the other side of the disk, which helps
to hold the disengaged state. The permanent magnet (S) is 10 mm in diameter
and 5 mm in thickness.

The shafts mounted to the armature function as guide for the sliding disk’s
linear motion. The disk is able to slide through the shafts fixed to the armature as
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shown in Figure 4.2 during mechanism engaging and disengaging process. Steel
plate with 20 mm length, 20 mm width and 2 mm thickness is embedded to the
armature as shown in the Figure 4.2. The purpose of the embedded steel plate is
to generate an attraction force between the small permanent magnet and the steel
plate. When the proposed mechanism is disengaged this attraction force functions
as a holding force for the disk preventing its motion towards the rotor. Bearings
are connected between the armature and the casing similar to the segment B of
the bistable coupling mechanism. The two sections, section A and B are fixed
inside a casing as a single component. The constructed bistable coupling
mechanism external and internal view are shown in Figure 4.3(a) and Figure

4.3(b) respectively. The design parameters of the proposed mechanism are also

presented in Table 4.1.

Frame
Sliding dis|

guiding

Bearing
rod

Rotor

Arma

Ferromagnetic
plate

I Electromagnet

Permanent magnet (L) A: B

Figure 4.3(a): Constructed view of the Figure 4.3(b): Internal view of the
bistable coupling mechanism. bistable coupling mechanism.

Table 4.1: Design parameters

Definition Value
Permanent magnet S (NdFe35) 20 mm/ 3 mm
Diameter /Thickness
Permanent magnet L ( NdFe35) 10 mm/ 5 mm
Diameter /Thickness
Air gap length 10 mm
Number of winding (Electromagnet) 700
Sliding disk 50 mm/ 10 mm
Diameter /Thickness
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4.3 Operation Principle of the Bistable Electromagnetic Coupling
Mechanism

The bistable electromagnetic coupling design has two stable positions namely
engage and disengage. The state varies with the movement of the sliding disk.
The state of the mechanism could be changed by switching the direction of current
supply to the electromagnet. The electromagnet will generate an attraction force
or a repelling force on the sliding disk permanent magnet (L) with respect to the
direction of supply of current. This force will result the sliding of the disk changing
the state of the proposed mechanism. 10 mm gap is minimum gap that could be
maintained between the sliding disk and rotor to secure the complete
disengagement. Further reduction of the gap causes the sliding disk to move
towards the rotor due to the attraction force between the permanent magnet (L)
and ferromagnetic plate even with the absence of electromagnetic force.
Identification of optimum length of gap is performed using theoretical and
experimental approaches explained in detail in the results and discussion section.
The Figure 4.4 (a) and (b) show the magnetic flux distribution of the coupling
mechanism at the two states namely engaged and disengaged respectively. The
magnetic flux distribution is simulated using Vizimag magnetic simulation
software. The analysis of the magnetic field distribution related to the mechanism
state change is discussed in detail under the Section 4.3.1 and Section 4.3.2 .
Furthermore, operation of the mechanism at two states namely engaged and
disengaged with respective forces are explained in Section 4.3.1 and Section 4.3.2

respectively.
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Figure 4.4(a): Magnetic flux density distribution in engaged state.
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Figure 4.4(b): Magnetic flux distribution in disengaged state.
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4.3.1 Engaged State
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Figure 4.5(a): Instance before sliding disk Figure 4.5(b): Sliding disk after
moves from disengaged state to engaged engaging and electromagnet is de-
when the electromagnet is energised. energised.

The proposed bistable mechanism remains in the disengaged state prior to varying
the state to engaged. The sliding disk remains stable at the segment A of the
mechanism. The force Fgp, generated between the ferromagnetic plate and the
permanent magnet (S) prevents motion of the disk towards the rotor as shown in
Figure 4.5(a). In the design, permanent magnet (L) is fixed maintaining North
pole of the magnet towards the electromagnet. To move the disk towards the
rotor, an additional force should be applied on the sliding disk to produce a
resultant force in the direction of motion. Therefore, an attractive force should be
generated between the disk permanent magnet (L) and the electromagnet. As
such, the electromagnet is energised to form a South pole at the surface of the
electromagnet. This creates an attractive force Fgzpy, between the permanent
magnet (L) and the electromagnet, producing a resultant force on the disk. The
resultant force initiates the motion of the disk towards rotor at the instance

electromagnet is energised. When the disk reaches the rotor power supply could
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be terminated. The force F,p), generated between the permanent magnet (L) and
ferromagnetic plate maintains the engaged state with the absence of an external
power supply as shown in Figure 4.5(b).

There is an attraction force between the permanent magnet (S) and
ferromagnetic plate. However, in the engaged state the F,p), force is zero. Due to
the increase of distance between the ferromagnetic plate and the permanent
magnet (S), flux distribution between the permanent magnet (S) and
ferromagnetic plate reduces. The flux distribution of the mechanism in the
engaged state is also examined via simulation studies. As illustrated in Figure
4.4(a) zero magnetic flux density distribution is observed between the permanent
magnet (S) and ferromagnetic plate in the engaged state. Therefore the Fgpy
force becomes zero due to zero magnetic flux distribution. As such, in the engaged
state the F;p, force becomes zero. Similarly, magnetic flux distribution is
observed between permanent magnet (L) and ferromagnetic plate as shown in
Figure 4.4(a). This magnetic flux generates a force F;p, between the permanent
magnet (L) and ferromagnetic plate that maintains the engaged state without an
external power supply. As such, the current supply could be terminated at the
instance disk contacts the rotor. Therefore, disk remains engaged until the

electromagnet is energised in the reverse direction.
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4.3.2 Disengaged State
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Figure 4.6(a): Instance before sliding disk Figure 4.6(b): Sliding disk after
moves from engaged state to disengaged disengaging and electromagnet is de-
when the electromagnet is energised. energised.

The proposed mechanism state could be switched from engaged to disengaged by
powering the electromagnet in the reverse direction. Electromagnet polarity could
be varied by switching the direction of the current supply forming a North polarity.
When the current supply is reversed a repulsive force Fgp, Will generated between
the permanent magnet (L) and the electromagnet. As a result, a resultant force is
generated on the disk as shown in the Figure 4.6(a). Due to the resultant force
created, the disk disengages and slide towards the armature switching the state
of the mechanism to disengaged. An attraction force is formed between the
permanent magnet (S) and the ferromagnetic plate embedded. This attraction
force Fgpy Maintains the disengage state without an external energy supply as
shown in Figure 4.6(b). Therefore, when the disk reaches the armature, current
supply could be terminated. Similar to engaged state, magnetic flux distribution
is examined in the disengaged state. From the Figure 4.4 (b), it could be observed

that there is no flux distribution between the permanent magnet (L) and
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ferromagnetic plate in the disengaged state. Therefore, at the disengaged state
force F,py becomes zero due to the increment of distance between the
ferromagnetic plate and the permanent magnet (L). As such, the sliding of the
disk towards the rotor is prevented until an external force is applied by the

electromagnet.

4.4 Mathematical Modelling of the Proposed Bistable
Electromagnetic Coupling Mechanism

The mathematical model of the operation of proposed bistable mechanism is
presented in this section. The engaging and disengaging operation of the coupling
mechanism with the respective forces are shown in Figure 4.7 and Figure 4.8
Engaging and disengaging of the coupling mechanism is controlled by varying the
direction of force Fzp) generated between the electromagnet and the permanent
magnet (L) as described in the previous section. The magnetic force Fgpy
represents the force generated by electromagnet on the permanent magnet (L)

when energized. Magnetic force Fzp) can be expressed as [199-201]:
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Figure 4.7: Force diagram of the sliding disk Figure 4.8: Force diagram of the sliding

when sliding from disengaged state to engaged disk when sliding from engaged state to
when electromagnet is energised. disengaged when electromagnet is
energised in the reverse direction.
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FEPM=VMVB (4.1)

Where V, M and V B are the volume of the permanent magnet,
magnetization of the permanent magnet and the gradient of the magnetic field of
the electromagnet respectively. The V symbol represents the gradient operator.
The computation of each component of Equation (4.1) is performed using a subset
of equations. These subsets of equations used for the calculation are described as
follows. The components M (Magnetization of the permanent magnet) and V

(volume of the permanent magnet) are calculated as:

Br
M = . (4.2)
V = nr?l (4.3)

Where Br corresponds to the magnetic remanence and is 1.30 T. The value
of u,, is 13.811 x 1077 that corresponds to the permeability of NdFe35 magnet. In
Equation (4.1) V represents the volume of the permanent magnet. The value of V
is computed using the equation of volume of a disk. The final component of
Equation (4.1) is the gradient of the magnetic field of the electromagnet (VB )
[202]. The calculation of VB is explained in the following section.

Magnetic field generated from an electromagnet could be described by
Biot-Savart’s law [203]. The magnetic field generated by a single loop coil carrying
a current of I at a distance X from the centre of the circular coil can be derived

using the Biot-Savart law as given below [204][205]:
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- /107"21 (4.4)

)
2(X% +r?)2

Where u, and r represent the permeability of free space and the radius of
a coil with single turn respectively. X corresponds to the distance from the centre
of the coil to the point where magnetic field is computed. I is the current flowing
through the coil. From Equation (4.4), the magnetic field generated from a circular

coil with N number of loops carrying steady current I can be expressed as:

- Uotr* I N (4.5)

3
2(X? +r2)2

N represents the number of turns in the coil. Finally, the gradient magnetic
field is calculated by computing the first order derivative of the Equation (4.5).
The first order derivative of Equation (4.5) that corresponds to the gradient

magnetic field is expressed as:

3Xugr?IN

B = (4.6)

5
2(X% +712)2

Finally, the magnetic force generated on the permanent magnet by the
electromagnet Fgp, is obtained using Equation (4.1) to Equation (4.6). The dry

friction force F; is formed on the disk could be obtained from Equation (4.7). The

dry friction force is obtained as:

Ff = umg (4.7)
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Where u is the frictional coefficient, g is the gravitational acceleration and
m is the mass of the sliding disk. Range of magnetic attraction force values with
respect to the distances are obtained for each magnet from the magnet
manufacturing company. These magnetic force values obtained with respect to
the distance are used to plot the graphs shown in Figure (4.9(a)) and Figure
(4.9(b)). The Figure (4.9(a)) and Figure (4.9(b)) illustrate the magnetic force with
respect to the distance of permanent magnet (L) and permanent magnet (S)

respectively.
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Figure 4.9(a): Permanent magnet ( L) magnetic force with respect to distance.
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Figure 4.9(b): Permanent magnet (S) magnetic force with respect to distance.
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Curve fitting application in MATLAB software is employed to obtain the
mathematical equation that provides the relationship between the magnet
attraction force with respect to the distance. The mathematical equations are
computed by applying the magnetic attraction force and distance parameters to
curve fitting application which are obtained from magnet manufacturing company.
The computed mathematical equations are shown in Equation (4.8) and Equation
(4.9). The relationship of the force F,p) with respect to distance can be obtained
using Equation (4.8). Similarly, Equation (4.9) describes the relationship of the
force Fspy with respect to the distance of the permanent magnet (S). The

equations are as given below:

Fipy = 18.53e(73776X1) 4 14.34¢(~2355X1) (4.8)

Fspu = 0.051e(26%s) 4 3.1¢(-2107Xs) (4.9)

In the Equation (4.9) X, represents the distance between the permanent
magnet (S) and the ferromagnetic plate. Similarly, X, represents the distance
between the permanent magnet (L) and the ferromagnetic plate.

Finally, the theoretical model of the proposed bistable mechanism for the

two states engaging and disengaging are derived as:

Engaging :

mX = FEPM + FLPM - FSPM - 2Ff (4.10)

Disengaging :

mX = FEPM + FSPM - FLPM - 2Ff (4.11)
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Where m is the total mass of the disk including the two permanent magnets
embedded. F; represents the dry friction force between the disk and the guide. X
and X represent velocity and the acceleration of the disk. Furthermore, X
represents the distance between the surface of permanent magnet (L) and the
surface of the electromagnet as shown in the Figure 4.7. Distance varies with the
motion of the sliding disk. The value of X which is the optimum distance that
sliding disk moves ranges from 0 to 0.01 m. Disk attains a maximum displacement
of 0.01 m at the disengaged state and a minimum of 0 m at the engaged state.

The disk maintains stable state at the instance resultant force is zero.
Thus, until a resultant force is applied, the sliding disk does not perform a motion.
The total number of forces acting on the sliding disk that causes the motion are
namely F,py (force generated between the permanent magnet (L) and
ferromagnetic plate), Fspy (force generated between the ferromagnetic plate and
the permanent magnet (S)) and F; (dry friction force between the disk and the
guide). The force vs distance relationship of the forces F,py and Fgpy are show
in Equation (4.8) and Equation (4.9) respectively. The force F;p), pulls the sliding
disk towards the rotor while other two forces Fspy and Fr pull the disk in opposite
direction towards the armature. E. represents the resultant force of these three
forces acting on the disk towards the direction of rotor. Therefore, the sliding disk
performs motion until the resultant force of these three forces F. becomes zero.
Thus, the optimal theoretical distance that the disk can achieve is obtained at the
instance when resultant force F. becomes zero. The theoretical optimum distance
(value of X) is obtained using the Equation (4.12) as given below. The theoretical
optimum distance (value of X) is computed by continuously substituting distance
values starting from zero to the Equation (4.12) until the resultant force E. value
reaches zero. The distance value that provides the resultant force F. zero is
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recorded as the theoretical optimum distance (value of X). The resultant force vs
distance relationship theoretical graph is shown in the Figure 4.18 of Section 4.6.2.
Furthermore, optimum distance is also validated experimentally by positioning the
disk at range of distances away from the rotor. The distance in which the sliding
disk remains in stable position without a motion during experimental analysis is

identified as the experimental optimum distance.

F = Fipm — Fspy — 2F (4.12)

4.5 Bistable Electromagnetic Coupling Mechanism Controlling
Circuit

The bistable coupling mechanism engaging and disengaging is controlled via a
control circuit. Two transistors (TIP120) and a double pole double touch (DPDT)
relay are used to control the direction of current flow and to switch the power
supply On and Off. Two 220Q resistors are used to protect the microcontroller
from high current. Figure 4.10 shows the schematic view of the control circuit and
Figure 4.11 shows the constructed control circuit. Varying the direction of current
flow to the mechanism changes the state of the mechanism. To vary the direction
of current flow, base current of the transistor A is varied via microcontroller.
Activating of transistor A energises the DPDT relay resulting in the engagement of
the mechanism. Similarly, deactivating transistor A de-energises the DPDT relay
resulting in the disengagement of proposed design. Transistor B controls the
power supply to the mechanism. Transistor B switches the current supply On or
Off to the DPDT relay, after the mechanism is engaged or disengaged. This results

in switching the current supply On or Off to the proposed mechanism. During the
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engaging process, current flows to the bistable coupling for 12 ms, whereas in the

disengaging process current flows for 12 ms. Figure 4.12 presents the functionality

of the circuit in a flowchart.

TIP 120 (Transistor B)
24V Variable DC Power
Supply

Bistable Electromagnetic
Clutch

L
Arduino UNO ( Microcontroller) n

TIP 120 ( Transistor A)

Figure 4.10: Schematic of the proposed controlling circuit design.
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Figure 4.11: Bistable electromagnetic coupling mechanism control circuit.
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Figure 4.12: Flowchart presenting the operation of the control circuit.

4.6 Experimental Validation of Mathematical Model and
Operation of the Bistable Electromagnetic Coupling
Mechanism

In this section the mathematical model developed in Section 4.4 for the proposed
bistable electromagnetic coupling mechanism is validated experimentally. Furthermore,
the energy consumption and the operation of the proposed bistable coupling
mechanism are analysed. The current and voltage usage are measured
experimentally in both conventional electromagnetic clutch and the proposed
bistable mechanism during the operation. The total energy consumption and
power consumption are also computed for the conventional electromagnetic clutch

and the proposed mechanism to examine the significance of the proposed design.
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The setup used for the experimental analysis and results obtained are presented

in detail under this section.

4.6.1 Experiment Methodology

The time consumed during engaging and disengaging of the mechanism are
investigated experimentally and it is verified with the dynamic model developed.

The schematic diagram of the experimental setup used for the time measurement

of engaging and disengaging process is depicted in Figure 4.13.

DC regulated
power supply

Computer

Switching control
circuit

7
Bistable electromaghetic
mechanism

Laser distance
measuring sensor
(OptoNCDT 1700LL
laser Sensor)

Bistable electromagnetic
mechanism moving disk

Figure 4.13: Schematic diagram of the experimental setup.

The time taken for the sliding disk motion from the armature to the rotor
and from the rotor to the armature correspond to the engaging and the
disengaging time respectively. Therefore, the sliding disk motion with respect to

time is analysed in the engaging and disengaging scenarios. In the experimental
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setup OptoNCDT 1700LL laser distance measuring sensor is used to measure the
displacement of the disk with respect to time. The output of the laser sensor is
connected to a laptop for the recoding and for the analysis of data. The laser beam
of the sensor is positioned directly on the sliding disk, monitoring the motion of
the disk. Laboratory regulated DC power supply is used to supply the power to the
bistable coupling mechanism via the control circuit. Control circuit is used to move
the sliding disk from the armature to the rotor and vice versa. Therefore, the
states of the proposed mechanism could be varied. Thus, the time taken for both
scenarios are measured namely engaging and disengaging of the proposed
mechanism.

To analyse the energy consumption of the bistable coupling mechanism,
current and the voltage use of the proposed design are measured. Figure 4.14
shows the experimental setups used for the current and voltage measurement
respectively. ACS756 Hall effect linear current sensor was used to measure the
consumption of current. The voltage was measured using a voltage divider circuit.
ACS756 current sensor was connected in series with the mechanism and the
control circuit as shown in Figure 4.14. Real time current measurement data were
sent to a computer via Arduino microcontroller for the analysis. Current flow
through the bistable coupling mechanism was measured and recorded at every
millisecond. Two Arduino microcontrollers were used in the experimental setup.
One was allocated for the controlling of the bistable coupling mechanism and the
other for the collection of data from the sensors. Similar to the current
measurement experiment, voltage measurement data were transferred to a

computer via Arduino microcontroller.
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Figure 4.14: Experimental setup for the current consumption measurement of the
bistable electromagnetic mechanism.

From the experimental data, energy consumption of the proposed design
in engaging and disengaging operations were investigated. Initially, the current
and the voltage consumption of the design during operation and engagement were
investigated.

Furthermore, for the analysis of energy consumption and functionality of
the design, bistable electromagnetic coupling was implemented on the developed
prototype manipulator. Chapter 5 presents the design and functionality of the
developed manipulator used for this analysis. Energy consumption of the design
was monitored during the manipulator link motion. Figure 4.15 shows the experimental
setup used for the analysis. The motion of the link was controlled by engaging and
disengaging the proposed bistable coupling mechanism. During the experiment,
manipulator link performs a motion of 200 degrees from the time of engagement
to the disengagement of the mechanism. Current and voltage consumption of the
complete system were monitored throughout the entire motion of the manipulator

link. Similarly, the current and voltage utilisation of a conventional electromagnetic
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clutch was also analysed by replacing the proposed mechanism with a
conventional electromagnetic clutch. After replacing the proposed mechanism with
an electromagnetic clutch equivalent motion scenario was conducted using the
porotype manipulator. The link trajectory of the manipulator and other experimental

aspects were maintained equivalent in the both the experiments.
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Figure 4.15: Experimental setup used for the measurement of current consumption of
the single link manipulator during the actuation with bistable electromagnetic
mechanism.

4.6.2 Experimental Analysis of Bistable Electromagnetic Coupling
Mechanism Operation

The developed mathematical model of the bistable electromagnetic coupling
mechanism in Section 4.4 is validated with the experimental analysis under this

section. Theoretical results are obtained using the developed mathematical model
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Equation (4.10) and Equation (4.11) for the engaging and disengaging operations
of the mechanism in Section 4.4. MATLAB software is utilised for the simulation
of theoretical results and the results obtained are verified with the experimental
studies. The initial experiment was conducted to study two states of proposed
mechanism namely engaged and disengaged. Thereafter the experiment was
performed to study the energy consumption of bistable coupling mechanism. The
Figure 4.16 shows the comparison of experimental and theoretical displacement
of the disk during engaging process with respect to the time. Similarly, Figure
4.17 shows comparison of experimental and theoretical displacement with respect

to the time during the disengaging of the mechanism.
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Figure 4.16: Comparison of the experimental and theoretical displacement of the disk
with respect to the time during the engaging operation.
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Figure 4.17: Comparison of the experimental and theoretical displacement of the disk
with respect to the time during the disengaging operation.

From Figure 4.16 it could be observed that the total theoretical time and
the experimental time taken for engaging of the coupling mechanism are 0.0101
s and 0.0113 s respectively. The percentage difference between the theoretical
and the experimental results is about 11.8%. Therefore, in general, experimental
results demonstrate a good correlation with the theoretical model. Similarly, the
total time taken for disengaging in the theoretical and experimental scenarios are
0.0091 s and 0.0101 s respectively. Therefore, in both scenarios experimental and
theoretical results are in good agreement.

The sliding disk maintains a gap of 0.01 m from the rotor when the bistable
coupling mechanism is at disengaged state as shown in the Figure 4.5(a). The
theoretical optimum distance is obtained using the Equation (4.12). Set of
resultant force (E.) values are computed for a series of gap lengths. A graph is
plotted using the values obtained as shown in the Figure 4.18 to identify the

optimum gap length where the resultant force is zero. There is percentage error
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of 16% between the theoretical and the experimental values obtained. The
theoretical distance obtained is 0.0084 m where the experimental distance is 0.01

m.

Resultant Force (N)

Distance (m)

X 10

Figure 4.18: Theoretical resultant force with respect to distance at different disk
positions.

4.6.3 Experimental Analysis of Bistable Electromagnetic Coupling
Mechanism Energy Consumption.

After the validation of developed mathematical model of the proposed design,
energy consumption of the bistable coupling mechanism in engaging, disengaging
and during the operation of the mechanism were investigated. Initially, current

and the voltage consumption of the design during operation and engagement were
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investigated. Figure 4.19 shows the current and voltage consumption of the
bistable coupling mechanism. It could be observed that 2 A of current flow through
the circuit load (bistable coupling mechanism) for 12 ms. After that a current value
of 0 A could be observed through the operation. Similarly, for the voltage, a
positive value of 23.0 V was recorded within a time period of 12 ms. From the
experimental results, it could be noted that the proposed design consumes current
and voltage only for a period of 12 ms. This occurs during the engaging process
of the proposed mechanism. After engagement, it could be observed that the
mechanism does not consume any current or voltage for its continuous operation.
The total energy and power consumed during the engaging process are 46 W and
0.552 J respectively. Figure 4.20 shows the power and energy consumption during

engaging of the coupling mechanism.
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Figure 4.19: Current and voltage consumption of the bistable electromagnetic
mechanism during engaging and mechanism operation.
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Figure 4.20: Power and energy consumption of the bistable electromagnetic mechanism
during engaging and mechanism operation.

Figure 4.21 shows the current and voltage consumption of the mechanism
during the disengaging process. It could be observed that current is consumed
only during the time of disengaging, which is for 12 ms. The amount of current
and voltage consumed during 12 ms period are -2.0 A and -23.0 V respectively.
Negative values are recorded for the current and voltage readings during the
disengaging process. The negative readings have been observed due to the
reversing of direction of current flow in disengaging process. Figure 4.22 shows
the power and energy consumption during disengaging of the coupling mechanism.
0.552 J and 46 W are the energy and power consumed during the disengaging
operation respectively. In both engaging and disengaging processes equivalent

amount of energy and power are utilised.
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Figure 4.21: Current and voltage consumption of the bistable electromagnetic
mechanism during disengaging and mechanism operation.
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Figure 4.22: Power and energy consumption of the bistable electromagnetic mechanism
during disengaging and mechanism operation.

4.6.4 Experimental Analysis of Bistable Electromagnetic Coupling
Mechanism Implementing on Prototype Manipulator

The energy consumption of the proposed mechanism is further investigated by

implementing the coupling mechanism on developed prototype manipulator. The
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results obtained during the experimental analysis is presented as follows. Current
consumption of the complete system was monitored throughout the entire motion
of the link and it is shown in Figure 4.23. The negative current values recorded
during the disengaging of the mechanism are considered as positive when
analysing the current consumption of the complete system in Figure 4.23.
Similarly, the current utilisation of a conventional electromagnetic clutch and the
entire system were analysed, and it is shown in Figure 4.24. The link trajectory of
the manipulator and other experimental aspects were maintained equivalent in
the both experiments.

In Figure 4.23 and Figure 4.24 sections A; and A; show the consumption of
current in the entire system prior to engagement of bistable electromagnetic
coupling mechanism and the electromagnetic clutch respectively. Similarly,
section E1 shows the current consumption of the system after disengagement of
the mechanism. Section E; shows the current consumption of the system after
disengagement of the electromagnetic clutch in Figure 4.24. Section C; and C; in
both Figures 4.23 and 4.24 indicate the usage of current during the link motion.
B and D in Figure 4.23 presents the current consumption of the manipulator
system during the engaging and disengaging process of the bistable coupling
mechanism respectively. Apart from that utilisation of current in the motor,
proposed mechanism and the electromagnetic clutch are also observed
independently during the motion. Figure 4.25 displays the independent usage of

current by the bistable coupling mechanism and the electromagnetic clutch.
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Figure 4.23: The total current consumption of the system including bistable coupling
mechanism and independent current consumption of the motor during link motion.
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Figure 4.24: The total current consumption of the system including electromagnetic
clutch and independent current consumption of the motor during link motion.
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It could be observed that in Figure 4.23, current utilisation of the entire
system at sections A, C and E are equivalent to the motor current consumption.
Furthermore, combined current consumption of coupling mechanism and the
motor in Figure 4.23 varies from motor current utilisation graph only at the points
B and D. The variation is only observed at two instances, namely at the time of
engaging and disengaging of the mechanism. Therefore, it is apparent that
mechanism utilises power (46 W) only during the engaging and disengage of the
bistable coupling design. Furthermore, Figure 4.25 also indicates that current is
only consumed during two instances (engaging and disengaging) throughout the
complete motion of the manipulator link. The total energy utilisation of the
proposed design is computed using the area under the power graph and it is about
1.104 J. The power consumption of both electromagnetic clutch and the proposed
bistable coupling design are presented in the Figure 4.26. From Figure 4.24 and
Figure 4.25 it could be observed that current is supplied to the conventional
electromagnetic clutch uninterruptedly throughout manipulator link motion. This
is because a continuous supply of current is a vital requirement for an

electromagnetic clutch to maintain its engaged state.
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Figure 4.25: The current consumption of the bistable coupling mechanism and
electromagnetic clutch during link motion.
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Figure 4.26: The power consumption of the bistable coupling mechanism and
electromagnetic clutch during link motion.
The energy consumption of the electromagnetic clutch is computed for the

entire manipulator link motion and it is about 271.445 J. Therefore, it is apparent
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that in underactuated manipulators with electromagnetic clutches, the
electromagnetic clutches utilise large amount of additional energy during
manipulator motion apart from the motor. However, consumption of energy in the
proposed design is only observed during two states namely engaging and
disengaging of the mechanism. The total energy consumed by the bistable
coupling mechanism during the manipulator link motion is about 1.104 J. As such,
it could be observed that the conventional electromagnetic clutch has consumed
270.336 ] of energy additionally during the link motion with respect to the
proposed mechanism. The total energy utilised by the proposed mechanism for
the entire motion is only about 0.406% with respect to the energy consumed by
the conventional electromagnetic clutch for the equivalent motion scenario.
Therefore, it is apparent that the proposed design is effective in reducing the
consumption of electrical energy with comparison to the conventional
electromagnetic clutch. Furthermore, because of continuous flow of current
through the electromagnetic coil, heat energy is generated and dissipated from
the coil reducing the efficiency of the clutch. The experimental results obtained
indicate that the electromagnetic coil of the proposed design is energised for
maximum of 12 ms. Thus, the time electromagnetic coil remains energised state
has been reduced with comparison to a conventional electromagnetic clutch. As
such, the proposed design is effective in reducing dissipation of heat energy as

well enhancing the mechanism efficiency.
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4.7 Chapter Conclusion

In this chapter, mechanical design of an energy efficient and safe bistable
electromagnetic coupling mechanism is presented, that could be implemented on
underactuated lightweight manipulators. To evaluate the performance of the
design theoretical and experimental analysis were performed. The theoretical
model developed has shown a good correlation with the experimental results.
Furthermore, the current and voltage consumption results were obtained
to highlight the significance of the proposed mechanism in reducing the electric
energy usage in comparison to a conventional electromagnetic clutch. Moreover,
total energy consumed by both the bistable coupling mechanism and the
electromagnetic clutch were analysed by implementing on prototype manipulator.
The energy consumption results recorded for both proposed mechanism and the
electromagnetic clutch are 1.104 J and 271.445 ] respectively. Thus, the
experimental results have illustrated that bistable electromagnetic coupling
mechanism has reduced 270.336 J of electric energy usage. Therefore, the total
energy consumption of the proposed bistable electromagnetic coupling
mechanism with respect to the electromagnetic clutch is about 0.406%. Therefore,
experiment results obtained indicate the effectiveness of the proposed bistable
electromagnetic coupling mechanism in reducing the electric energy utilisation.
In addition, the proposed bistable electromagnetic coupling design is safe
in operation compared to the traditional electromagnetic clutch due to the
permanent magnetic bistable design. The design is capable of maintaining stable
state of the mechanism even in the absence of electric power. Hence the

mechanism is unaffected due to sudden power failure. Therefore, the proposed
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bistable electromagnetic mechanism can provide an energy efficient and safe

coupling mechanism for underactuated lightweight manipulators.
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Chapter 5

Design of Underactuated Tendon Driven
Manipulator Incorporated with Energy Saving
Bistable Electromagnetic Coupling Mechanism

5.1 Introduction

The general method of designing lightweight robots are positioning the actuator
at the base of the manipulator and transmit energy to the joints via tendons or
gear trains [18][206]. Over the years several lightweight manipulators have been
developed employing the general design concept where positioning the actuators
at the base and allocating a dedicated motor for each joint actuation [20][138][206].
Thus, in general manipulator design the number of motors employed is equivalent
to the number of degrees of freedom of the manipulator. In majority of the
manipulators, manipulator weight is mainly contributed by the joint motors
[17][206]. As such reduction of motors aids to maintain the lightweight attribute
in the manipulators. Moreover, minimisation of the usage of motors (underactuation)
provides additional benefits such as low cost and compact in design [33] [34].
Due to the advantages of underactuated concept, it has been widely implemented
in robotics applications such as underwater robots, mobile robots, and etc
[35][207]. From the literature review in Chapter 2, it could be observed only a
handful of manipulators have been developed using the underactuated concept.
In these designs the manipulating components such as coupling components and
gear trains are installed at the joint. Thus, these components fixed at the joints

contribute for the increment of driving joint torque. As mentioned earlier
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lightweight characteristics and compactness of the design could be further
enhanced by reducing the heavy components installed at the joints such as
clutches and gears trains. Therefore, reduction of heavy components installed at
the joints of the design aids the minimisation of driving joint torques. Moreover,
the development of tendon drive manipulator with reduced number of motors has
not been explored extensively in the field of lightweight manipulator design.
Therefore, with the development of tendon driven manipulator with reduced
number of actuators, the manipulator design could be enhanced incorporating the
benefits of underactuated concept in addition to the joint torque reduction.
Furthermore, majority of underactuated systems developed over the years
have utilised general actuation approach where electromagnetic clutches are
employed as a coupling device [41][44]. Similarly, following the general approach
Karbasi et al developed an underactuated modular robot incorporating electromagnetic
clutches in the design [81]. LARM manipulator is another example of manipulator
design which incorporates electromagnetic clutches [36]. It could be observed that
the limited number of underactuated manipulators developed over the years have
also utilised electromagnetic clutches following the general design approach
[81][186]. However, there is a major drawback in electromagnetic clutch based
actuation approach. It is the requirement of an uninterruptable power supply for
the continues operation of an electromagnetic clutch. The power supply maintains
the engaged state of the clutch by sustaining the electromagnet excitation state.
Failure to maintain a continuous current supply result disengaging of the clutch
[46] [47]. Therefore, continuous current supply should be provided throughout
the operation [46] [47]. As such, additional energy is required for the electromagnetic
clutches integrated in the underactuated system apart from the energy requirement

for the motor. Hence, the underactuated manipulators incorporated with electromagnetic
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clutch based conventional approach require additional energy for the joint
actuation. Therefore, the energy usage of underactuated manipulators could be
minimised by implementing a coupling mechanism that utilises less energy. This
will optimise the energy consumption of underactuated manipulator design. As
such it is worth exploring the possibility of minimising the energy consumption of
underactuated manipulator during joint actuation by implementing an energy
saving coupling mechanism-based actuation approach.

The design of tendon driven underactuated manipulator incorporated with
energy saving coupling mechanism is presented in this chapter. The mechanical
design and the operation of the proposed underactuated tendon driven manipulator
are explained in detailed in Section 5.2. Furthermore, kinematics and the
dynamics of the proposed manipulator are developed. The development of kinematics
and dynamic model of the proposed manipulator are presented in detail under
Section 5.3 and Section 5.4 respectively. Finally, the conclusion of the chapter is

drawn in Section 5.5.

5.2 The Mechanical Design of the Manipulator

The manipulator design is incorporated with two motors for the actuation of three
degrees of freedom. The design utilises combination of gears and tendons for the
transmission of energy. The timing belts and the pulleys are used for the
transmission of energy to each joint shaft from the base. In addition, series of
spur gears are installed at the base of the manipulator to distribute energy to the
respective joints. The first motor is fixed at the base of the manipulator that drives

the base joint (8,). The second motor is installed on the base plate of the design
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as shown in Figure 5.1. Second motors is used for the actuation of second (6,)
and third (63) joints. The design specifications of the manipulator are illustrated
in Figure 5.2. Energy is transmitted from the second motor to the second and the
third joint via gear trains and tendons. The manipulator is with the capability of
varying the direction of joint motion independent of the direction of rotation of the
motor. As such manipulator link motion could be varied independently at any
instance even though a single motor is used for the actuation of two joints. Two
bistable electromagnetic coupling mechanisms are allocated for the each joint with
spur gears that control the direction of motion of the link. One of the bistable
coupling mechanisms is allocated for the clockwise motion and the other is for
anticlockwise motion. Therefore, direction of motion of the link could be varied by
engaging and disengaging the respective bistable coupling mechanism. The

operation principle of the manipulator is explained as follows.

Motor

Base Joint
Base Plate

Figure 5.1: The prototype view of the proposed manipulator.
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Figure 5.2: The developed manipulator design with link parameters.

Figure 5.4 shows the developed manipulator design incorporated with the
bistable coupling mechanisms. The main shaft is used to transmit energy from
the motor to the second (6,) and the third (6;) joints as illustrated in Figure 5.3
and Figure 5.4. The motor transmits rotational energy to the main shaft via spur
gears as shown in the Figure 5.3 and Figure 5.4. Thereafter the main shaft
distributes energy to the respective joints(6,and6;). Two spur gears are
connected at the end of the main shaft for the transmission of energy from the
main shaft to the joints as illustrated in the Figure 5.3 and Figure 5.4. The spur
gear connected with the main shaft transfer energy to the two spur gears
connected in series that transfer the motion to the joint via bistable coupling
mechanism. The series of arrows shown in orange colour in the Figure 5.3 indicate
the energy transmission path for the actuation of second and third joint (6, and 65 )
of the manipulator. The spur gears connected in series rotate in the opposite
direction with respect to each other. Thus, the bistable coupling mechanism

connected with the spur gears performs rotation in opposing direction. Therefore,
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by engaging and disengaging the respective coupling mechanism desired direction
of motion of the link could be attained. This provides the option of altering the
direction of motion of joint without varying the direction of motor rotation. The
driven ends of the two coupling mechanisms are connected to another set of spur
gears as shown in Figure 5.3 and Figure 5.4. These spur gears transmit energy to
a secondary shaft which is connected with timing pulleys. Thereafter the energy
is transmitted to respective joint via timing belts and pulleys as illustrated in
Figure 5.3 and Figure 5.4. Same approach has been utilised to distribute energy
from the main shaft to the both joints (6, and 65 ) in the manipulator design. Each
joint is incorporated with two bistable coupling mechanisms as in the Figure 5.3
and Figure 5.4. As such four bistable coupling mechanisms are implemented in
the design. All actuation components such as motors and the bistable coupling
mechanisms are positioned at the base of the manipulator. Therefore, the design
prevents installation of heavy components such as motors and gear trains at the

joints. Thus, it aids the minimisation of joint torques of the manipulator.

Timing belt

Bistable coupling
mechanism

Base
Main shaft

Figure 5.3: The prototype view of the proposed manipulator integrated with the
energy saving coupling mechanism.
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Figure 5.4: The developed manipulator design integrated with the energy saving
coupling mechanisms.

5.3 Kinematic Model of the Proposed Manipulator Design

In this section, kinematic model of the proposed manipulator is derived. It is
essential for a manipulator to identify the end effector (tool) position relative to
the base of the manipulator in order to perform an operation. Therefore, it is
essential to understand the tool position when the joint and link parameters are
provided to the manipulator. The forward kinematic model provides a solution for
this problem. In forward kinematics the main goal is to identify the end effector
position for a given set of joint and link parameters with respect to a reference
frame. The solution for the end effector position is provided as a function of joint
variables and joint link constant parameters. Thus, with the forward kinematic
model position of the end effector could be obtained for a given set of joint angles

and link parameters with respect to a reference frame.
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5.3.1 Forward Kinematics of the Proposed Manipulator

Denavit-Hartenberg proposed a systematic way of identifying forward kinematics
solution of the manipulators which is employed considerably in robotics forward
kinematics modelling [208][209]. In Denavit-Hartenberg (DH) method frames are
allocated for each link from the base of the manipulator to the end effector. The
homogenous transformation matrix associating the frames attached to links
provide the relationship between the adjoining links. Combination of all the
individual transformation matrixes computes the complete transformation matrix,
generating the tool frame position and the orientation relative to the base. The
general approach of assigning DH frames to the manipulator and the method of
defining the DH parameters according to the Denavit-Hartenberg concept are
described as follows. The method that should be adhered in the process of DH
frames assignment according to Denavit-Hartenberg approach is given below

[208].

1. Identification of the joint axes and indicate lines along them to identify the

joint axes clearly.
2. Assigning the Z; axis pointing along the it" joint movement axis.

3. Assigning the X; axis pointing along the common perpendicular away from

zi-1 and the axis should be perpendicular to both zi.; and z.

4. Assigning the Y;axis according to the right-hand coordinate system after

assigning Z;j and X.
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The DH parameters could be obtained after assigning the frames to the
manipulator model. Therefore, frames are assigned to the proposed manipulator
and it is shown in the Figure 5.6. The parameters could be identified using

definition provided for each parameter as shown in Figure 5.5.

Axisi—1 Axis i

Figure 5.5: DH frame and parameter assignment [208].

Figure 5.6: Proposed manipulator with DH frame assignment.
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There are four DH parameters namely Link length (a;), Link twist (), Joint
distance (di) and joint angle (8;) as defined according to Denavit-Hartenberg
approach [208]. Table 5.1. presents DH parameters of the proposed manipulator.
The links lengths of the manipulator link 1 and link 2 are represented by |1 and |»

respectively. The definition of each DH parameter is explained in detail as follows.

1. Link length a; is the distance between z;-1 and z; axes along the x;-axis. a;

is the kinematic length of link (i).

2. Link twist a; is the required rotation of the zi_; axis about the x; axis to

become parallel to the z-axis.

3. Joint distance d; is the distance between xi-; and xi axes along the z_;

axis. Joint distance is also called link offset.

4. Joint angle 6iis the required rotation of x;-i1-axis about the zi-i-axis to

become parallel to the x;-axis.

Table 5.1: The DH parameter table for the proposed manipulator.

Qi (degree) ai (m) Oi (degree)

2 0 l1 0 02

The homogenous transformation matrix 7, in Equation 5.1 maps the
orientation and position of it" frame with respect to i-1 frame. The matrix specifies

the relationship between the links in term of DH parameters. Equation 5.1 is used
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for the computation of the transformation matrix of each link. Where «; and 6;
correspond to the Link twist angle and Joint angle respectively. Similarly, d;

represents the distance between x;-1 and x; axes along the z;-;-axis.

cosé —sin@,cosa; Sing,sing; a; cosé;

i _ sing, cosd, cosa; —cosésing; @a;sing, (5.1)
‘ 0 sin ¢; Cos ; d,
0 0 0 1

Thereafter the individual transformation matrixes are computed for each
joint of the proposed manipulator using Equation 5.1. The computed matrices for

each joint are as follows:

[CosB; 0 Sinf; 0
or = [Sin6 0 —Cosf; 0 (5.2)
0 1 0 0
0 0 0 1
Cos 6, Sin 0, 0 [,Cos 0,
T - Sin 6, Cos 6, 0 [,Sin 6, (5.3)
0 0 1 0
0 0 0 1
Cos 65 — Sin 6, 0 [,Cos 65
or, = [Sinf;  Cosé 0 LSinbs (5.4)
0 0 1 0
0 0 0 1

The product of these three individual transformation matrixes shown in
Equation (5.2), Equation (5.3) and Equation (5.4) provides the end effector frame

position with respective to the base frame. The final transformation matrix for the
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end effector frame position with respective to the base frame of the proposed

manipulator is obtained as :

0T; =T, 1, T, (5.5)
The computed transformation matrix for forward kinematics model after
multiplication of all the individual matrixes according to the Equation (5.5) can be

expressed as :

1 Tz T3 B

0T, = 1 T2 T2z B (5.6)
31 T3z 134 P,
0 0 0 1

The P, P,,P. elements in the matrix (°Ts) illustrated in Equation (5.6)
represent X, y, z coordinates of the end effector position. Thus the corresponding
X,Y,z coordinate of the end effector position of the proposed manipulator could be
identified for any given joint orientation. Manipulator X, y, z coordinates can be
computed separately by substituting respective joint angles and link parameters

in to the Equation (5.7), Equation (5.8) and Equation (5.9) as given below.

Px = [;Cos[6,]Cos[6,] + 1,Cos[B,]Cos[B,]Cos[O3] + [,Cos[6,]Sin[6,]Sin[O5] (5.7)
Py = [,Cos[6;]Sin[0,] + [,Cos[6,]Cos[O5]Sin[6;] + [,Sin[HB,]Sin[H,]Sin[65] (5.8)
P; =1,Sin[6,] + [,Cos[65]Sin[6,] + [,Cos[6,]Sin[O5] (5.9)
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5.4 Dynamic Model of the Proposed Manipulator

The development of dynamic model of the proposed manipulator design is
presented under this section. Dynamic model of a manipulator provides the joint
torques and forces in terms of the joint positions, velocities and accelerations
[209][210]. As such the dynamic model of a manipulator enables to identify the
required driving joint torque to perform a specified motion [211]. Therefore, the
dynamic model is developed for the analysis of the joint torques requirement of
the manipulator during the motion of the manipulator. Lagrange formulation is
employed for the computation of dynamic model of the system due to its
theoretical simplicity and of immediate comprehension [138][212]. The links of
the manipulator are assumed to have uniform material properties and cross
sectional area. Furthermore, centre of mass of the link is assumed to be located

at centre of the link.

5.4.1 Development of the Dynamic Model of the Proposed
Manipulator

Dynamic model equation of the manipulator could be defined using the Lagrange

formulation as [102][213][214] :

M(@) G + V(q.q) + G(q) =7 (5.10)

Initial term of the equation M(q) represents the mass matrix and V(q, q)

term represents the Coriolis and centrifugal forces. The gravitational force is
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represented by the final term G(q) [102][215]. The terms ¢, ¢ and § represent

the vector of joint position, velocity and acceleration respectively. Dynamical
equations for the proposed manipulator can be expressed using Equation (5.11)

as:

71 Myy M;; Mis 6 Vilg ) 01 G1(6)
~ .. ACEOIF (5.11)
TZ = M21 M22 M23 62 + 2 gt 02 + GZ(Q)
T3 M31 M32 M33 é3 V3(6 9) 0.3 63(0)
Where:
v(0,6) = 233 oMy _10Mp) g g
(’ )_ . 69]( 2 601 jYk (5.12)
j=1k=1
n=3
G(8) = ijngéj (5.13)
=1

The manipulator is with three degrees of freedom. Therefore, the inertia
matrix is 3x3 matrix. The inertia matrix is obtained using the following Equation

(5.14).
3
M©) = ) Jhmius + Il (5.14)
i=1

Where J; represents it" link Jacobian matrix and J,; and J,; correspond to
the link Jacobian submatrices. J,; and J,; correspond to Jacobian submatrices
namely the linear velocity and angular velocity.

Let /. and J/. be the jt column vectors of J,; and J,,; respectively. With the

application of theory of instantaneous screw motion forj < I
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. j-1 [
Jo= z_1x P Revolute Joint (5.15)
Zj_4 Prismatic Joint

{Zj_l Revolute Joint
0  Prismatic Joint (5.16)

]({)i =

Where PCJ;"I corresponds to the position vector defined from the origin of

the j-1 link frame to the center of mass of the link i and it's expressed in the base
frame. ],fi and ](fﬂ. indicates the partial rate of change of velocity of the center of
mass and angular velocity of link i with respective to the j* joint motion
respectively. In the proposed manipulator all three joints are revolute joints

therefore Equation (5.17) and Equation (5.18) are used for the computation of

Jacobian submatrices.

o= g x pi? (5.17)

(5.18)

Equations (5.17) and (5.18) are used for the computation of link Jacobian
submatrices J,; and J,; of the proposed manipulator. Thel, and [, are the link
lengths of link 1 and link 2. Similarly, 6,, 8, and 6; corrospond to the joint 1,
joint 2 and joint 3 angle values respectively. The computed Jacobian submatrices

of linear velocity J,; are as shown below:
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0 0 O

Ju=10 0 0 (5.19)
0 0 O

The base joint and the base frame are on the same frame in the proposed

design as such a; is equal to zero. This could be noted from the link parameters

provided in Table 5.1 that a; is equal to zero. Thus J,; is a zero matrix.

_;1I1C251 _;lllclsz 0
1 1 (5.20)

Jv2 = ;l1C1C2 _3115152 0

[ 0 ——1,G, oJ

[_51 (l1C2 + %azcz3) —Cq (1132 +%lzsz3) —Cq (% l2523)}
1
] v3 = C]_ (l]_Cz +%lzC23) _Sl (1152 + %l2823) _Sl (512523) (5.21)
0 (11(:2 + %12C23) %lzczs

Similarly, the computed Jacobian submatrices of angular velocity J,; of

the proposed manipulator are presented as follows:

S, 00
Jot =[—61 0 0] (5.22)
0 0 0

S1 S 0
Jo2 = [—C1 -G 0]
0 0 0 (5.23)

515 51] (5.24)

]a)3:[_C1 —-C; —C;
0 0 0
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The inertia matrix 'I; of the link j about its center of mass with respect to

the /™ link frame is computed using the following equation:

. 0 0 0
II=—mga?|0 1 0 (5.25)

Where a and m correspond to the length and the mass of links respectively.
The link inertia matrix I; about its center of mass with respect to the base link

frame is obtained using the following equation:

Iy =R} Ij (R))T (5.26)

R? represents the rotation matrix of link / which is retrieved from the

transformation matrix T obtained for the link i with respect to base frame. The

calculation of transformation matrix for each link is shown in detail under the
forward kinematics section.

The inertia matrices of link 1 and link 2 about the centre of mass of the

links with reference to the base frame are computed with Equation (5.25) and

Equation (5.26) as illustrated below. m, and m; correspond to the mass of link 1

and link 2 respectively.

= [g 0 8] (5.27)
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1 1 1
Py (S12 + G%S,7)Bm, E(_C1S1 +C,8,8,2)12m, 5(61C251)lfm2]
1 1 2 1
I, = {E (—C1Sy + €18,8,2) 12m, E(Cf + 828,7)§m, E(Czslsz)l%mz|
1 1 1
E(C1C252)l%mz =z (C25152)l%m2 E(sz)l%mz

(5.28)

13=

1 1 1
E(Slz + Clz(Cssz - C253)2)l%m2 E(_C1S1 + (15:(GsS; — C253)2)l%m3 EC1(C352_CZS3)(C3CZ_5253)l%m3]

1 1 1
|E(_C151 + €5, (G3S; — CZSg)Z)l%m3 E(Clz + 512(C352 - C253)2)l§m3 E51(C352_6253)(C3CZ_5253)l%m3 |

1 1 1
l Ecl (C585,—C353) (G356, _5253)15"13 E51(6352_C253)(63C2_5253)l%m3 =z (GG — 5253)2)15”13

(5.29)

The finalised 3x3 inertia matrix of the proposed manipulator is obtained by
substituting the Equations (5.15) through (5.29) to the above stated Equation
(5.14). The elements of the computed inertia matrix of the proposed manipulator

are shown as follows.

M= |My; My, My

M31 M32 M33

Mll M12 M13
(5.30)

M11= i(24Cos[92]Cos[92 + 03]l l;m5 + (5 4 3Cos[2(6, + 65)DIcm, + 12((5 + 3Cos[26,])m, +
24Cos[6,]°m3)) (5.31)

Mi2 = Sin[@l](%Sin[Hl](Sin[Hl]2 + Cos[6,]?Sin[0,])1?m, — %Cos[el](—COS[ﬁl]Sin[Bl] +
Cos[6,]Sin[6,]Sin[6,]®)?m,) — Cos[@l](% Sin[#,](—Cos[6,]Sin[6,] +
Cos[6,]Sin[6,]Sin[0,]*)?m, — 1—12Cos[91](Cos[t91]2 + Sin[0,]%Sin[0,]*)?m,) +
Sin[@l](é Sin[6,](Sin[6,]% + Cos[0;]*(Cos[03]Sin[6,] — Cos[B,]Sin[0;])*)Zm; —
éCos[Hl](—Cos[Hl]Sin[Hl] + Cos[6,]Sin[6;](Cos[#3]Sin[B,] — Cos[6,]Sin[8;])H)3m;) —
Cos[@l](% Sin[0;](—Cos[6,]Sin[6,] + Cos[6,]Sin[#;](Cos[H5]Sin[6,] — Cos[H,]Sin[B5])?)Zm, —
1—12Cos[91](Cos[t91]2 + Sin[#,]%(Cos[65]Sin[6,] — Cos[B,]Sin[05])*)15ms) (5.32)

Mis- Sin[6:](5Sin[6:](Sin[6:]” + Cos[8:]*(Cos[63]Sin[#2] — Cos[6]Sin[05])*)5ms —
— Cos[8:](—Cos[01]Sin[6;] + Cos[6:]Sin[6:](Cos[03]Sin[6;] — Cos[6,]Sin[63])*) 5ms) —
Cos[@l](%Sin[@l](—Cos[Gl]Sin[Gl] + Cos[6,]Sin[61](Cos[O3]Sin[6,] — Cos[Qz]Sin[93])2)l§m3 -
— Cos[6:](Cos[6:]” + Sin[6]? (Cos[05]Sin[6;] — Cos[6,]Sin[63])*) 3ms) (5.33)
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Mai = Sin[6,](Sin[6,](Sin[6;]? + Cos[6,]2Sin[6,]%)2m, — —Cos[6,](~Cos[6 ]Sin[8,] +
Cos[6,]Sin[6,]Sin[8,]*)?m,) — Cos[Gl](% Sin[6,](—Cos[0,]Sin[6,] +
Cos[6,]Sin[6,]Sin[0,]®) Zm, — 1—12Cos[91](Cos[6?1]2 + Sin[6,]%Sin[0,]%)?m,) +
Sin[@l](% Sin[6,](Sin[6;]? + Cos[6;]*(Cos[#5]Sin[6,] — Cos[B,]Sin[B5])*)IZm4 —
%Cos[@l](—Cos[Ql]Sin[Gl] + Cos[6,]Sin[6;](Cos[#3]Sin[#,] — Cos[6,]Sin[8;])H)5m;) —
Cos[@l](% Sin[0;](—Cos[6,]Sin[6,] + Cos[6,]Sin[#,](Cos[65]Sin[6,] — Cos[H,]Sin[65])?)Zm, —
1—12C05[6?1](Cos[61]2 + Sin[#,]%(Cos[65]Sin[6,] — Cos[B,]Sin[05])?)I3m5) (5.34)

M2z = 2 (3Cos[8;]llyms + 13m; + 2(m, + 3my)) (5.35)

Mas = (% Cos[6, + 65]1(Cos[6,]l; + chs[a2 +05]L,) + §COS[91]ZSin[92 + 05]1,(Sin[6,]l; + gsm[e2 +
03112 + 5 Sin[0, 12Sin[0, + 0511, (Sin[0,]1 + 5 Sin[6; + 65]1,))m; + Sin[6,] (< Sin[6,](Sin[6,]* +
Cos[6;]*(Cos[65]Sin[6,] — Cos[B,]Sin[03])%)[3m4 — %COS[@l](—COS[Ql]Sin[Gl] +
Cos[6,]Sin[6;](Cos[05]Sin[#,] — Cos[6,]Sin[05])?) 5ms) — Cos[@l](% Sin[6;](—Cos[0,]Sin[6,] +
Cos[6;]Sin[6;](Cos[#5]Sin[#,] — Cos[6,]Sin[8;])H) 5m; — %Cos[@l](Cos[Bl]2 +
Sin[#,]?(Cos[653]Sin[6,] — Cos[B,]Sin[03])?)I3m5) (5.36)

Ms1 = Sin[Hl](ﬁ Sin[6,](Sin[6;]? + Cos[6;]*(Cos[5]Sin[6,] — Cos[B,]Sin[B5])?)5m, —
%Cos[el](—Cos[HI]Sin[Bl] + Cos[6,]Sin[6;](Cos[65]Sin[#,] — Cos[6,]Sin[0;]))5m,) —
Cos[@l](%Sin[Hl](—Cos[@l]Sin[Hl] + Cos[6;]Sin[6;](Cos[05]Sin[#,] — Cos[6,]Sin[0;]) ) 5m; —
%COS[@l](COS[el]Z + Sin[6;]%(Cos[65]Sin[#,] — Cos[6,]Sin[65])?)13m;) (5.37)

Ms2 = (5 Cos[0; + 0511, (Cos[6,]1; +Cos[0, + 05]1,) + 2 Cos[6,]2Sin[6, + 6;]1,(Sin[6,]1; +Sin[0, +
85]1,) + 2 Sin[8,]2Sin[8, + 05]1,(Sin[6,]1; + 5 Sin[6; + 63]1,))m; + Sin[6,](== Sin[6;](Sin[6;]? +
Cos[6;]*(Cos[65]Sin[6,] — Cos[B,]Sin[03])%)[3m4 — %Cos[@l](—COS[Hl]Sin[Hl] +
Cos[6;]Sin[6;](Cos[05]Sin[0,] — Cos[6,]Sin[05])?) 5ms) — Cos[Ql](% Sin[6,](—Cos[0,]Sin[6,] +
Cos[6;]Sin[6;](Cos[05]Sin[#,] — Cos[6,]Sin[0;])H)5m; — 1—12Cos[91](Cos[91]2 +
Sin[6;]%(Cos[65]Sin[A,] — Cos[6,]Sin[A3])?)13m;) (5.38)

Ms3 = §l§m3 (5.39)

The velocity coupling vector is obtained using the Equation (5.12). The
velocity coupling vector is computed by obtaining partial derivatives of the inertia
matrix presented in Equation (5.30). The computed velocity coupling vector terms

are shown from Equation (5.40) to Equation (5.42).
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Vi = —26y(Sin[26,]2(m, + 4m3)0, + Sin[2(6; + 65)]13m5 (8, + 03) + 4L, 1,m5(Sin[26, + 6510, +

Cos[6,]Sin[, + 65]65)) (5.40)

Vy = (Sin[2(8; + 03)]13m;62 + Sin[20,]12(m, + 4m3)07 + 41, 1,m5(SIn[26, + 65167 — Sin[05]05(26, +

65))) (5.41)

The corresponding gravitational vectors are obtained using the Equation

(5.13) and the computed gravitational vectors are as shown below:

G,=0 (5.43)
G, =g x1/2xmyx 1, XCos[B, + 03] + g(ms + 1/2 X my)l; X Cos[6,] (5.44)
G3; =g %x1/2xmgxl, x Cos[0, + 65] (5.45)

Finally, the torque equations for the proposed manipulator are computed
by compiling the computed inertia matrix, velocity coupling vector and the
gravitational vector. The developed torque equations for each joint of the proposed
manipulator are presented in Equation (5.46), Equation (5.47) and Equation

(5.48).

T, = (2—14 (24Cos[0,]Cos[0, + 05]l lms + (5 + 3Cos[2(0, + 03)])12m5 + 12((5 + 3Cos[20,])m, +
24Cos[6,]2m3)))0; + (Sin[6,](Z; Sin[8,](Sin[6,]? + Cos[6,]2Sin[6,]?)12m, —
%Cos[@l](—COS[HI]Sin[Gl] + Cos[6,]Sin[0,]Sin[0,]*)I?m,) —

Cos[8,](< Sin[6:](~Cos[6;]Sin[6, ] + Cos[6;]Sin[6, ]Sin[8,]2)12m, — —Cos[6,](Cos[6;]* +
Sin[0,]?Sin[0,]%)1?m,) + Sin[Ql](é Sin[#,](Sin[6;]? + Cos[#,]*(Cos[#5]Sin[B,] —
Cos[6,]Sin[0;])?) Zms — %Cos[@l](—COS[Bl]Sin[Gl] + Cos[6,]Sin[6;](Cos[#5]Sin[8,] —
Cos[6,]Sin[0;])) Zms) — Cos[Bﬂ(éSin[@l](—Cos[@l]Sin[Gl] + Cos[6,]Sin[08,](Cos[B5]Sin[6,] —
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Cos[6,]Sin[8;])*)Zms — %Cos[el](Cos[éll]2 + Sin[6,]%(Cos[#3]Sin[0,] —
Cos[6,]Sin[831)2)13m;))8, + (Sin[6,](< Sin[8,](Sin[6;]% + Cos[8,]2(Cos[05]Sin[8,] —
Cos[6,]Sin[0;])*)Zm4 — %Cos[@l](—Cos[Hl]Sin[Ql] + Cos[6,]Sin[6#;](Cos[#5]Sin[6,] —
Cos[6,]Sin[8;])*)1Zm3) — Cos[91]( = Sin[91]( Cos[6,]Sin[6;] + Cos[6,]Sin[6,](Cos[O3]Sin[B,] —
Cos[6,]Sin[8;])*)1Zm4 — —Cos[el](Cos[Hl]2 + Sin[6,]%(Cos[#3]Sin[0,] —
Cos[8,]Sin[65])?)(2m;))0; — 91(Sln[292]12(m2 + 4m3)0, + Sin[2(8, + 05)]2ms (6, + 65) +

41,1,m5(Sin[26, + 93]92 + Cos[HZ]Sm[G2 + 93]93))
(5.46)

7, = (Sin[8,](;; Sin[6,](Sin[8,]2 + Cos[6;]7Sin[6,]?)2m, — — Cos[8,](—Cos[8,]Sin[6,] +
Cos[6,]Sin[6,]Sin[0,]*)Ifm,) — Cos[91](% Sin[6;](—Cos[6,]Sin[6,] + Cos[6,]Sin[6,]Sin[6,]*)Zm, —
—Cos[6,](Cos[6;]? + Sin[8,]2Sin[6,]2)2m,) + sm[el](i Sin[6,](Sin[6;]* +
Cos[6,]%(Cos[65]Sin[B,] — Cos[6,]Sin[B;])?) 5m; — Cos[@l](—Cos[el]Sin[el] +
Cos[6,]Sin[6;](Cos[65]Sin[6,] — Cos[6,]Sin[03])? )l2m3) - Cos[Gl](% Sin[6;](—Cos[6,]Sin[6,] +
Cos[6,]Sin[6;](Cos[65]Sin[6,] — Cos[6,]Sin[05])*)l5m; — %Cos[@l](Cos[Gl]2 +
Sin[6,]%(Cos[65]Sin[6;] — Cos[8,]Sin[8;])2)3m3))0; + G (3Cos[6s]L; l;ms + 2mg + 13 (m, +
3m3)))6; + (5 Cos[6; + 85]1,(Cos[8, ]l + 5 Cos[8 + 05]1,) + > Cos[6,]7Sin[6, + 8511, (Sin[6,]L; +
~Sin[0, + 65]1;) + > Sin[6,]7Sin[6; + 63]1,(Sin[0,]L; + > Sin[6, + 05]1,))m; +
Sin[@l](% Sin[6,](Sin[6;]* + Cos[6,]*(Cos[63]Sin[6,] — Cos[6,]Sin[05])*)15m; —
%Cos[@l](—COS[BI]Sin[Bl] + Cos[6,]Sin[6,](Cos[65]Sin[6,] — Cos[6,]Sin[03])?)5ms) —

Cos[91]( = Sin[91]( Cos[6,]Sin[6,] + Cos[6,]Sin[0;](Cos[6]Sin[0,] — Cos[6,]Sin[05])?)atk; —
COS[Ql](COS[91]2 + Sin[6,]2 (Cos[65]Sin[0,] — Cos[6,]Sin[65]1)*)a3k;))b5 + = (Sin[2(6, +
93)]l2m391 + Sin[26,]1Z (m, + 4m3)t91 + 4l,1,m;(Sin[26, + 93]91 - Sln[93]93(292 + 93))) + (g *
1/2 *mg * I, * Cos[0, + 03] + g(mz + 1/2 * m,)l; * Cos[6,])
(5.47)

T3 = (Sin[@l](é Sin[6,](Sin[6;]? + Cos[#;]*(Cos[5]Sin[6,] — Cos[B,]Sin[0;])*)Zm, —
%Cos[@l](—Cos[Hl]Sin[Bl] + Cos[0,]Sin[6;](Cos[05]Sin[#,] — Cos[6,]Sin[0;]))5m,) —
Cos[@l](%Sin[Hl](—Cos[@l]Sin[Hl] + Cos[6;]Sin[6;](Cos[05]Sin[#,] — Cos[6,]Sin[0;])H)5m; —
11—2(:05[91]((:05[91]2 + Sin[6;](Cos[85]Sin[8,] — Cos[8,]Sin[05])?)12m3))8, + (G Cos[8, +
83115(Cos[02]ly + 5 Cos[B; + 85]1;) + > Cos[6:17Sin[6; + 6511, (Sin[6,]L; + 3 Sin[6; + 6;]1;) +
~Sin[6,]12Sin[6, + 6;]1,(Sin[6,]1; +Sin[6, + 93]12))m3 + Sin[6,]( Sin[6,](Sin[6,]? +
Cos[6;]?(Cos[65]Sin[6,] — Cos[B,]Sin[03])%)Zm, — Cos[@l](—Cos[Gl]Sin[Gl] +
Cos[6,]Sin[6;](Cos[#3]Sin[#,] — Cos[6,]Sin[05])? )lzm3) - Cos[Hl](% Sin[6,](—Cos[6,]Sin[6,] +
Cos[6,]Sin[6,](Cos[#5]Sin[#,] — Cos[6,]Sin[0;])*)asks — %Cos[@l](Cos[Hl]2 +
Sin[6,]2(Cos[65]Sin[6,] — Cos[6,]Sin[65])?)a2ks))8, + (l 12m;)05 + (l 1,m5(Sin[2(6, + 65)]1,6% +
41, (Cos[6,]Sin[6, + 93]91 + Sln[93]9 M)+ (g *x1/2 x 1, = Cos[B, + 65])

(5.48)
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5.5 Chapter Conclusion

In this chapter an underactuated tendon driven manipulator design incorporated
with energy saving bistable coupling mechanism based actuation approach is
presented. The manipulator design is with the capability of reducing the driving
joint torques. All the heavy components used for the joint actuation such as
motors, coupling mechanisms and gear trains are installed at the base of proposed
design. This aids the reduction of driving joint torques of the proposed
manipulator. The design also utilises reduced number of motors for the actuation
incorporating the underactuation concept in the manipulator. In addition, the
proposed manipulator design incorporates bistable coupling mechanism based
actuation approach that minimises energy consumption during joint actuation. The
significance of the design in minimising joint torques and energy consumption
during joint actuation are analysed experimentally. The experimental studies
conducted to analyse the performances of manipulator in reducing driving joints
torques and the energy consumption are presented in the Chapter 6.
Furthermore, detailed derivation of dynamic model and the kinematics of
the manipulator design are presented in this chapter. The forward kinematics of
the manipulator is computed using the Denavit-Hartenberg convention. Similarly,
for the development of the dynamic model of the manipulator Lagrange approach
is used. The dynamic model is developed to facilitate the study of torque
requirement of the proposed manipulator design. The developed dynamic model
is with the capability of predicting torque requirement of individual joints during

the manipulator motion.
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Chapter 6

Performance Analysis of Underactuated Tendon
Driven Manipulator in Reducing Driving Joint
Torques and Energy Consumption

6.1 Introduction

In Chapter 5, underactuated tendon driven manipulator design incorporated with
bistable coupling mechanisms is presented. The operation principle and development
of dynamic model of the proposed manipulator are also discussed in detail under
Chapter 5. The purpose of this chapter is to study the driving joint torques and
energy consumption of the manipulator design introduced in Chapter 5. Experimental
investigations are performed to examine the driving joint torques at each joint to
illustrate the significance of the manipulator design in reducing driving joint torques.
Section 6.2 includes the results obtained for the driving joint torques and the
validation of the dynamic model developed.

Furthermore, experimental studies are conducted to analyse the energy
consumption of the proposed manipulator during joint actuation using both
conventional and the proposed bistable coupling mechanism based actuation
approaches. The experimental investigations performed to analyse the significance of
the proposed actuation approach are discussed under Section 6.3. The results
obtained for the energy consumption analysis are presented in Section 6.3.2.

Finally, Section 6.5 presents the conclusion of the chapter.
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6.2 Experimental Study of Driving Joint Torques of the Proposed
Manipulator

In this section the driving joint torques of the proposed manipulator are analysed.
Validation of the dynamic model developed for the proposed manipulator is also
performed under this section. The analysis was conducted to examine the driving
joint torques of the proposed manipulator while performing its motion. In this
study, joint motions are performed according to the joint trajectories provided via
the two motors incorporated in the design. During joint motion, the real time
angular position data of the joints are obtained from incremental rotary encoders
(Kubler incremental rotary encoder) fixed at each joint. The angular position data
acquired from encoders are transmitted to a computer via an Arduino microcontroller
for the analysis. Thereafter, angular velocity and angular acceleration of each joint
motion are computed using the respective angular position data. Finally, utilising
the experimental data driving joint torques are obtained in the proposed
manipulator. Furthermore, the driving joint torques are also computed for the
conventional manipulator design (motors are installed at each degree of freedom
for the actuation) with equivalent design parameters. The dimensions, material
properties, degrees of freedom and the structure aspects of the conventional
manipulator design used for the comparison are equivalent to the proposed
design. In the conventional design driving joint torques are obtained considering
the conventional industrial manipulator joint motor weight and motor torque
capacity. Specification of motors used for the actuation of conventional manipulator
design with equivalent design parameters as the proposed manipulator are
obtained from the motor specification datasheets of conventional industrial

manipulator. Utilizing these real motor specification details of the conventional
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manipulator, driving joint torque values of the conventional manipulator design
are computed via simulation. The driving joint torques values of both proposed
and the conventional manipulator designs are analysed in the study to highlight
the effectiveness of the proposed design in minimising driving joint torques. The

results obtained are presented in the following Section 6.2.1.

6.2.1 Results and Discussion

The experimental results obtained for the driving joint torques of the proposed
manipulator are illustrated under this section. Furthermore, the theoretical results
obtained from the dynamic model developed in Section 5.4.1 are also presented.
Theoretical results are computed utilising the Mathematica software. The joint
torque values obtained for the proposed manipulator and for the conventional
manipulator are shown in Figures 6.4 - 6.6. The joint angle trajectories followed
by first joint is defined as shown in Equation (6.1). Similarly Equation (6.2)

presents the joint angle trajectory followed by joint two and joint three .

p02t
Trajectory 1 = 10 (6.1)

203t
Trajectory , = 120 (6.2)

Figure 6.1 shows joint trajectory followed during the motion of first joint of
the manipulator. Similarly Figure 6.2 illustrates the joint trajectory followed by

both second and the third joint of the manipulator.
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Figure 6.1: Joint angle trajectory of joint one (6;) of the manipulator.

Angle (Degree)

60

10 15 o time (s)
v b} Py

[
o

Figure 6.2: Joint angle trajectory of the second and third joints (6, and 65) of the
manipulator.

Figure 6.3 presents the theoretical and experimental torque (7,) of the first

joint of the proposed manipulator. Similarly, Figure 6.4 shows the torque (7;)

requirement for the actuation of second joint of the proposed design. Finally,

Figure 6.5 represents the theoretical and experimental torque (73) required for

the motion of the third joint. Moreover, the driving joint torques of the first joint,

second joint and third joint of conventional manipulator design with equivalent
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designh parameters are also presented in Figure 6.3, Figure 6.4 and Figure 6.5

respectively.
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Figure 6.3: Driving joint torque values of joint one (T1) in both conventional and
proposed manipulator.
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Figure 6.4: Driving joint torque values of the second joint (T,) in both conventional and
proposed manipulator.
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Figure 6.5: Driving joint torque values of the third joint (T3) in both conventional and
proposed manipulator.

The manipulator joint motion was performed for a period of 30 seconds
during the experimental analysis. From Figure 6.4, it could be observed that the
maximum theoretical joint torque and the maximum experimental joint torque
recorded during analysis are 0.1225 Nm and 0.1366 Nm respectively. The
percentage difference between the theoretical and experimental results is about
10.3%. Similarly, the percentage difference between the experimental to
theoretical joint torque values of the second and the third joint of the proposed
manipulator are 12% and 11.6%. Therefore, the theoretical model illustrates a
good correlation with the experimental results.

Conventional manipulator design contains motors at each joint and in the
proposed design motors are located at the base of the manipulator. Conventional
design is with equivalent design parameter as the proposed design. However
traditional manipulator design incorporates servo motors at each joint, where

these servo motor mass ranges from 2.5 kg to 5.5 kg [216]. Thus, conventional
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manipulator contains additional mass at each link apart from its link mass with
comparison to the proposed manipulator. As such conventional design has an
additional weight (weight of motor) at each joint apart from its link weight that
contributes for the increment of joint torque. Therefore, the driving joint torques
required are reduced in the proposed design as no motors are installed at the
manipulator joints. The results shown in Figures 6.3 - 6.5 also demonstrate that
the proposed design has reduced the driving joint torque values with comparison
to the conventional manipulator design (motors are installed at each degree of
freedom for the actuation).

From Figure 6.5 it could be observed that driving torques at the third joint
are equivalent in both conventional and proposed design. A conventional 3 DOF
manipulator design with similar design parameter as the proposed manipulator
utilises three motors for the joint actuation. These three motors are installed at
the first, second and third joints of the conventional manipulator. Thus, no motors
are installed beyond the third joint which contributes for the increment of driving
joint torque. As such, driving joint torque at the third joint is only contributed by
the mass of second link, which is analogues to the proposed manipulator design.
Therefore, in both conventional and proposed manipulator designs equivalent joint
torques could be observed at the third joint. From the torque results obtained, it
is apparent that the proposed design is with the capability of reducing driving joint

torques.
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6.3 Experimental Investigation on the Energy Consumption of
the Proposed Manipulator Incorporating Energy Saving
Actuation Approach

Initially in Section 6.2 significance of the proposed design in minimising driving
joint torques are analysed. Thereafter effectiveness of the design in reducing the
energy consumption during the join actuation is investigated experimentally under
this section. As stated previously, proposed manipulator design incorporates a
bistable coupling mechanism for the actuation of the joints. The detailed design
and the operation principle of the bistable coupling mechanism is discussed in the
Chapter 4. Electromagnetic clutches have been widely employed in underactuated
systems. However, electromagnetic clutch uses electrical energy throughout the
operation to maintain the engaged state of the clutch. As such, additional energy
is required for the electromagnetic clutches integrated in the design apart from
the energy required for the motors. The proposed manipulator utilises bistable
coupling mechanism based actuation approach in the design, as the bistable
mechanism can sustain the engaged state during operation without the consumption
of electric energy. Therefore, no additional energy is utilised by the coupling
mechanism during the actuation of the manipulator link. Thus, the energy usage
of manipulator could be minimised by implementing a coupling mechanism that
uses less energy. The significances of the actuation approach implemented in the
proposed manipulator design in reducing the energy consumption is examined
experimentally. The setup used for the experimental analysis and results obtained

are presented in detail under this Section 6.3.1 and Section 6.4.2 respectively.
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6.3.1 Experiment Methodology

The energy utilisation of the proposed design during joint motion was investigated
to identify effectiveness of the actuation method implemented in proposed
manipulator. For the analysis, current and voltage usage of the motor and the
bistable coupling mechanism were monitored independently throughout link
motion. The experimental setup used for the analysis is shown in the Figure 6.6.
Current usage is measured using an ACS756 Hall effect sensor as presented in
Figure 6.6. The real time current measurement data obtained through sensor was
transmitted to a computer for the analysis via an Arduino microcontroller. In the
experimental analysis current consumption was monitored during the actuation of
the second and third joint of the manipulator, where bistable coupling mechanism
are used for the joint motion. Link motion was controlled by engaging and
disengaging of the bistable mechanism. The manipulator initiates link motion with
the engaging of the mechanism. Similarly, the link movement is stopped by
disengaging the bistable coupling mechanism. An angle of 130 degrees and 150
degrees of motion were performed by the first and the second link of the
manipulator during the experimental analysis respectively. The current and
voltage usage of the motor and the bistable coupling mechanism were monitored
independently, while performing link motion in a provided joint trajectory.
Furthermore, energy consumption of the proposed manipulator design was also
examined integrating the conventional actuation approach. As stated previously,
electromagnetic clutches are utilised as the coupling device in the conventional
actuation approach. Therefore, the analysis was performed replacing the bistable
coupling mechanism with the electromagnetic clutch (Warner Electric electromagnetic

clutch). The experimental conditions and other factors such as link motion
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trajectories remained the same in the analysis of comparing the energy

consumption of both bistable coupling mechanism and conventional electromagnetic

clutch.

Control circuit used for the
controlling of bistable coupling
mechanism

Manipulator integrated with
bistable coupling
mechanism

Microcontroller
used for the
Motor

ACS756 Current
sensor

Microcontroller used for the
mechanism control and energy
monitorina

Figure 6.6: The experimental setup used for the measurement of current cosumption of
the proposed actuation approach implimented on the manipulator.

6.3.2 Results and Discussion

The energy consumption results obtained during the actuation of the proposed

manipulator with implementation of both actuation methods namely bistable

coupling mechanism base actuation method and the conventional electromagnetic

clutch base actuation approach are presented in this section. The current

utilisation of each component used for the actuation is monitored during the

motion of the manipulator links and is presented as follows. Initially, current
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consumption of the bistable coupling mechanism and the motor were measured
during the motion of first link from time of engagement to the disengagement of
the coupling mechanism. The current consumption results obtained are shown in
Figure 6.7. Similarly, current utilisation of bistable coupling mechanism and the
motor were also measured during the motion of second link and the results are
presented in Figure 6.8. Sections indicated as A; and A, in the Figure 6.7 and
Figure 6.8 illustrate the current consumption of the motor and the bistable
coupling mechanism during the motion of the manipulator link 1 and link 2
respectively.

After monitoring the current consumption of the manipulator integrating
bistable coupling mechanism current usage of manipulator integrating conventional
actuation method (electromagnetic clutch) was monitored. In this analysis
commercial electromagnetic clutch (Warner company Electric electromagnetic
clutch) with equivalent specifications as the proposed bistable coupling mechanism
is used for the experimental studies. The current consumption results are obtained
experimentally in the study for the conventional actuation approach installing a
commercial electromagnetic clutch (Warner Electric electromagnetic clutch) to the
proposed manipulator design. The current usage of the motor and the
electromagnetic clutch were measured from the time of engagement to the
disengagement of the clutch during the motion of first link. The results are shown
in the Figure 6.9. Correspondingly, current consumption of electromagnetic clutch
and the motor were measured independently during the motion of second link and
it is illustrated in Figure 6.10. Sections specified as B1 and B; in the Figure 6.9 and
Figure 6.10 illustrate the current consumption of the motor and the
electromagnetic clutch during the motion of the manipulator link one and link two

respectively.
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Figure 6.7: Current consumption in the motor and the bistable coupling
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Figure 6.8: Current consumption in the motor and the bistable coupling mechanism

during motion of link 2.
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Moreover, the combined current usage of the motor and the respective
actuation approach during the motion of the links were examined. Initially the
total current consumed by the motor and the proposed actuation approach during
the motion of link one were obtained. Thereafter, the total current consumed by
the motor and the conventional actuation approach were also obtained performing
an equivalent link motion. Similar analysis was conducted during the motion of
the second link using both proposed and the conventional actuation approaches.
The total current consumption results obtained for the link one and link two are

as shown in Figure 6.11 and Figure 6.12 respectively.
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Figure 6.9: Current consumption in the motor and the electromagnetic clutch during
motion of link 1.
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Figure 6.10: Current consumption in the motor and the electromagnetic clutch during
motion of link 2.

The experiment analysis was conducted on both actuation approaches
namely the conventional method which incorporates electromagnetic clutches with
the motor and the bistable mechanism based actuation to compare the energy
saving aspect during the motion of the manipulator. The results obtained using
proposed actuation approach implemented in manipulator design shows that there
was no additional current utilisation observed during the motion of the manipulator
link apart from the motor current. It could be noted from Figure 6.7 and Figure
6.8, additional current was recorded only during two instances namely engaging
and disengaging of the bistable coupling mechanism during the actuation of
manipulator link.

Figure 6.11 and Figure 6.12 illustrate the total current utilised by motor

and the respective actuation components. These graphs are obtained by combining
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the motor current consumption results and respective coupling mechanism
consumption results acquired independently during the motion of the manipulator.
From the Figure 6.11 and Figure 6.12 it could be observed that the combined
current consumption of motor and the coupling mechanism during the motion of
the manipulator are equivalent to the current consumption results of the motor
shown in Figures 6.7 and Figure 6.8. Therefore, it is apparent that the actuation
method incorporated in the manipulator design has utilised additional energy only
during the engaging and disengaging of the mechanism. Thus, in the bistable
coupling mechanism based actuation method no energy is consumed during the

motion of the manipulator link.
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Figure 6.11: Total current consumption in proposed actuation approach and the
conventional actuation approach during motion of link 1.
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Figure 6.12: Total current consumption in proposed actuation approach and the
conventional actuation approach during motion of link 2.

Referring to the experimental results of the electromagnetic clutch based
conventional actuation approach shown in the Figure 6.9 and Figure 6.10, it could
be noted electromagnetic clutch utilises current during the motion of the manipulator.
Therefore, an additional amount of current is utilised by the electromagnetic clutch
during the motion of the manipulator apart from the motor current. Furthermore,
Figure 6.11 and Figure 6.12 also show that the combined current consumption of
motor and the electromagnetic clutch during the motion of the manipulator is
greater than the current consumption results of the motor shown in Figure 6.9
and Figure 6.10. Therefore, from the experimental investigations it is apparent
that the conventional electromagnetic clutch based actuation approach requires
additional electrical energy apart from the energy provided to the motor to drive

the manipulator link.
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Figure 6.13: Total power consumption in proposed actuation approach and the
conventional actuation approach during motion of link 1.
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Figure 6.14: Total power consumption in proposed actuation approach and the
conventional actuation approach during motion of link 2.
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The total power consumption is computed during the actuation of each

manipulator link using both electromagnetic clutch based conventional method

and the proposed actuation approach. The results obtained for the total power

utilisation during the actuation of link one and link two are illustrated in Figure

6.13 and Figure 6.14 respectively.

Furthermore, the total energy consumption during the actuation of each

manipulator link is also computed with the numerical integration of electric power

as follows:

t
p= [ra
0

(6)

Where P is the total power consumed during the motion of the links by both

motor and the respective actuation component either bistable coupling mechanism

or the electromagnetic clutch according to the respective approach.
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Figure 6.15: Total energy consumption in proposed actuation approach and the
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Figure 6.16: Total energy consumption in proposed actuation approach and the
conventional actuation approach during motion of link 2.

The Figure 6.15 and Figure 6.16 illustrate the total energy consumption of
the system during the motion of the manipulator link one and two using both
actuation approaches respectively. It could be observed from the Figure 6.15 that
the utilisation of energy during the motion of link one using bistable coupling
mechanism based actuation approach and the conventional approach are about
298 ] and 486 ] respectively. Similarly, the energy usage during the actuation of
second link are 251 J and 395 J using the bistable coupling mechanism based
actuation approach and the electromagnetic clutch based conventional actuation
approach respectively. From the Figure 6.15 and Figure 6.16 it could be noted that
the bistable coupling mechanism based actuation approach has consumed about
188 J and 144 ] less energy during the actuation of first and the second link with
comparison to the conventional actuation approach. Therefore, its apparent from

the experimental results, the actuation approach implemented in the manipulator
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design is with the capability of reducing energy consumption during the joint
actuation. This results due to the bistable coupling mechanism not utilising any
electrical energy during the operation.

However, in the electromagnetic clutch based conventional actuation approach
electrical energy is utilised to sustain the engaged state of the electromagnetic
clutch throughout the operation. Thus, conventional actuation approach utilises
additional energy apart from the motor energy. Therefore, even though both
actuation approaches could be employed in underactuated manipulator designs,
the bistable coupling mechanics based actuation approach is with the potential of
minimising the energy consumption of manipulator greatly with comparison to the
electromagnetic clutch based conventional actuation approach.

The studies conducted for the analysis of driving joint torques and the
energy consumption of the manipulator during actuation have highlighted the
significance of the proposed manipulator design in minimising both the driving
joint torques and the usage of energy during joint motion. Thus, it is apparent
that the proposed manipulator design is not only effective in reducing the driving

joint torques but also with the capability of minimising energy consumption.

6.4 Analysation of Positioning Accuracy Performance of the
Proposed Manipulator Incorporated with Energy Saving
Bistable Coupling Mechanism with Reduced Motors.

In this section positioning accuracy of the proposed manipulator is analysed via
simulation studies. The proposed manipulator utilizes reduced amount of motors
incorporating bistable electromagnetic coupling mechanisms for the joint

actuation. Simulation study is performed to examine the position accuracy of the
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two actuation approaches namely motor based direct actuation and the bistable
electromagnetic coupling mechanism based actuation approach. Joint motions are
performed independently in provided trajectories and the end effector motion of
the manipulator is analysed accordingly. The analysis performed and the results

obtained are presented as follows in Section 6.4.1.

6.4.1 Results and Discussion

The accuracy of the proposed manipulator performing motion is examined and the
results obtained are presented under this section. The desired position of the
manipulator end effector is achieved with the movement of each joint to specific
joint angles. In the simulation study manipulator joints are provided with set of
joint trajectories and the motion of the end effector is analysed. The study focuses
on examining the performance of the manipulator using motor based direct actuation
approach and the proposed bistable coupling mechanism based underactuation
approach. kinematic model developed in Section 5.3.1 is utilised in the study to
identify the end effector position of the manipulator. The performance of the
proposed design is examined employing two types of joint motions. Joint
trajectory that increases joint angle linearly and exponentially are utilised in the
study to analyse the performance. Joint angle paths used in the study are shown

in Equations (6.3) to (6.8).

Linear joint trajectory equations :

6, = 5t (6.3) 6, =4t (6.4) 6, =4t (6.5)
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Exponential joint trajectory equations :

6; = (™) -1  (6.6) 6,=(e?)—-1 (6.7) 63 =(e%%)—1 (6.8)

Initially, performance of the proposed manipulator is examined performing
joint motion using linear joint trajectory. Figure (6.18) and Figure (6.19) illustrate
the joint motion of the manipulator using both motor based direct actuation and
the bistable coupling mechanism based actuation for the two joints (6, and 65).
Joint two and joint three of the manipulator are provided with same joint
trajectory. Motor based direct actuation is used for the actuation of joint one
(Base joint 6,) of the manipulator as stated in Section 5.2. Thus, no difference is
observed during the actuation of joint one . Similarly, Figure (6.20) to Figure
(6.22) show the manipulator end effector motion in x, y and z planes using both

motor based direct actuation and bistable coupling mechanism based actuation.
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Figure 6.17: Joint one (6,) motion performing linear joint trajectory motion.
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Figure 6.18: Joint two (6,) motion performing linear joint trajectory. using bistable
coupling mechanism based actuation approach and conventional motor based
direct actuation approach.
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Figure 6.19: Joint two (6;) motion performing linear joint trajectory using
bistable coupling mechanism based actuation approach and
conventional motor based direct actuation approach.

It could be observed from the Figure (6.18) and Figure (6.19) that there is
difference between the motor based direct actuation and bistable coupling
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mechanism based actuation in joint angle motion. In the proposed mechanism
based actuation approach 0.5% of error is observed in the joint angle motion for
the joint two and joint three with comparison to the conventional motor based
direct actuation. This error is generated due to 12 ms time period taken for the
engaging process of the bistable coupling mechanism during joint actuation.
Thereafter the end effector positioning performance is analysed using bistable
coupling mechanism based approach and the conventional motor based direct
actuation approach. The end effector x, y and z position results obtained for the
conventional motor based direct actuation are 0.2440, 0.2299 and 0.2938
respectively. The end effector x, y and z position results obtained for the bistable
coupling mechanism based actuation are 0.2453, 0.2287 and 0.2923 respectively.
The error recorded for positioning the end effector is about 0.5% using the bistable
coupling mechanism based approach with comparison to the motor based

actuation approach.
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Figure 6.20: Manipulator end effector motion in x plane performing linear joint trajectory
motion using bistable coupling mechanism based actuation approach and
conventional motor based direct actuation approach.
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Figure 6.21: Manipulator end effector motion in y plane performing linear joint
trajectory motion using bistable coupling mechanism based actuation approach
and conventional motor based direct actuation approach.
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Figure 6.22: Manipulator end effector motion in z plane performing linear joint
trajectory motion using bistable coupling mechanism based actuation approach
and conventional motor based direct actuation approach.
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Secondly, performance of the manipulator is analysed performing joint

motion using exponential joint trajectory. The results obtained for the joint motion

of the manipulator utilizing motor based direct actuation and the bistable coupling

mechanism based actuation are illustrated in Figure (6.23) to Figure (6.25). In

the proposed mechanism based actuation approach 0.6% of error is observed in

joint angle motion with comparison to motor based direct actuation for the joint

two and joint three.

12

10

Figure 6.23: Joint one (6,) motion performing exponential joint trajectory.
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Figure 6.24: Joint two (6,) motion performing exponential joint trajectory using
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Figure 6.25: Joint two (8;) motion performing exponential joint trajectory using bistable

coupling mechanism based actuation approach and conventional motor based
direct actuation approach.
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Figure (6.26) to Figure (6.28) illustrate the results obtained for the end
effector positioning using both actuation approaches applying exponential joint
trajectory. The end effector X, y and z position results obtained for the
conventional actuation method applying exponential trajectories are 0.4383,
0.0781 and 0.0413 respectively. The end effector x, y and z position results
obtained for the bistable coupling mechanism based actuation method applying
exponential trajectories are 0.4410, 0.0776 and 0.0410 respectively. Results
revealed that there is 0.6% error in performing end effector motion using bistable
coupling mechanism based actuation approach with comparison to motor based

direct actuation approach.
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Figure 6.26: Manipulator end effector motion in x plane performing exponential joint
trajectory motion using bistable coupling mechanism based actuation approach
and conventional motor based direct actuation approach.
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Figure 6.27: Manipulator end effector motion in y plane performing exponential joint
trajectory motion using bistable coupling mechanism based actuation approach
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Figure 6.28: Manipulator end effector motion in z plane performing exponential joint
trajectory motion using bistable coupling mechanism based actuation approach

and conventional motor based direct actuation approach.
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The simulation study illustrated that there is an error in positioning end
effector using bistable coupling mechanism based approach with comparison to
motor based direct actuation approach. However, significantly low error values are
observed for the both motion scenarios examined. The error values recorded for
the first and the second motion scenarios are 0.5% and 0.6% respectively. These
error values recorded are less than 1% . Thus, from the simulation studies it could
be observed that there is no significant effect on the accuracy of the manipulator
with the implementation of bistable coupling mechanisms based actuation approach
with reduced motors with comparison to the conventional motor based direct

actuation.

6.5 Chapter Conclusion

In this chapter driving joint torques and the energy consumption of the proposed
manipulator design are studied during the joint actuation. The effectiveness of the
proposed design in reducing driving joint torques is examined via theoretical and
experimental studies. Theoretical results obtained are in good agreement with the
experimental results. The experimental results have highlighted the potential of
the proposed manipulator design in reducing the driving joint torques with
comparison to the conventional manipulator design approach.

Energy consumption during the joint actuation was examined to analyse
the significance of the proposed actuation approach integrated in the manipulator.
In the experimental analysis, energy usage of both conventional and proposed
actuation approaches is monitored independently. The experimental results

illustrate that the bistable coupling mechanism based actuation approach incorporated
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in the manipulator have minimised the energy consumption by 188 J and 144 ]
with comparison to traditional electromagnetic clutch based actuation approach.
The experimental results have highlighted the significance of the proposed
actuation approach in minimising the energy consumption with comparison to the
conventional actuation approach which is generally implemented in underactuated
designs. Thus, due to the actuation approach implemented, proposed manipulator
design is also effective in reducing energy consumption. It is apparent form the
experimental studies conducted that the proposed manipulator design is not only
effective in reducing the driving joint torques but also with the capability of

minimising energy consumption during joint actuation.
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Chapter 7

Further Enhancement of the Manipulator
Design by Utilising a Single Motor for the
Actuation

7.1 Introduction

In Chapter 5 a manipulator design incorporated with two motors for the joint
actuation is introduced. One motor is allocated for the motion of the base joint
and the other motor is used for the actuation of remaining two joints. The
manipulator design presented in Chapter 5 could be further enhanced by reducing
the number of motors utilised. In this chapter improved novel tendon driven
manipulator model that incorporates a single motor for the joint actuation is
presented. The improved model is developed following the main design concepts
of the proposed developed manipulator prototype. The operation principle and
detail design of the model are discussed in Section 7.2. kinematics and the
dynamic model of the enhanced manipulator model are developed. The
development of kinematics and dynamic model of the manipulator model are
shown in Section 7.3. Furthermore, simulation studies are performed on the
proposed manipulator model to highlight the effectiveness of the model in
minimising driving joint torques. Section 7.4 illustrates the results obtained from

the studies conducted. Finally, the chapter conclusion is drawn in Section 7.5.
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7.2 Design of the Enhanced Manipulator Model

The manipulator model has four joints and a single motor is allocated for the
actuation. Similar to the developed manipulator, the design uses combination of
gears and tendons to transmit energy. Following the same design concept of the
manipulator proposed in previous chapters, the enhanced manipulator design
uses two bistable coupling mechanisms connected with gears to control the
direction of motion of each link independently. One of the coupling mechanisms
is dedicated for the clockwise motion of the link and the other for the
anticlockwise motion. The link lengths of the proposed manipulator from link 1 to
link 3 are 0.30 m, 0.20 m and 0.1 m respectively. The proposed model of the

manipulator is as shown in Figure 7.1.

Timing pulley

Upper

|m|ng belts ——_

Robot manipulator
links

Lower section

Figure 7.1: Proposed manipulator model.
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The manipulator base consists of two sections, the upper section
accommodates the robot structure, bistable coupling mechanisms and the gear
trains. The Motor is fixed at the lower section of the basement as shown in Figure
7.1 and Figure 7.2. Apart from the motor lower section contains gear trains that
distribute energy from the motor to the upper segment of the robot. The motor is
connected with the main shaft and the energy is distributed from the main shaft
via a series of bevel gears connected to the main shaft. Bevel gear set B is
connected to the main shaft to transmit energy required for the rotation of base
joint (6,) via secondary shaft as shown in Figure 7.2. The spur gear connected to
the other end of the secondary shaft drives the two other spur gears connected
with the bistable mechanism. Thereafter, bistable mechanisms transmit the energy
to spur gear set A as shown in Figure 7.2 and Figure 7.3. Finally, the spur gear
set A transmits energy to the spur gear C via two bevel gears and a spur gear as
illustrated in Figures 7.2 and 7.3. The energy transmission path from the base
motor to the joint 1 is illustrated using red colour arrows as shown in the Figure
7.3. The spur gear C is fixed to the base joint(6,) rotating section. Transmission
of energy to the base joint is controlled by two bistable couplings. By engaging
one of the bistable coupling mechanism at any instant provides the energy for the
rotation of the base. The other end of the bistable coupling mechanism are
connected to another set of spur gears (spur gear set A) prior to connecting to the
base joint. Furthermore, the direction of rotation could be varied by coupling and
decoupling the respective bistable coupling mechanisms. Moreover, same mechanism
has been implemented in the remaining joints (6,,65 6,) as well for the controlling

of joint motion. The method is explained in detail as follows.
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Bevel gears fixed after bigtable
Bistable coupling coupling

MaiR.spur gear set mechanisms

Figure 7.2: Lower section of the proposed manipulator model.

The main shaft provides energy required for the actuation of remaining
joints (6,,656,). Using the series of connected bevel gears and spur gears energy
is transmitted to the upper section of the manipulator as shown in Figure 7.4. The
bevel gears set A connected with the main shaft transmit energy to the following
set of bevel gears and afterwards energy is transmitted to the bistable coupling
mechanism. The bistable coupling mechanism is used to control the energy
transmission to the upper section. The Figure 7.4 shows the energy flow from the
main shaft to the upper section. The energy transmission path from the base
motor to the upper section is illustrated using red colour dash arrows similar to
the Figure 7.3. The two bevel gears connected to the other end of the bistable
coupling mechanism transmits energy to the spur gear B. Finally, the shaft
connected with the spur gear A transmits energy to the upper segment as shown
in the Figure 7.2 and Figure 7.4. The bistable mechanism is disengaged at the
time base (Joint 6,) is rotating. Therefore, when bistable mechanism is disengaged
spur gear “A” connected to the shaft can rotate around spur gear “"B” freely as
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shown in the Figure 7.2. When bistable mechanism is engaged spur gear “"B” drives
the spur gear “"A” so that energy will be transmitted to the upper section via the
shaft. Furthermore, the bistable mechanism maintains the engage state when

there is no base joint rotation.

Spur gear C

Main shaft Spur gear

Bevel gear
set B

N

Bistable cou

gears mechanism

Spur gears

Spur gear
set A

Figure 7.3: Layout of the flow of energy from the base main shaft to the joint 1
rotation.

Energy transferring shaft to
the upper section

Main shaft

Motor

Bevel gear set A

Spur gear B
Spur gear A

Figure 7.4: Layout of the flow of energy from the base main shaft to upper section.

The upper section of the design is described as follows. The central shaft

fixed at the upper section of the base distributes energy for remaining three joints
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(63,036,). Energy distribution for the link motion control is achieved by the
combination of gear and bistable coupling mechanism. Furthermore, the same
approach is implemented for all the three joints (6,,636,). Where each joint
transmission mechanism consists of three spur gears connected in series. The spur
gear connected with the central shaft transfers the motion to the other two spur
gears connected with the bistable coupling mechanisms as shown in the Figure
7.5 and Figure 7.6. The motion is transmitted to two secondary shafts connected
via bistable coupling mechanisms. The two driving gears (spur gears) rotates in
the opposite direction to each other. Therefore, the two driven shafts connected
with the also rotate in the opposite direction when the bistable coupling mechanisms
are engaged. Motion of the driven shafts are controlled by coupling and decoupling
the bistable coupling mechanisms. In addition, gear 1 and gear 2 are connected
to the other end of the driven shafts. Finally, the gear 3 is fixed to a shaft that
contains timing pulley, which transmits energy to the respective link via a time
belt as shown in the Figure 7.5 and 7.6. At any instance of time one driven shaft
transmits energy while other driven shaft remains stable. Hence gear 3 will be
driven either by gear 2 or gear 1. Therefore, by engaging and disengaging the
bistable coupling mechanism direction of rotation of gear 3 could be varied. This

results the change of direction of rotation of the manipulator link.
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Figure 7.5: Upper section of the proposed manipulator design model.
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Figure 7.6: Mechanism used to transfer energy from the central shaft to each joint at
upper section.
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7.3 Kinematics and Dynamic Modelling of the Enhanced
Manipulator Model Incorporated with Single Motor

The forward kinematics and the dynamic model development of the enhanced
manipulator model incorporated with single motor are presented in this section.
The computation of forward kinematics of the enhanced manipulator model is
performed using Denavit-Hartenberg approach. The dynamic model of the

manipulator model is developed following the Lagrange approach.

7.3.1 Forward Kinematics of the Enhanced Manipulator model
Incorporated with Single Motor

In the process of computation of forward kinematics, identification of the DH
parameters is essential as discussed in the previous Chapter 5. The computation
of forward kinematics is discussed in detail under Chapter 5 in Section 5.3.1.
Therefore, under this section main segments of the forward kinematic modelling
are presented. The frames assigned for the proposed single motor tendon driven
manipulator model are shown in Figure 7.7. Furthermore, the corresponding DH
parameters are shown in Table 7.1 The links lengths of the manipulator link 1,

link 2 and link 3 are represented by /i, I, and /3 respectively.
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Figure 7.7: Enhanced manipulator model incorporated with single motor
with DH frame assignment.

Table 7.1: The DH parameter table for the enhanced manipulator model incorporated

with single motor.

i ai ai di Oi

1 90 0 0 61

2 0 Iy 0 02

3 0 I2 0 S}

4 0 I3 0 04
cosd, —sing cosa; singsing; @ coso,
i _ sing, cosd cosa; —cosdsing; a;sing,

: 0 sin ¢; Cos¢; d.

0 0 0 1

(7.1)
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The Equation (7.1) shows the Homogenous transformation matrix ™T;
[200].The transformation matrices computed for each joint using the Homogenous

transformation matrix shown in Equation (7.1) are as follows:

Cosf; O Sing; 0
OT1 — [Sin6; 0 —Cos6; O (7.2)
0 1 0 0
0 0 0 1
Cos 6, Sin 8, 0 [,Cos 6,
1T2 - Sin 92 Cos 92 0 llsin 02 (7.3)
0 0 1 0
0 0 0 1
Cos 05 — Sin 63 0 [,Cos 63
2T3 = Sln 93 COS 93 0 lzsin 93 (7.4)
0 0 1 0
0 0 0 1
Cos O, — Sinf, 0 [3Cos 6,
3T4 - Sln 94 COS 94 0 l3Sin 94 (7.5)
0 0 1 0
0 0 0 1

The matrix which could be utilized to identify the end effector frame
position with respective to the base frame of the proposed manipulator is written

as .

0T, = o1, 'T, T, °T, (7.6)

Finally, the computed transformation matrix for forward kinematics model
can be expressed as shown in Equation (7.7). As explained before in Section 5.2

P,, Py, P, elements in the last column of the matrix ( °Ts+) provides the x, vy, z
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coordinates of the end effector position of the proposed single motor tendon driven

manipulator model.

1 T2 Tz B

oT, = 1 T2 T2z B (7.7)
31 T3z T34 P,
0 0 0 1

X, Y, z coordinates can be calculated separately by substituting respective
joint angle values and link parameter values in to the Equation (7.8), Equation
(7.9) and Equation (7.10) as given below.

P, = l; cos 0, cos 0, + I3 cos 8, cos 6, (cos B, cos B3 + sin 6, sin 63) —
I3 sin 8, cos 04 (cos 0, sin B3 — sin 6, cos B3) + [, cos B, (cos B, cos b5 + (7.8)
sin 8, sin63)

P, = [ cos8;sin6; + I3 cos B, sin 6, (cos B, cos 3 + sin b, sinb3) —
I3 sin 6, sin 6, (cos 6, sin O3 — sin B, cos B3) + 1, sin B, (cos B, cos O3 + (7.9)

sin 8, sin63)

P, = l;sin 6, + 1, cos B, sin O3 + [, cos 65 sin 0, + 15 cos 6, sin 6, (cos B, sin O3 +
cos 05 sin6,) + I3 sin B, (sin 6, sin 5 + cos 6, cos 63) (7.10)

7.3.2 Dynamic Modelling of the Enhanced Manipulator Model
Incorporated with Single Motor

Lagrange dynamic modelling approach is followed in the development of dynamic
model of the enhanced manipulator model. Thus, dynamic model equation of the
enhanced manipulator model could be defined using Lagrange formulation as

[102][205]:

M(q) g + V(q,q) + G(q) = 7 (7.11)
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M(q), V(q, ¢) and G (q) terms of the equation represent the mass matrix ,

Coriolis and centrifugal forces and the gravitational force respectively. Utilising the
Equation (7.11), dynamic model equation for the enhanced manipulator model

could be expressed as:

2 My My, Mz My [él] [V1(9 é)][él] G1(6)
T j 2(0 6)||g [ ]
2 _ (M2 My Mz My, |?2|+ 4 |9'2| + G,(6)
T3 M3y M3, M3z Msyu| |6, |K3(9 Q)||93| G3(0) (7.12)
T4 My My, Mg Mullg | [0 0)][g ]| LG,

The enhanced single motor tendon driven manipulator model is with four
degrees of freedom. Therefore, the mass matrix is 4x4 matrix. Where, mass
matrix can be obtained from the Equation (7.13). Equation (7.14) is used for the
computation of Coriolis and centrifugal forces. Finally, the gravitation force values

are obtained from the Equation (7.15):

4
M@y = i, I, (7:13)
i=1
n=4n=4 18
V(o,6) = Z Z (5911 -5 55 >9j9k (7.14)
Sl Nk 0
n=4 .
G(®) = zmng]L,- (7.15)
=1

Finally, derivation of the joint torque equations for individual joints are
performed by compiling Equation (7.13), Equation (7.14) and Equation (7.15).

The detail derivation of the dynamic model of proposed enhanced manipulator is
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shown in the appendix section. The derived dynamic model joint torque equations

for each joint are presented as follows:

%]

T3

Cos[6,]1)1,(2Sin[6,]l, + Sin[B, + 05]l,)m; + 4(4Cos[6,]212m, + Cos[0, + 05]%15m; +
12(Sin[6;]? (Cos[6,]1; + = Cos[6, + 93]12)2 + 2Cos[6,]Cos[6,]213 (2 + Cos[6; + 65]1,))m; +
Cos[8, + 05 + 0,]%13m, + 3(2Cos[6,]l; + 2Cos[B, + O5]L, + Cos[B, + 05 + 6,]13)%m,)) —
212(16Sin[20,](m, + 3(ms + m,))6,0, + 6Cos[0,]Cos[B, + 65]12m46, (Cos[0,]Cos[0, +
05]Sin[26,]6; + 4Cos[6;]2(Sin[26, + 65]6, + Cos[6,]Sin[6; + 05]65)) + 31,ms(8Cos[6,]2Cos[O, +
05]Sin[26,]62 + 8Cos[6,]?Cos[6,]0, ((=Sin[fs] + 3Sin[26, + 05])8, + 2Cos[6,]Sin[0, + 65]05) +
Sin[26,]0,((Cos[6, — 65] + 3Cos[36, + 65])8, — 2Sin[26,]Sin[8, + 05]65))) + 4(12(—24Sin[2(0, +
0,)]m,0, (0, + 05) + ms(3Cos[0, + 65]2Sin[26,]02 + (=5 + 3Cos[26,])Sin[2(8, + 05)]64 (6, +
05) + 3Cos[2(8, + 05)]Sin[26,](6; + 65)2)) — 8SIn[2(6; + 05 + 6,)]12m,0, (6, + 65 + 6,) —
241,1,m,0,(Sin[26, + 205 + 0,10, + Sin[20, + 265 + 6,]65 + Cos[0, + 05]Sin[0, + 05 + 6,]6,)) +
31, (—Sin[26,]12m (8, + 65)((Cos[0, + 265] + 3Cos[36, + 205])6, + 4Cos[0,]Cos[2(6, +

05)]65) + 8l,(—8m,0,(Sin[20, + 6516, + Cos[6,]Sin[0, + 05]65) + ms(2Cos[6,]Cos[6, +
0,]Sin[26,]62 — 4Sin[6,]26,(Sin[26, + 6518, + Cos[6,]Sin[6, + 65]6s) + Sin[26,]6,(Cos[26, +
0516, — Sin[6,]Sin[6; + 65165))) — 32L3m,0; (Sin[26, + 65 + 6,10, + Cos[6,]Sin[6, + 65 +

041(85 + 6,)))) (7.16)

= i (24gCos[6?2 + 05 + 6,]lsm, + 120Cos[8,],l;m, + 4812m, + 4811 2+ (11— —Cos[92
93]511‘1[291]511‘1[292] )ms +my) + 24gCos[6, + 65]l,(ms + 2my) + 13 ((32 + 3Sin[26,]Sin[2(6, +
0:)ms + 96m,) + 24gCos[0,]l; (m, + 2(m3 + m,)) + 31 (—Cos[6,]Sin[26,]Sin[2(0;, + 03)]l5m; +
32Cos[05 + 6,]l3my + 41,((6Cos[63] + Cos[6, + 85]Sin[26,]Sin[0,])m; + 12Cos[65]my,)) +
8Sin[2(68, + 05 + 6,)]12m,62 + Sin[2(6, + 6:)]12((5 + 3Cos[20,])m; + 24m,)6? +
zfél(ze;sm[zez]mzé1 + 3(8Sin[26,]m,0; + m5((8Sin[26,] + Cos[6,](—Sin[26, — 65] — Sin[26, —
— 03] — 2Sin[03] + Sin[26; + 03] + 6Sm[262 + 03] + Sin[26; + 26, + 6;])1, +
2Cos[91]2Cos[92](Sm[92] + Sln[3t92 + 2(93])12)191 + 251n[291]81n[292]51n[92 + 93]1293))) +
24[213m4(81r1[2192 + 205 + 94]91 Sm[94]94(292 + 293 + 94)) + 61, (—Sin[2(8, +
93)]l2m391(Cos[291]Cos[92]61 + Cos[@l]Sln[Hl]Sln[62]63) +1, (m3((51n[291 — 03] — Sin[26, + 03] +
251n[292 + t93])91 - 231n[261]51n[92]51n[92 + 63]6163 4Sln[93]93(292 +65) + 8m,(Sin[20, +
05102 — Sin[05]105(20, + 65))) + 4l;m,(Sin[26, + 05 + 6,102 — Sin[0 + 0,](05 + 6,)(20, + 65 +
6.)))) (7.17)

(813m4(3gCos[92 + 05+ 0,] + 13(6 + Sin[2(0, + 65 + 94)]9 )+ 3l;(Cos[B; + 0,] +
Cos[Hz]Sln[Hz + 65+ 94]91 + Sin[6; + 64]9 ) + 12 (24m4(4 + Sin[2(6, + 93)]91) +m;(32 +
3Sin[26,]Sin[2(6, + 03)] + (5 + 3Cos[26,])Sin[2(6, + 193)]91 + 6Cos[6,]%Cos[6,]%Sin[2(0, +
6:)11267 — 3Sin[2(8, + 65)]1,(Cos[6,]Sin[26,] + 2Cos[26,]Cos[6,]67 — Sin[26,]Sin[6,]6,6,))) +
6l,(ms(4gCos[0, + 05] + Sin[0, + 05]126, (4Cos[6,]?Cos[6,]26, — Sin[26,]Sin[26,]6,) +
21,(2Cos[6,]Sin[6,]%Sin[6, + 93]91 + Sin[26,]Sin[6,]Sin[6, + 93]9192 + 2(Cos[O3] + Sln[93]9 ) +
4m,(2gCos[0, + 03] + 21,(Cos[03] + Cos[B,]Sin[8, + 65107 + Sm[93]922) + [5(5Cos[6,] + Sin[26, +
205 + 6,]6% — zsm[94]9294 — 2Sin[6,]0:6, — Sin[6,]62))))

(7.18)
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Ty = L l3m4(18gC05[92 + 65 + 6,] + 18(Cos[0; + 6,]l; + 2(Cos[O,4]L, + 13)) + Sin[B, + 05 +
6?4]13(3C05[6?2]l1 + 3Cos[0, + 05]l, + 2Cos[0, + 03 + 0,]1 3)m46?1 (Sin[2(6, + 65 + 94)]13491
3l1(Cos[492]Sln[6?2 +60; + 6?4]91 + Sin[0;3 + 94]92) + 31, (Cos[é’2 + 6’3]Sm[92 + 05 + 94]6’1
Sln[494](6?2 + 93) )+ 993 (Sln[é?3 + 6,1 92 + Sin[6,]l, (292 + 203 - 04)) + 902 (Sm[é’3 + 0,1l (292

— 94) + Sm[94]lz(26?2 + 293 - 94)) + 9(Sin[0; + 94]1192 + Sln[94]l2(92 + 93))94)

(7.19)

As stated previously, the dynamic model enables to identify the required
joint torques to perform a specified motion of the manipulator. Driving joint torque
values are calculated for both conventional and for the proposed manipulator
model. Mathematica software is employed for the computation of the driving joint
torque results. The joint torque values obtained for both the conventional and for
the proposed manipulator model are presented in Section 7.4 of this chapter. The
obtained results are used to analyse the effectiveness of the proposed manipulator
model. Link lengths of the proposed manipulator model from link 1 to link 3 are
0.30 m, 0.20 m and 0.1 m respectively. Similarly, mass of the links 1, 2 and 3 are
0.92 kg, 0.72 kg and 0.6 kg respectively. The dimensions, material properties,
degrees of freedom and structure aspects of the conventional manipulator used
for the comparison are also maintained equivalent to the proposed design in the
simulation studies. However, conventional manipulator design contains a servo
motor at each joint and the proposed model contains a single servo motor fixed
at the base. As such conventional manipulator has an additional weight at each
joint apart from its link weight. 2.6 kg, 8.6 kg, 5.5 kg and 2.6 kg are general mass
specifications of servo motors installed at joint 1, joint 2, joint 3 and joint 4 of a
conventional manipulator [216]. Hence total mass of the motors used for the
actuation is about 19.3 kg. Similarly, in the proposed design the total mass of

eight bistable coupling mechanism (5.360 kg), four brakes (2.26 kg) [217] and
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the servo motor (5.5 kg) [216] used for actuation is 14.06 kg. The Table 2 shows
the mass specification of both conventional and proposed manipulator design

including the motors and the links.

Table 7.2: Mass specification of both proposed and conventional manipulators.

Conventional Manipulator Mass Proposed Manipulator
Mass
Joint 1 Servo Motor 1 (2.6 kg) Servo Motor (5.5 kg) +
(Base) Eight bistable coupling

mechanisms (5.36 kg)
and Four Brakes (2.26 kg)

Joint 2 Link 1 (0.92 kg) + Servo Motor 2 (8.6 kg) | Link 1 (0.92 kg)
Joint 3 Link 2(0.72 kg) + Servo Motor 3 (5.5 kg) Link 2 (0.72 kg)

Joint 4 Link 3 (0.6 kg) + Servo Motor 4 (2.6 kg) Link 3 (0.6 kg)

7.4. Results and Discussion

In this section effectiveness of the proposed enhanced manipulator model in
reducing driving joint torques when performing a desired motion with comparison
to a conventional manipulator design (motors are installed at each degree of
freedom for the actuation) is analysed. For the analysis, the torque values at each
joint are computed for both proposed and for the conventional manipulator (motor
fixed at each degree of freedom) while performing motion in a provided joint angle
path. In addition, graphs are plotted for joint torque vs time as shown in Figure
7.8, 7.9, 7.10 and 7.11. The Figure 7.8 to 7.11 show the significance of the
proposed manipulator model in minimising the joint torques. The joint angles of

the path followed by the manipulator model is defined as:
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0, = —0.4cos 6t (7.20) 6, =—cos4t+ 2 (7.21)

0; = —2cos(t) + 5 (7.22) 6,=—6cos2t+ 4 (7.23)

Figure 7.8 shows the values of the torques of the first joint using both
manipulators. The proposed manipulator model (with single actuator) and the
conventional manipulator (with four actuators, one actuator at each joint). Figure
7.9 shows the values of the torques vs time of the second joint for both
manipulators. Similarly Figure 7.10 shows the joint torques for the third joint while
Figure 7.11 shows the values of the torques of the fourth joint using both
manipulators.

T {IN.m) i i
ffffff Conventional Manipulator

PEInEN Proposed Manipulator

(=]

Figure 7.8: The torque values of the first joint using both manipulators.
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Figure 7.10: The torque values of the third joint using both manipulators.
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Figure 7.11: The torque values of the fourth joint using both manipulators.

It could be noted that from results the driving joint torque at each degree
of freedom has a greater value for the conventional manipulator design in
comparison to the proposed manipulator model. However, at the fourth joint
equivalent torque values can be observed for both manipulators as shown in Figure
7.11. This result due to the manipulators contain equal amount of mass after the
fourth joint that contributes for the joint torque. After the final joint there are no
actuator installed to the manipulator. As such joint torque at the fourth joint is
affected only by the mass of the third link, which is similar to the proposed
manipulator model. Thus, same value is obtained for the joint torque in both
manipulators at the fourth joint. Referring to the results it could be observed that
the proposed manipulator model is effective in minimising the driving joint torque.

Movereover the proposed model also incoperate bistable coupling
mechanisms for the joint actuation replacing the traditional actuation method
similar to the developed manipulator prototype. Therefore the proposed model
also incoperates the benefits of bistable coupling mechanism based actuation
approach similar to the developed manipulator protoype. Furthermore, the
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proposed design minimizes the cost due to the reduction of motors. Majority of
the conventional manipulators utlizes AC servo motors for the actuation of the
robot manipulators [212][216].The cost of a AC servo motor is relatively higer
that ranges from 1000 - 2000 US dollar [216][218]. However the estimated
cost of a bistable coupling mechanims is about 250 US dollar. Thus the proposed
design apparoach that uses underactuation method (reduction of the motors)
implimenting bistable coupling mechanism is also with the capability of reducing

cost apart from other advantages.

7.5 Chapter Conclusion

In this chapter the possibility of enhancing the developed manipulator prototype
presented in Chapter 5 is analysed by reducing the number of motors utilised. As
an improvement to the developed manipulator prototype introduced in Chapter 5,
a single motor tendon driven manipulator design is presented. The detailed design
and the operation principle of the proposed model are explained in this chapter.
Furthermore, dynamic model and the forward kinematics are also derived for the
improved single motor tendon driven manipulator model. The derived dynamic
model is utilised to highlight the significance of the enhanced single motor
manipulator design in reducing driving joint torques with comparison to
conventional manipulator design (motors are installed at each degree of freedom
for the actuation). The significance of the proposed model in reducing driving joint
torques was analysed via simulation studies. The simulation results have proven
the effectiveness of the proposed model in minimising joint torques with

comparison to conventional manipulator design.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions and Summary of Findings

This section depicts an outline of achievements and contributions of the work. The
research work is focused on the development of underactuated manipulator with
reduced driving joint torques incorporated with energy saving coupling mechanism.
The proposed design is with the capability of reducing driving joint torques and
reducing the number of motors utilised for the actuation. Furthermore, the bistable
electromagnetic coupling mechanism employed in the manipulator is with the capability
of providing an energy saving and safe coupling mechanism for underactuated

lightweight manipulators. Findings from each chapter are summarised as follows:

Chapter 1

This chapter introduces background study of designing of lightweight
manipulators. The chapter further presents general motivation, aims and objectives
of the research study. It could be observed from the literature that the conventional
actuation principle has been adopted in majority of the developed lightweight
manipulator designs. In the conventional approach, a dedicated motor allocated

for each joint for the actuation. Plurality of motors increase the mass of the
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system. Reduced use of motors (underactuated) have significant benefits over the
traditional actuation such cost reduction, compactness and reduced weight.
Integration of underactuated concept with the lightweight manipulator design
could merge advantages of underactuated concept with the lightweight manipulator
that enhances the design. Furthermore, majority of the underactuated systems
use electromagnetic clutches as coupling device. However electromagnetic clutches
consume electric energy throughout the operation. Therefore, additional energy is
required for electromagnetic clutches during joint actuation apart from the energy
required for the motors. Thus, designing of energy saving coupling mechanism is
also vital for the development of energy efficient underactuated lightweight

manipulator. These factors have become the main drive for this research.

Chapter 2

This chapter presents a literature review conducted on lightweight
manipulator designs. The literature study is performed on three main design
approaches namely designs based on tendon driven mechanisms, gear driven
mechanisms and modular mechatronic based designs. The design mechanism
constrains and the significance of each design approach are reviewed in this
chapter. Furthermore, the literature study presented in this chapter also illustrates

the future research trends in the field of lightweight manipulator design.
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Chapter 3

The research methodology utilised in the study is illustrated in this chapter.
The chapter provides an overview of the research activities performed at different
stages of the research study. To illustrate the sequence of the research activities,

a flowchart of the research methodology is also presented.

Chapter 4

In this chapter, design of the bistable electromagnetic coupling mechanism
for underactuated manipulator is presented. The bistable coupling mechanism is
with the capability of reducing energy consumption during the actuation of the
manipulator joints. The theoretical model is developed for two states of the
mechanism namely engaging and disengaging. The model is verified through
experimental tests. A good correlation was observed between the theoretical and
experimental results with percentage error of 11.8% and 10.9%.

For the analysis of the electric energy consumption, current and voltage
usage of the mechanism were measured experimentally. Results revealed that the
current and voltage are consumed only for 12 ms during the engaging and
disengaging of the mechanism. Furthermore, energy consumption of both the
proposed mechanism and the conventional electromagnetic clutch were measured.
The measured results revealed that the bistable coupling mechanism has utilised
270.336 ] less electrical energy with comparison to the electromagnetic clutch.

Experimental results have shown the significance of the proposed bistable
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electromagnetic coupling mechanism in minimising the electric energy consumption
with comparison to the traditional electromagnetic clutch.

Moreover, the proposed mechanism is with permanent magnetic bistable
design. Thus, proposed design can sustain the state (engaged/disengaged) of the
mechanism even without an electrical power supply. Therefore, the proposed
mechanism could maintain its current state even during sudden power failure
condition. As such the proposed bistable coupling mechanism is not only capable

of saving energy but also provides a safe coupling mechanism.

Chapter 5

Design of a tendon driven manipulator with reduced number of motors
incorporated with bistable coupling mechanisms is introduced in this chapter. The
chapter presents mechanical design and the operation principle of the proposed
manipulator. Development of kinematics and the dynamic model of the proposed
manipulator design are also illustrated in the chapter. Denavit-Hartenberg
convention is used for the computation of forward kinematics of the manipulator.
DH parameters were identified for the proposed manipulator prior to the
computation of forward kinematics. The computed DH parameters and the forward
kinematics are shown in the chapter. Lagrange approach is utilised for the
derivation of dynamic model of the manipulator. The developed dynamic model
could predict the torque requirement of each joint for the actuation. The model is
verified via experimental studies and the results are shown in Chapter 6. Good
agreement was shown between the experimental and theoretical results as

illustrated in the Chapter 6.
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Chapter 6

This chapter investigates the significance of the proposed manipulator
design in minimising driving joint torques and the energy consumption during joint
actuation of the manipulator. Theoretical and experimental studies were performed to
analyse the joint torques of the manipulator design. Good correlation was observed
between the theoretical and experimental results. The results obtained have
highlighted the significance of the proposed manipulator design in reducing driving
joint torques with comparison to conventional manipulator design.

In addition, the energy consumption of the proposed design during the joint
actuation is analysed experimentally in this chapter. Experimental studies were
performed to investigate the energy consumption of both conventional actuation
approach (electromagnetic clutch) and the bistable coupling mechanism based
approach during the joint actuation. The results revealed that the bistable coupling
mechanism based approach has reduced the energy consumption by 188 J and
144 J with comparison to the conventional (electromagnetic clutch) actuation
method. Thus, the results have shown the significance of the bistable coupling
mechanism based actuation approach in minimising energy consumption. The
experimental results have highlighted the effectiveness of proposed manipulator
design in reducing both driving joint torques and the energy consumption during

joint actuation.
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Chapter 7

In this chapter, further enhancement to the manipulator design presented
in Chapter 5 is proposed by reducing the number of motors incorporated. Single
motor tendon driven manipulator design is proposed as an improvement to the
developed manipulator design. The chapter includes detail design and the working
principle of the proposed enhanced manipulator design. Kinematics and the
dynamic model are also developed for the enhanced manipulator model. The
developed dynamic model is employed for the analysis of driving joint torque
requirement of the proposed manipulator model. The simulation results have
illustrated the significance of the enhanced single motor manipulator model in
reducing driving joint torques with comparison to the conventional manipulator

design (motors are installed at each degree of freedom for the actuation).

Conclusion

Manipulator design with reduced driving joint torques incorporated with
energy saving bistable coupling mechanism based actuation approach is examined
in this research study. The background study to the lightweight manipulator
design is presented under Chapter 1 of the thesis. This chapter also illustrates the
general motivation, aims and objectives of this research study. An in-depth literature
review is performed on the lightweight manipulator designs as presented in
Chapter 2. Future research direction and trends in lightweight manipulator design
are analysed under the literature review. Design of an energy saving and fail-safe
actuation mechanism is introduced for underactuated manipulators under the

Chapter 4. To evaluate the performance of the proposed mechanism theoretical
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and experimental analysis were performed. The theoretical model developed has
shown a good correlation with the experimental results. The experimental results
obtained for the current and voltage consumption illustrated that the bistable
coupling mechanism has utilised 270.336 ] less electrical energy with comparison
to electromagnetic clutch. The experimental results have highlighted the
significance of the proposed mechanism in reducing electric energy usage in
comparison to the conventional electromagnetic clutch. Furthermore, the
proposed bistable electromagnetic design is safe in operation compared to the
traditional electromagnetic clutch due to the permanent magnetic bistable design.
Hence the mechanism is unaffected due to sudden power failure. The reduced
electric energy consumption and fail-safe design make the bistable
electromagnetic mechanism a promising concept for underactuated lightweight
manipulators. In the Chapter 5, design of a tendon driven manipulator with
reduced number of motors incorporated with bistable coupling mechanisms is
presented. This chapter also presents development of kinematic and dynamic
model of the proposed manipulator design. Significance of the proposed
manipulator in reducing driving joint torques and energy consumption is analysed
under the Chapter 6. The manipulator design is with the capability of reducing
driving joint torques as the proposed actuation approach positions all the
components at the base of the manipulator. Experimental results have highlighted
the potential of the manipulator design in reducing the joint torques. Furthermore,
the energy consumption of the proposed bistable coupling mechanism based
actuation approach and the electromagnetic clutch based conventional actuation
method were analysed experimentally during the actuation. The experimental
results illustrated that the bistable coupling mechanism based actuation approach has

minimised the energy consumption by 188 ] and 144 ] with comparison to
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traditional electromagnetic clutch based actuation approach. The results have
proven the effectivness of the proposed actuation approach in minimizing energy
consumption with comparison to the traditional electromagnetic clutch based
actuation approach, which is widely implemented in underactuated manipulators.
Therefore, the proposed actuation method could be a promising actuation
approach for the reduction of energy consumption of underactuated manipulator
designs. In addition, research study introduces a novel single motor tendon driven
manipulator design with reduced driving joint torques in Chapter 7. The
significance of the proposed single motor manipulator design is analysed through
simulation studies. The results have highlighted the impact of the design in
reducing driving joint torque. Reduction of cost is also a vital aspect in manipulator
design. The single motor manipulator design offers additional benefits such as
minimization of cost and space required. This is due to the usage of underactuated
approach over traditional actuation method (motors are installed at each joint).
Therefore, the proposed design can be used to reduce the cost and achieve a

compact design apart from joint torque minimization.

8.2 Future Work

This section presents the potential future research directions based on the
developments in the project. Chapter 4 presented the development of a bistable
electromagnetic coupling mechanism. The time taken for the engagement and
disengagement of the bistable mechanism are observed to be 11.3 ms and 10.1
ms. These values of the proposed mechanism approximate the engaging and

disengaging time (12 ms - 20 ms) of the conventional electromagnetic clutches providing
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similar operation condition [219-221]. Moreover, from the analysis performed on
the current consumption of the mechanism in this chapter, it could be observed
that the current is only consumed during the engaging and disengaging of the
mechanism. Therefore, by considering further reduction of the engaging and
disengaging time, the energy consumption of the design could be further
minimised. As such, future research could be performed on the development of
bistable coupling mechanism on reducing the engaging and disengaging time of
the design. Moreover, future work can be conducted on the development of control
system for the proposed underactuated manipulator. For the development of the
control system significant study and extensive research have to be performed.
Furthermore, single motor manipulator design could be further improved
by increasing the number of joints (degrees of freedom) of the design maintaining
single motor actuation approach introduced. The increase of degrees of freedom
enhance the manipulator dexterity. Thus, future research work could be also
conducted on increasing the number of degrees of freedom of the single motor

manipulator design presented in Chapter 7.
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Appendix

The following section explains the dynamic model calculations of the further
enhanced manipulator model. The inertia matrix is 4x4 matrix. The inertia matrix

is obtained using the given below Equation (A.1).
4
M= Jhmiu + I A1)
i=1

Where J; is the link Jacobian matrix and J,; and J,; are the link Jacobian
submatrices. J,; represents Jacobian submatrix of the linear velocity and the j,;

represents Jacobian submatrix of the angular velocity.

The 14, 1,15 are the link length of link 1, link 2 and link 3 of the manipulator.
0., 65, 6; and 6, represents the angle value of joint 1, joint 2, joint 3 and joint 4

respectively. The computed Jacobian submatrices J,; are as given below:.

0 0 0 O

J,1 1S @ zero matrix. Referring to the DH parameters table of the manipulator
Table 1, it could be observed that a; is zero because base joint and the base frame

are on the same frame.

1 1
—2CSily —5CiSzl 0 o]

1,,2=|§c1c211 —281S:L 0 OJ (A.3)
1
0 _ECZZI 0 0
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1 1 1
[_551(2(:211 + Cy3l3) _§C1(25111 + S33l3) _5C152312 0]
1 1 1
Jvz = ! §C1czl1(2 + Cy3l3) _551(25211 + S33l3) _55152312 0| (A-4)
1 1
[ 0 Caly +5 Casly SCsly 0]
Jva =
1 1 1 1
[-s, (Czll + Ca3ly + ;C234l3) —C1(Saly + 811, +5S234l3)  —5GCy (2533l + S34l3) —;C1523413]
! Cy (Czl1 + Ca3ly + %C234l3) =5 (Szl1 + Sl + %523413) —%51 (252305 + S334l3) —%51523413 !
1 1 1
l 0 Caly + Cazly + Eczls Cazly + ;C23413 ;C23413 J

(A.5)

J»i Jacobian submatrices of angular velocity are computed for the proposed

manipulator as follows:

0 0 0 O 0 S; 0 0

]m:[o 0 0 0} (A.6) 1w2=[0 ¢ 0 0] (A.7)
1 0 0 O 1 0 0 0

, [8 S(l: S(l: 8] 0 S S S

w3 =0 =G — we =|0 —C, —C; —C

oo 0o (A.8)  Jor L G 4 01] (A.9)

The link / inertia matrix about the link’s center of mass with respect to the
link frames is computed using the Equation (A.10). The link / inertia matrix
about the link’s center of mass with respect to base frame is calculated using the

Equation (A.11).

(A.10)

I; = RY If (RDT (A.11)

m,, mg andm, corresponds to the mass of link 1 ,link 2 and link 3

respectively. The inertia matrices of the links 1, link 2 and link 3 about the centre
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of mass of the links with respect to the base frame are calculated using Equation

(A.10) and Equation (A.11) as following:
00 0 0
11=[0 0 0 ol (A.12)

1 1
l[ (51 + C1ZSZ YEm, 2 (=CiSy + G5 SP)Em, _ECICZSZl%mZ}

% —CyS; + 68,8, 7)Y Em, %(6‘12 +5,%8,2)3m, _1_12(:251521%7’”2 | (A 13)
| —5CGS,Bm, —=C,8,S,8m, =G lm, |
[ i(-slz +C,2(C3; + ,S3)P)5my i (_6151 + €181(C3S; + C;85)?) 3m; _iQ (€38 + C255)(C,C5 — S,85) 3m;
L= = (=181 + G151 (G55, + C,83)7) 3m, —(C 57 (CSy + GS)DBM; == 81(CsS, + €,85) (CC — 5253)l§m3|
l‘i@(@sz + C;85)(CoC5 = $,83)5ms - — 2 S1 (€38, + C255)(C2C5 — S,85) 3m; 1_12 (CoC5 = $,83)%l5m; J
(A.14)
b gtienty i e S
I i i
! ‘ I l
ﬁ[-(,'lSl{[-ClCi[CJ 140 0-Cl =Sy gLy Gy g -4 CJ-SQS})S'{)'I%” ﬁlcll+{-C;1§1[63§2H,';SJ)-R]{CQC}-SZSy”)ili%” ﬁ[ﬂi[ﬂjﬂl L=yt SR g by by bea g - g )Ji
Sty Ay Lyt T l{ci[ficl'si51)'[‘152*6291)31)213”’1
I 1 I
(A.15)

The complete 4x 4 inertia matrix of the proposed manipulator is computed
by substituting the Equations (A.2) through (A.9) and Equations (A.12) to (A.15)

into the above mentioned Equation (A.1):

M = M21 M22 M23 M24 (A16)

2
Mui= 11—2<4cOs[92]21§m2 + Cos[8, + 05]212ms + 12 (Sin[91]2 (Cosl, 11, +5Coslo, +6511,) +
%Cos[@l]ZCos[Qz]zlf(Z + Cos[6, + 93]12)2) ms + Cos[0, + 05 + 0,]%13m, + 3(2Cos[6,]l; + 2Cos[B, + 651, +

COS[HZ + 93 + 94]13)2").4) (A. 17)
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Mz = —chs[e2 + 851Sin[26,](—1 + Cos[6,]1,)1,(2Sin[6,]1; + Sin[6, + 65]1,)m; (A.18)

Mis = ——-Sin[26,]Sin[2(6; + 63)](—1 + Cos[0,]11)13m; (A.19)
M14 =0 (AZO)
Mzt = —§Cos[92 + 65]Sin[26,](—1 + Cos[6,]1,)1,(2Sin[6,]l; + Sin[6, + 65]1,)m; (A.21)

Mz, = %(3[1((:05[93 + 0,]L3m, + Cos[03]1,(ms + 2m)) + 2(3Cos[0,Imylymy + Bmy + 13(m; + 3m4))) (A.22)
Mzs = %(3[1((:05[93 + 0,4)l3my + Cos[B5]l,(m3 + 2my)) + 2(3Cos[04]lplsmy + 3m, + 13(ms +3my)))  (A.23)
Mas = %l3(3COS[93 + 0,]l; + 3Cos[0,], + 213)m, (A.24)
Ma1 = —==Sin[26,]Sin[2(6; + 65)](=1 + Cos[0,]11)13m; (A.25)

Maz = %(3[1((:05[93 + 0,4)l3my + Cos[B5]l,(m3 + 2my)) + 2(3Cos[0,]lplsmy + 3my + 13(m3 + 3my)))  (A.26)

Mas = < (3Cos[0]lplsmy + my + 3(ms + 3m,)) (A.27)
Mas = %l3(3COS[94]l2 +2l)m, (A.28)
M= 0 (A.29)
M= §l3(3c(>s[93 + 0,411 + 3Cos[0,]1, + 215)m, (A.30)
Mas = §l3(3cOs[94]l2 + 2l)m, (A.31)
Mi = Zl3m, (A.32)

The velocity coupling vector is computed using the Equation (7.14). The
partial derivatives of the manipulator inertia matrix given in Equation (A.16) is
computed to obtain the velocity coupling vector. The computed velocity coupling

vector terms are given from Equation (A.33) to Equation (A.36).

Vi = o (=203(168In[20,](m, + 3(m; +m,))0,6, + 6Cos[6,]Cos[6, + 85]13m;8, (Cos[6,]Cos[6, + 851Sin[26, 1, +
4Cos[6,]%(Sin[20, + 0518, + Cos[8,]Sin[8; + 65]185)) + 31,m5(8Cos[6,]2Cos[6, + 65]Sin[26,]67 +
8Cos[6,]2Cos[6,]6, ((—Sin[fs] + 3Sin[26, + 63])8, + 2Cos[8,]Sin[6, + 85]185) + Sin[26,]8,((Cos[f, — 85] + 3Cos[386, +
0,106, — 2Sin[26,]Sin[0, + 05105))) + 4(I2(—24Sin[2(0, + 65)]m,6, (6, + 65) + m3(3Cos[B, + 65]2Sin[26,]162 + (=5 +
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Vs

Va

3Cos[260,])SIn[2(6; + 65)]10, (6, + 05) + 3Cos[2(6, + 05)]Sin[26,](8, + 85)2)) — 8Sin[2(6, + 05 + 6,)]12m,0, (8, + 05 +
0,) — 241,1,m,0,(Sin[26, + 205 + 0,10, + Sin[20, + 265 + 6,105 + Cos[6, + 65]Sin[6, + 05 + 6,16,)) +

31, (—Sin[26,]12m; (8, + 65)((Cos[0; + 265] + 3Cos[36, + 265])6, + 4Cos[0,]Cos[2(6; + 65)]65) + 81, (—8m,6,(Sin[26, +
0510, + Cos[0,]Sin[0, + 85]105) + ms(2Cos[0,]Cos[8, + 85]Sin[26,]02 — 4Sin[6,]26, (Sin[26, + 65]0, + Cos[6,]Sin[6, +
05]05) + Sin[26,10,(Cos[26, + 8510, — Sin[6,]Sin[6, + 65105))) — 3213m,0,(Sin[26, + 65 + 6,10, + Cos[6,]Sin[6, + 65 +

0,1(0; + 6,)))) (A.33)

—(8SIn[2(6, + 05 + 6,)]3m,07 + Sin[2(6; + 05)]I3((5 + 3C0s[26, 1 )m; + 24m, )07 + 26, (8Sin[26,]m,0, +
3(8Sin[26,]m,0; + ms((8Sin[26,] + Cos[0,](~Sin[26, — 85] — Sin[20, — 26, — 6] — 2Sin[65] + Sin[26, + 65] +
6Sin[26, + 03] + Sin[26; + 26, + 6], + 2Cos[6,]2Cos[6,](Sin[6,] + Sin[36, + 265])12)8, + 2Sin[26,]Sin[26,]Sin[6, +
0,]a,05))) + 241,1;m,(SIn[20, + 205 + 6,162 — Sin[0,]0,(20, + 205 + 6,)) + 6a,(—Sin[2(6, +
0,)]12m,0, (Cos[20,]Cos[0,]0; + Cos[6,]Sin[6,]Sin[6,]65) + L, (ms ((Sin[26; — 03] — Sin[26; + 65] + 2Sin[26, + 65])0% —
2Sin[26,]Sin[6,]Sin[6, + 65]6,605 — 4Sin[05]65(20, + 65)) + 8m,(Sin[26, + 65162 — Sin[05]65(26, + 65))) +

41,;m, (Sin[20, + 05 + 6,167 — Sin[65 + 6,](65 + 6,)(20, + 65 + 6,)))) (A.34)

m,02 + Sin[2(8, + 65)]12((5 + 3Cos[26,)m; + 24m,)62 + 6Sin[0, + 65]121,m46, (2Cos[6,]2Cos[6,]%(2 + Cos[6, +
05]1,)8; — Sin[26,1Sin[26,]6,) + 31, (Sin[2(6, + 65)]13m;6, (—2Cos[26,]Cos[6,16; + Sin[26,]Sin[6,16,) +

813m, (Cos[6,]Sin[6, + 05 + 6,162 + Sin[65 + 0,]102) + 41,(4m,(Cos[0,]Sin[, + 85162 + Sin[05]62) +
m3(2Cos[6,]Sin[6,]2Sin[6, + 85162 + Sin[26,]Sin[6,]Sin[6, + 6516, 6, + 2Sin[05]62))) + 241,1,m, (Sin[26, + 264 + 6,162 —

Sin[6,10,(26, + 265 + 6,))) (A.35)

S15m, (SIn[2(6; + 05 + 0,)18:,67 + 31, (Cos[0,1SIn[6; + 05 + 6,167 + Sin[8; + 6,103) + 31, (Cos[8, + 65]Sin[, + 05 +
0,167 + Sin[0,](8, + 65)%) G Sin[0; + 05 + 0,115 (3Cos[6,]L; + 3Cos[, + 6511, + 2Cos[0, + 05 + 6,]1)m,02) +
G Lm0, (Sin[0; + 6,11, (20, — 65 — 0,) + Sin[0,11,(26; + 265 — 6,))) + G Lsm,85(Sin[05 + 0,11, 0, + Sin[6,]1,(26, + 26; —

0.))) + G Lma(Sin[6; + 0,1,0, + Sin[8,]1,(6; + 65))6, (A.36)

The respective gravitational vector is computed using Equation (7.15) and

the computed gravitational vector are expressed as:

G,=0 (A.37)

G, = 1/2 gm,l5Cos[0;, + 05 + 6,] + g(my + 1/2m3)1,Cos[6, + 65] + g(my + mg + 1/2m,) 1, Cos[0,]  (A.38)

G3 = 1/2 gmyl5Cos[f, + 05 + 6,] + g(my + 1/2m3)l, * Cos[6; + 65] (A.39)

G, = 1/2 gmyl;Cos[0, + 65 + 6,] (A.40)

Finally, the torque equations for the each joint are obtained by compiling

computed manipulator inertia matrix, velocity coupling vector and the gravitational vector.
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The obtained final torque equations are shown in Chapter 7 from Equation (7.16)

to Equation (7.19).
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