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Abstract

Abstract

Unlike conventional rigid-link robots, continuum robot, aso known as elephant trunk
and snake arm robot, has numerous numbers of degrees of freedom, which enables it
to be used for accessing confined places in many fields, e.g. minimally invasive
surgery, and safe robot/objective interactions, e.g. rapid handling. Up to now, most of
the researches are driven to develop two kinds of continuum robots, i.e. flexible and
rigid backbones, which can be structured with either small diameter but short length or
long length but large diameter. Further, according to the observation of this work, the
conventional flexible backbone has a twisting problem when bending in the horizontal
plane with end load, rendering a poor position control. Therefore, designing a ‘ slender’
continuum robot enabling to be employed in in-situ repair of gas turbine engine is still
a challenge, since it requires along length, small diameter, appropriate flexibility and

variable stiffness simultaneously.

In the research of this PhD thesis, two unique concepts of continuum robot designs
were proposed, i.e. double- and twin-pivot compliant joint constructions. By
employing compliant joints, the continuum robot was enabled to be built with small
diameter/length ratio, appropriate flexibility, stiffness, and minimised twisting angle.
Further, a variable stiffness system was developed in this research, which allows the
robot arm able to be articulated in a relatively low stiffness state and dramatically
enhance its stiffness in arelatively high stiffness state. With these features, this system
was able to be navigated into gas turbine engine (Rolls-Royce Trent XWB) and

activate inspection and in-situ repair tasks.

Since the new continuum robot concepts were introduced, the fundamental modelling
was developed for both design and control of the new structures. Firstly, position
kinematics models were developed: one for double-pivot construction deployed a new

derivation approach, which can simplify the procedure; the other for twin-pivot
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construction employed a two-sub bending plane model, due to unique construction of
the robot, which is different to the conventional method. Secondly, the actuation force
analysis was derived, enabling to cal culate the action force of an arbitrary section in a
multiple-section continuum robot with any bending angle. Further, buckling failure is
a major obstacle for designing the compliant joints, since flexible structure can
experience buckling. Hence, the analysis of compliant joint critical buckling load was
introduced for guiding the hardware design. Also, a general approach for deriving

Jacobian and stiffness matrix of continuum robot was presented in this work.

According to the concept and modelling of the new concepts, four demonstrators of
continuum robots were built and tested. Comparing with the conventional concept, the
double-pivot and twin-pivot concept can decrease the twisting angle by 67% and
98.6%, respectively. Further, in the machining trails, it has been proven that a three-
section twin-pivot backbone continuum robot can provide an appropriate stiffness,
control accuracy (x 1mm error for sweeping in any + 5° area in the work volume) and
repeatability (= 0.5 mm error in the whole work volume), enabling the system to blend
metal materials, eg. auminium and titanium, which are the materials widely
employed in aerospace industry. Next, a two-section variable stiffness system was
tested on this demonstrator and the TCP displacement caused by end load can be
decreased by up to 69%. Finally, accessing in gas turbine engines has been realised by
the final full length continuum robot (1266mm). It has been proven that the system has
an appropriate control accuracy to be navigated to reach the first stage of LPC (low
pressure compressor) of a gas turbine engine (Rolls-Royce XWB) by following a pre-

planned path.

Therefore, it can be concluded that the study of this PhD thesis provides a unique
continuum robot design concept, which can be utilised for in-situ repair of gas turbine

engine.
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Chapter 1

Chapter 1 Introduction

1.1. Background

As defined in Oxford dictionary, robot is aterm of “a machine capable of carrying out
acomplex series of actions automatically, especialy one programmable by a computer”
[1]. Generally, a robot generally has two main systems, i.e. mechanical and control
systems. The former conventionally comprises several mechanical elements (e.g. end
effectors, joints and links) and actuations (e.g. electrical, hydraulics or pneumatics
motors), performing variable tasks (e.g. transport, assembly, logistics, cleaning, etc.)
by the control of the later system, which mostly consisting of actuation controllers,
sensors and computers.

The appearance of modern robots can be tracked back to the last forties because of the
development of electronics; two decades later, robots started to replace humans in
performing repetitive and dangerous tasks in industry, such as metal products and
automotive industry. Further, the application areas of robots expanded to serve outside
of factories, e.g. hospital, space, ocean and cleaning. The robots developed in the last
fifty years can be divided into two broad categories: industrial and service robots [2,
3]. According to the definition of 1SO 8373 [4], the former one can be defined as “an
automatically controlled, reprogrammable, multipurpose manipulator programmable
in three or more axes, which may be either fixed in place or mobile for use in
industrial automation applications’. In this category, there are several sub-categories
classified by mechanical structure [5], including articulated [6], SCARA [7], linear [8]
and paralel robots [9]. Unlike industrial robots utilised for industrial automation
applications, service rabots perform useful tasks for humans or equipment [10], which
have a wider range of applications. According to different applications, these robots
can be classified as field (e.g. space [11], underwater [12, 13], aerial [14, 15], mining

[16, 17] and rescue raobots [18]), educational [19], medical [20, 21], inspection and
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maintenance [22, 23] and domestic robots [24] , etc. According to the latest survey of
IFR (International Federation of Robotics) [3], the total number of industrial robots
sold from 2006 to 2013 keeps increasing, expect 2009, since the economic and
financial crisis. In 2013, the sales reached the highest level ever recorded for one year,
which values up to US$9.5 billion. Regarding service robots, the total number of sold
units rose by 4% in the same period, which valued US $3.57 billion. And based on the
report of IFR, the market is expended to keep growing within the next 20 years.

From the mechanical point of view, most of the aforementioned robots share a similar
design principle, which comprises of several articulated rigid elements driven by
actuators. Advances of rigid robots have been revealed in terms of high stiffness, end
load carrying capability and precision. For example, a typical small industrial robot,
ABB IRB 140 [25] can pick up to 6kg end load with an good repeatability and
absolute position accuracy of 0.03mm and 0.35mm [26], respectively, which enables it
suitable for a wide range of applications, e.g. cleaning, spraying, material handling
and assembly [27]. Further, rigid-link constructions are a'so employed in most of the
existing service robots. For instance, iRobot (710K obra [28]) was equipped with a
two-link manipulator, which can carry heavy end loads (max 150kg), allowing it equip
with awide range of end-effectors for secure/defense applications, e.g. bomb disposal
and check vehicle inspections. Additionally, over the last fifty years, modellings of
conventional rigid-link robots with 2 to 6 DoFs have been well developed in terms of
kinematics, dynamics, path-planning, navigation and so on. These researches enable
rigid-link robots have a good performance (in terms of accuracy and repeatability) for
the applications in factories and service in many other fields. However, the rigidity of
the conventional robots brings some drawbacks for some specific applications, e.g. it
inevitably limits the accessibility for operating in hard-to-access environments and
also decreases the safety of human/object-robot interaction when cooperating with

humans.
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Over the last twenty years, a new brand of robots (continuum raobots, also called snake
arm or elephant trunk robots) has been created, which are characterized by flexible
and hyper-redundant structure. One main advantage of continuum robots over rigid
ones is their capability of accessing and operating in confined spaces; the other oneis
their ability to bump into things without causing damage to themselves or the other
party/object, which enables the robot perform safer human/object-robot interaction
with a compliance control algorithm. Due to these advantages, many researches
focused on developing small scale continuum robot system for medical applications,
like minimally invasive surgery (MIS). In last ten years, quite few companies have
been found and started to commercialize continuum medica robots to offer the market,
which has decreased diameters (generally less than 10 mm) and appropriate articul ated
lengths (generally less than 300 mm) for accessing to desired organs in human bodies
[29-31]. For example, Titan medical INC developed a dual-continuum-arm medical
robot, which can be inserted into the patient's body through a skin port of
approximately 25mm. The twin continuum robot can be equipped with variable end-
effectors, e.g. cautery hook and scissors for operating in desired areas. It can bring the
benefits for patients, e.g. quicker recovery, less pain and less blood loss and for
surgeons, e.g. improved precision. Regarding large scale of continuum robots, several
systems were developed, e.g. Festo elephant trunk, formed with fully flexible
construction, which can be utilized for safe rapid handling, however, the position
accuracy is not idea (approximately 15mm position error). Additionally, OC robotics
provides commercial hyper-redundant robots to the market, which have been
demonstrated able to be deployed for aircraft assembly and nuclear station inspection.
Researchers from both academia and industry show a great amount of interests on
developing continuum robots for new applications. However, comparing with
conventional rigid-link robots, the new brand of robots has its own disadvantages
including low stiffness and accuracy, which limits them to be constructed with long

lengths and reduced diameters, rendering it difficult to employ large scale continuum
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robot in highly constrained environments. This requires new solutions to enhance the

performances of the new kind of robots.

1.2. Problem definition

The main goal of this thesis is to design and build a novel continuum robot for the
application of in-situ repair of gas turbine engines (including inspection and
machining). With the need to reach the area of the low pressure compressors through
the front of the engine (Rolls-Royce Trent XWB), the robot needs to be featured with
multi-DoF at reduced dimensions (the tip diameter needs to be no more than 15 mm),
appropriate length (no less than 1200 mm) and stiffness (200g end effector needs to
be carried at the tip).

However, most of the existing systems are developed for their own specialized
applications, eg. MIS, arcraft assembly and safe rapid handling, which are
theoretically unable to be employed for the in-situ repair applications, because of the
following constraints:

1. One main limitation is the existing continuum robots do not have the
appropriate diameter/length ratio or flexibility * for delivering the end
effectors to desired positions in highly confined spaces (e.g. gas turbine
engine). For example, the medial systems are generally structured with small
diameters (down to 4mm [32]) but short lengths (up to 300mm [33]), which
are too short to reach the target position; while other systems [34] are
kinematically hyper-redundant and long (up to 3250mm) [35], but employs
rigid link/larger diameter pneumatic actuators as the basic unit of the arm,
which is difficult to access narrow spaces between the blades.

2. The other congtraint is that the stiffness of the existing systems cannot
support the reaction forces related to desired tasks, e.g. blade mechanica

blending. What is even more challenging, the stiffness of continuum robotsis

! Inthe thesis, flexibility refers to the bending capability of each section of continuum robot.
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inversely proportional with the length, but proportional with the diameter. For
decreasing the diameter/length ratio, the system dtiffness is inevitably
reduced, which renders low accuracy and no appropriate end effectors can be
carried.
Hence, a slender multi-degree of freedom continuum robots with appropriate stiffness
is needed to be developed so that in-situ repair/maintenance can be performed in
confined environments. With the development of new concepts of continuum robot,

scientific/academic challenges are expected to be addressed.

1.3. Objectives of this study

As a part of FP7 project MiRoR (Miniaturised Robotic systems for holistic in-situ
Repair and maintenance works in restrained and hazardous environments), a variable
stiffness continuum robot needs to be developed and combined with a walking-
hexapod system [36] for performing in-situ repair tasks. The aim of this thesis is to
develop a fundamentally novel continuum robot comprising an appropriate
diameter/length ratio continuum unit and a tubular variable-stiffness unit?. This unit
should be able to wave between engine blades to reach desired repair positions and the
variable-stiffness system allows the continuum robot have a proper flexibility to
navigate into/out from gas turbine engine and increase its stiffness (of particular

sections) when activating machining task. The specific objectives of this study are to:

- Propose novel concepts of the mechanism of continuum robots. This allows
the designer to design and manufacture a continuum robot capable to navigate
(section bending capability: 90 °) and carry active end-effectors (e.g. cutting
tools, up to 200g) in confined spaces,

- Develop kinematics models of the proposed multi-section continuum robots

for precisely controlling the system (including forward and inverse

2 |n this thesis, the variable stiffness unit is called rigidizing system. And the whole articul ated
unit, including the continuum unit and rigidizing unit, is called semi-rigid continuum robot.

5
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kinematics), since new mechanisms of continuum robot are introduced in this
thesis;

- Develop the methodologies of designing continuum robots: 1) obtain an
modelling approach for calculating actuation forces depending on number of
sections and their orientation angles; 2) investigate the models for buckling
force of the key element - compliant joint considering its geometry and
material property; 3) model and evaluate the section stiffness of the proposed
continuum robot;

- Design and build a variable-stiffness system (rigidizing system) for the
continuum robot. With the assistant of the variable stiffness system, the
continuum unit is enabled to take the reaction force when activating
machining tasks (e.g. blade blending) in the engine;

- Demonstrate a series of evolving concepts (from single to twin compliant
joints and from short to long structure) of continuum robots and evaluate their
performances measuring the accuracy and repeatability of the system and

demonstrate a precision blending repair on different materials.

1.4. Structure of thethesis

Chapter 2 provides a review on the exiting in-situ repair/maintenance technologies
utilised in the aerospace/nuclear industries and the designs of hyper-redundant robots;
this chapter also concludes with a detailed literature review from a wide range of
publications covering the key elements for developing a continuum robot including
mechanical designs, approaches of computing kinematics and variable stiffness
designs. Finally, research gaps/challenges for building a novel continuum robot are
identified.

Chapter 3 introduces the kinematics challenges and disadvantages of the existing
continuum robots. Further, regarding these disadvantages, two families of continuum

robot are presented, one employing two compliant joints connected in series in a



Chapter 1

segment (double-pivot compliant joint); the other one utilizing two orthogonal groups
of twin paralel elastic rods as compliant joint (twin-pivot compliant joint). Finally, a
stiffening approach is introduced, which renders the continuum robot have two states,
relatively low and high stiffness, enabling the robot bend all the sections freely in the

low stiffness state and perform machining in the other state.

Chapter 4 presents the forwards and inverse kinematics for both two proposed
families of design concepts. Moreover, with regard to the kinematic challenge
presented in chapter 3, an iterative approach is presented, so that the accurate inverse
kinematics can be obtained, which enables the continuum robot has precision position
control. Further, the cable tension for both families of continuum robots
configurations are analysed for validating the tension able to be maintained at a
constant value in arbitrary configuration. Furthermore, the method for calculating the
work volume of a multiple section continuum robot is developed and a three-section

case study is presented.

Chapter 5 covers fundamental analyses including the static actuation force, joint
buckling, Jacobian and stiffness. The auction force analysis of an arbitrary sectionin a
multiple-section continuum robot with a random bending shape is presented. Secondly,
the method for calculating the critical buckling load of the compliant joint is derived,
which is utilized for guiding the compliant joint designs of the physical demonstrators.
Further, the Jacobian of multiple-segment section is investigated, so it allows the
stiffness of the multiple-segment section to be analysed. The simulation validations of

the analyses are presented at the end of this chapter.

Chapter 6 details the design of four evolving concepts of prototypes, which employs
different concepts introduced in chapter 3. By comparing the mechanica
performances of these prototypes (2™ and 3™ ones), an ‘optimal’ concept is selected to

build the final prototype and the design of this demonstrator is presented. This chapter
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also introduces two variable stiffness system designs by employing the concepts

proposed in chapter 3.

Chapter 7 introduces the trials undertaken on the four demonstrators. The first
demonstrator was setup to evaluate the backbone material and according to the tests,
the super-elastic Nitinol is determined to be utilised for the following prototypes.
Further, the second demonstrator is utilised to validate the concept of double-pivot
compliant joint and the navigation strategy: the tip-following algorithm. Furthermore,
the trial results of the third prototype are presented, including position accuracy,
repeatability, twisting angle and machining test. Regarding the forth system, the

physical system are finished and under testing.

Chapter 8 discusses the conclusion of this research work, emphasising the
contributions of this thesis and the future work that could support further development

inthe field.
1.5. Highlights and contributions

1.5.1. New concepts of continuum robot and variable stiffness system

1. Two families of novel continuum robot concepts were proposed (Chapter 3),
i.e. double- and twin-pivot compliant joints construction. The concepts are
different from the existing continuum robots in having unique compliant joints
connection, enabling the system to simultaneously have a small
diameter/length ratio, a great flexibility (bend capability) and an appropriate
stiffness, thus it can be utilised for in-situ repair applications.

2. The twisting problem of conventional flexible continuum robots (Chapter
3) was identified from experiments. The designs employing the proposed
concepts in this research can decrease the twisting angle by up to 98.6%

(Chapter 7).
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3. A novel variable-stiffness concept utilisng thermoplastic material was
developed (Chapter 3), which can be integrated with continuum units,
rendering a conventional continuum robot into a variable stiffness one.

4. Four prototypes of continuum robots were designed and built (Chapter 6). In
the machining trails, it has been proven that three-section twin-pivot backbone
continuum robot can provide an appropriate stiffness, control accuracy (+
Imm error for sweeping in any = 5° area in the work volume) and
repeatability (x 0.5 mm error in the whole work volume), enabling the system
to blend metal materials, e.g. aluminium and titanium, which are the materials
widely employed in the aerospace industry. (Chapter 7). Accessing in gas
turbine engines has been realised by the final full length continuum robot
(1266mm). It has been proven that the system has an appropriate control
accuracy to be navigated to reach the first stage of LPC (low pressure
compressor) of a gas turbine engine (Rolls-Royce XWB) by following a pre-

planned path. (Chapter 7)

1.5.2. Modélling

1. Two kinematics models for two families of new continuum robot design
concepts were developed (Chapter 4) by using an algebra approach and a
combination method of geometry approach and D-H parameters, respectively.
The kinematic models are modular, allowing their application to a wide range
of double/twin-pivot continuum construction, which were presented in this
PhD thesis.

2. A novel approach for evaluating the cable tension was introduced for
verifying the tension force capable to be maintained at constant value in

arbitrary configuration of the continuum robot (Chapter 4).
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3. The work volume was analysed to evaluate the reachable capahility of the
continuum robot when activing machining capability by considering the
geometry limitation and compliant joint material yield (Chapter 4).

4. A general approach for calculating the static action force of an arbitrary
section in a multiple-section continuum robot with a random bending shape
was developed by considering end load, weight of robot, cable tension, force
for bending flexible backbone, and the interaction from distal sections' cables.
It was utilised to direct the action system design, particularly to the selection
of the motors (Chapter 5).

5. Joint bucking limits the load carrying capability of elastic construction in the
longitudinal axis. The method of calculating the critical buckling load for
compliant joint was introduced in this thesis for guiding the design of the arm
(Chapter 5).

6. A genera approach for computing Jacobian and stiffness of the proposed
continuum robots were investigated to evaluate the compliant joint design in

terms of section stiffness (Chapter 5).
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Chapter 2 Literature Review

2.1. Introduction

There are nowadays a large number of robots servicing in variable fields across the
world, which can be mainly divided in two broad groups, i.e. industrial and service
robots®. For in-situ repair aero-engines, a service robot needs to be developed, which
requires a reduced diameter and long length with a relatively low stiffness when
navigating in a cluttered environment and a relatively high stiffness when acting a
machining task. It can be found that severa off-the-shelf technologies (employing
industrial robots or specialist tools) have been employed for repair and maintenance in
some sectors of industry, e.g. energy industry and aerospace. However, the existing
devices are limited by their DoFs and rigid construction, which disables them to be
deployed for the applications in constrained spaces. In the last thirty years, especially
last two decades, a new kind of hyper-redundant robots (continuum robot) has been
developed, which demonstrated its potential for working in confined spaces [32, 34,
37]. In this chapter, a wide range of literature review about design and kinematics of
continuum robots is provided to identify the challenges of developing a robot for in-
situ repair. Further, a research of the existing technology was made to figure out the
research gaps for developing an adjustable stiffness mechanism to enable a continuum

robot have dual stiffness states.

2.2. An overview of availablein-situ repair/maintenance technologies

Maintenance and repair is critical in some key fields of industry, such as energy,
aerospace, marine and other sectors which are directly related to safety [38, 39].
Failing to maintain in good order installations can lead to serious accidents, which can

cause large casualty and financial loss [40, 41].

% A service robot performs useful tasks for humans or equipment, e.g. mining, medical surgery,
equipment repair and maintenance.

11
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There are awide range of off-the-shelf technologies and systems employed to perform
the maintenance and repair tasks in these fields [42, 43]. However, since that the
constructions of some working environments are very complex (e.g. gas turbine
engines), the conventional approach needs to disassembl e the system to allow the end-
effectors (e.g. inspection and/or cutting tools) reach the target position, which can lead
alarge additional expenditures:
e For example, for repairing a gas turbine engine, about 10% of the fotal cost is
spent to take it off the wing; the loss in revenue when grounding an aircraft is
ca. $100,000/day .
e Inenergy industry, the cost of removal and reassembly of a generetor isca.
$250,000 for fossil fuelled plants and ca. $400,000 for nuclear plants; the loss

in revenue for anon-operational plant can amount to €500,000/day.

Figure 2-1 Available conventional in-situ repair tools: (a) repair of injection pump landing surface on a
diesel engine [42]; (b) Laser cladding by an industry robot arm [43]; (€) industrial invasive tooling [44].

In order to minimise the cost, the delivery system & end effectors that can access
cluttered environments and perform repairs & maintenances with requiring less/no
disassembly (in-situ repair/maintenance), need to be developed, so it can reduce the
consumption of operation time and financial cost significantly.

Conventionally, the solution is to utilise job-customized tooling to execute single in-
situ tasks, as shown in Figure 2-1(a). The disadvantage of this approach is that the
design is bulky, requiring big operation space and rendering it dfficult and
inconvenient to handle. Further, more advanced multi-axis systems have started to

emerge, which have more degrees of freedom for more complex tasks (Figure 2-1 (b)).
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But they are dtill over-sized and lack of flexibility for operating in cluttered
environments.

For in-situ repair/maintenance in confined spaces (e.g. gas turbine engine), up to now,
invasive tooling is employed in most cases, as shown in Figure 2-1(c). Through an
accessing hole in the side of the engine, it can reach the desired area and inspect/repair
the cracked compressors. However, it cannot cover a wide range of repair &
maintenance works as the delivery system is lack of degrees of freedom, which limits
its reachable range in complex environments.

It can be seen that the existing technologies are lack of degrees of freedom and
compact design for in-situ repair/maintenance, which limits the accessing and

reachabl e capahility of the systems in restricted environments.

2.3. Review of redundant robots

A kinematically redundant manipulator can be defined as the mechanism which is
constructed with more joints than those strictly required to reach a specified position
[44]. Generally, atask for serial robots operating in open space requires max 6 DoFs,
hence, arobot arm with seven or more jointsis considered as atypica redundant robot.
The kinematic redundancy provides the robot with increased dexterity, so it enables
the robot end-effector can reach a target position with variable orientations and have
better capability for avoiding obstacles in cluttered environment (e.g. avoiding
collisions with other robots or equipment in a small operation ared). Severa
prototypes have been presented and proven them have a great potentia to be
employed in complex and hazardous environment, such as space station [45] and

surgery operation [46].
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2003

Figure 2-2 A group of seria redundant robots: (a) DLR lightweight robot I11 [47]; (b) Mitsubishi PA-10
Robot [48]; (c) Dexter arm [49];

As shown in Figure 2-2(a), DLR lightweight robot 11l consists of seven joints and the
joints are actuated by motors which are integrated in each link. It has been
demonstrated in some applications, such as picking & handling objects with a robot
hand and inserting a piston into motor block. Further, it is planned to be utilized on the
space station for repair and maintenance operatians in the future. Figure 2-2(b)
illustrates Mitsubishi PA-10 robot (7 DoFs), which has similar construct on with the
previous robot. The researchers made considerable efforts to develop more efficient
algorithm for path planning of redundant robots [48, 50]. Furthermore, Dexter arm, a
8-DoF seria robot, is designed for assisting to disabled and elderly people in their
daily life environments [49]. For articulating each link, steel cables are employed to
transmit the actuation from the motor (located on the base) to the joint. Due to this
design, weights of the links are notably decreased, but it makes the mectanical drive
system quite complex.

Comparing with the conventional 6-DoF robot, redundant robot has several significant
advantages, such as more dexterity in the workspace. However, most of the designs
are structured with more articulated links and the motors are integrated in each link,
making the system physically bulk, which limits the accessibility of the robot in
constrained spaces. Further, the redundancy renders the inverse kinematics complex

[51], since there are more than one solutions for the inverse kinematic to execute a
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task. Hence, the best one needs to be determined from these solutions based on a
method, such as path planning/torque/ error optimization [48, 49, 52-54], which
requires longer time to compute. However, for operating in highly restricted
environment (e.g. gas turbine engine), the robots need more degrees of freedom than

the conventiona redundant robots.

2.4. Review of continuum robots

Continuum robots, also known as hyper-redundant, snake arm and elephant’s trunk
robots, unlike conventional redundant / non-redundant rigid-link robots, can feature a
curvature shape with a large number of degrees of freedom [55]. Due to their unique
flexibility (bending capability), continuum robots can reach the places that are usually
inaccessible for other robots and/or hostile for human beings. Hence, continuum
robots can be utilised for operations in highly constrained environments, such as in-
situ repair of a gas turbine aero-engine and surgery interventions. In the following
sections, two key factors, i.e. mechanical designs and kinematics of continuum robots,

will be discussed in detail.

2.4.1. Design of continuum robots

In general, continuum robot consists of a backbone (to support the structure if it is
rigid; to enable the bending movement and support the structure if it is flexible), joints
(utilized to alow the bending movement), actuation cables (to articulate the
construction and keep the stiffness of the system) and disks (constrain the actuation
cables). For minimizing the size and weight of the arm, most of the designs locate the
actuators on the base of the robot and the actuation power is transmitted by actuation
cables/pneumatics tubes to each link. Further, variable end effectors, such as grippers
and camera, can be mounted on the tip of the robot for different applications, such as
medical surgery [32] and maintenance in nuclear power station [56, 57].

According to the backbone designs, al continuum robots can be divided into two

broad categories:
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¢ Rigid backbone continuum robots: single/multiple joints (universal/spherical
joints) are utilised to connect rigid backbones in one section®:

o Flexible backbone continuum robots: flexible rod/tubes or pneumatics tubes
are employed as backbone, which is made up of materials capable to generate
high elastic displacements, such as super-elastic NiTi or rubber.

In the following sections, the designs of continuum robots are discussed in two

categories, ‘rigid backbone’ and ‘flexible backbone’, respectively.

1) Rigid Backbone Continuum Robots (RBCR)
In the group of RBCR, the system generally consists of multiple rigid sections, which
are connected by R/U/S joints (revolute/universal/spherical joints). And each of the
sections is constructed with single/multiple segments [34, 37, 58, 59].
According to actuation methods and location of mechanical actuation, all rigid
backbone continuum robots can be classified into two sub categories [60]:
¢ Rigid backbone continuum robots with ‘extrinsic’ actuations: extrinsic
system uses remote actuations, which generally locate on the base of the
system and the actuation power is transmitted into the mechanism via cables.
¢ Rigid backbone continuum robots with ‘intrinsic’ actuations: In anintrinsic
system, the actuators (micro motor/pneumatics) are located in each section
Separately.
A) Rigid Backbone Continuum Robots with Extrinsic Actuation
There have been numerous prior attempts to create a rigid backbone continuum robot
with extrinsic actuations. The origin concept of continuum robot can be generaly
traced back to the creation of tensor arm manipulator in the late 1960s. The concept
(Figure 2-3 (a)) was presented and patented in 1967 [58, 61]. In this design, the arm

has several multiple-segment cable-driven sections. Each section can feature an arc

* The length between two adjacent disks is termed a segment; the length between two terminate
segments is classified as a section; the terminate segments are where the actuation cables are
attached (Figure 2-3(a)).
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shape by pulling actuation cables which are attached to the terminate disk of this
section, alowing the arm generate a complex curvature shape. A physical system
(Figure 2-3 (b)) employing this ideawas developed in 1999 [37] . U joints are utilised
for connecting the disks and four evenly spaced springs are attached to the adjacent
disks for making every segment has the same stiffness, so the section can have an
evenly bend (it can be also understood as the springs passively reduce hyper-DoFs of a
section to two, so two actuators can operate it). The prototype is 838mm in total length
and four sections range in diameter from 101.6 mm, 88.9 mm, 76.2 mm, and down to
63.5 mm for the tip section. Two pairs of cables are employed for actuating each
single section, and a pulley system is designed for keeping constant tensions of the

actuation cables.

S o]

Uy

Fig.1

@ (b)
Figure 2-3 A series of rigid backbone continuum robot with U joints: (a) the tensor arm manipulator;(b)
elephant’ s trunk robot;

Since this robot employs a number of joints, it is flexible and suited for both obstacle
avoidance and safe human-robot interaction, comparing with conventional rigid link
robots. However, the drawbacks of these prototypes are poor position accuracy (the
error of the elephant’s trunk robot is approximately 10~20mm, it can befound from

the experiments presented in [62, 63]) and low payload carrying capability (in the
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experiments [63, 64], a football and plastic rod were grasped) , which are caused by

the following reasons :

(): Theoretically, evenly bending of every section is the basic assumgtion for the
kinematics analysis and control [65-67]. It requires identical springs to be employed
for making every segment have equal stiffness, so each section can generate an even
bending. However, practically, due to the manufacture and assembly errors of springs
and other elements, the stiffness of each segmen: cannot be the same, accusing

unevenly bending of the sections which leads to poor position control accuracy.

(ii): The factor limiting the payload carrying capability is the buckling of the
articulated arm [68]. Specifically, the force for pulling the actuation cables generates a
high load aong the length of the arm, which can buckle the joints of the continuum
robot. By the constraint of the actuation cables, a section with single U joint can take
relatively large buckling load, due to the relatively rigid construction; for a section
employing multiple U joints and a number of springs, buckling load mainly depends
on the stiffness of the springs, causing it much lower than a single U joint section.
Therefore, the concept which employs one U joint for single section is able to be
utilised for heavy duty industrial application. Figure 2-4(a) shows a eleven-section
continuum robot which can access through a small opening for the job of inspecting,
swaging and sealing inside the wing box [69]. A similar system was utilised for

cleaning and inspecting the cutting head of atunnel boring machine [70].

(b)

Figure 2-4 (a) Continuum robot for aerospace assembly [69]; (b) continuum robot for maintenances of

tunnel boring machines [70];
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Further, universal joint can be also replaced by spherical joint, as shown in Figure 2-5.
Elastic elements, such as rubber and spring, are needed to be integrated wih the joints,

which makes the bending angle of single section evenly distributed over every joint.

Figure 2-5 (a) Concept of spherical joint integrated with rubber layer [71]; (b) concept of spherical joint
integrated with spring [72]; (c) continuum robot developed by Beihang University [73];

Figure 2-6 (a) illustrates a design of a continuum rabot connected by revolute joints,
which was developed for nuclear reactor maintenance. Since the axes of the revolute
joints are all parallel, the arm can only work in one plane with three DoFs, i.e. two
trandations and one rotation. Similarly, a steering mechanism (Figure 2-6(c)),
employs multiple parallel revolute joints in single section; two NiTi rodsare coupled
in the system along the backbone, which play the same role with the elagic elements
(spring/rubber) used in the aforementioned multiple-segment section robots. Figure
2-6(b) presents a continuum robot connected by rolling joints and Teflon flexures
(elastic element). And the revolutejoint is arranged to be perpendicular tothe adjacent

one for generating two DoFs rotation.
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Figure 2-6 Severad rigid backbone continuum robots: () CT Arm [57, 59, 74, 75]; (b) a stiffness-
adjustable hyper redundant manipulator [76]; (c) steering mechanism [77];

According to these examples, the conventional design is generally utilising revolute/
universal /spherical joints to connect rigid links with elastic elements for evenly
distributing bending angle of each section aong the longitudinal direction. However,
massive humber of motors are needed for the actuation (one actuation per section [59];
two actuations per section [37, 64, 76]; three actuations per section [34, 71, 73, 78]),

which cause the actuation system heavy and bulky.

Apart from the aforementioned designs, a novel rigid backbone continuum robot
(HARP, as shown in Figure 2-7(a)), was developed in 2006, which has a different
working principle comparing with other continuum robots. As shown in Figure 2-7(b),
the design consists of two concentric continuum robots. The inner and outer
mechanisms are separately connected by spherical oints and actuated by one cable
and three cables, respectively. By pullingfreleasng the actuation cables, both

mechanisms can aternatively switch between rigid or soft state. In particular, by
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acting a large amount of forces on the actuation cables, the mechanism can be locked
by the friction between the disks; while the mechanism can move freely, when the

large amount of forces are realised.

Figure 2-7(c) illustrates the working procedure of this system: assuming the system
start with both inner and outer mechanisms as rigid (step @). The outer mechanism
turns to be flexible and orientates to a desired direction. In this step, the system
maintains most of its shape (except the tip disk of the outer mechanism) because the
inner oneisrigid (step b). Further, the outer mechanism becomes rigid; then the inner
one switches to soft state and next advances till it reaches the same configuration of
the outer mechanism (step c). By repeating the procedure (steps d-f), the system can
follow an arbitrary three-dimensional curve with min four actuators, which
significantly decreases the weight of the actuation system, simplify the arm design and
enhances the obstacle avoid capability. However, this design needs an appropriate size
of the rigid link to generate enough friction to lock the mechanism for a particular
length. It means the diameter of the arm need to beincreased when build along arm

with this concept.

(©
Figure 2-7 Continuum robot HARP (a) the prototype [33]; (b) two concentric continuum robots

construction of HARP[79, 80]; (c)working principle of the mechanism[79];

21



Chapter 2

Figure 2-8 shows a 20-DOF continuum robot which is 1.8 meter in length and 0.2
meters in diameter. The whole arm is driven by a motor located on the base of the
system. The actuation power is transmitted by the rotational motion of a group of
central shafts to each section. All the central shafts are coupled togsther which
performs as a universal joint, as shown in Figure 2-8(b). Specificaly, each shaft chain
is connected by a number of hinge joints, which can rotate relative to the hinge hole
and aso dide back and forth, so it alows the pivot points of al the hinges to be
maintained in this same plane and the hinges bends in the same direction Hence, the
joint mechanism can generate two DoFs as a universal joint. For bending sach section
independently, the bending mechanism of each secton engages and disengages with
the power transmission shaft by electromagnetic clutches. The unique design
decreases the weight of the actuation system remarkably. However, each section has to
integrate an independent electromagnetic clutches and bending system, making the

robot arm quite complex and the size difficult to miniature.

‘ﬁ p sheeve
motion \

input

hinge bar motion output

pin roll

@ (b)
Figure 2-8 Single Motor Driven Hyper-Redundant Manipulator: (a) the prototype [81]; (b) the mechanism
of specia universa joint [82];

In terms of rigid backbone continuum raobots with remotely located actuations, many
practical applications have been demonstrated, incuding aerospace assembly [69],
tunnel boring machines maintenance [70] and surgical device [76, 77, 79]. In the

future, they may be deployed for more operations requiring high end load carrying
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ability in large scale confined spaces, e.g. nuclear reactor maintenance, because of

high stiffness and long slender shape comparing with other continuum robots.

B) Intrinsic Actuation (Motor/SMA)
In this sub-category, the mechanism is generally constructed with riigid backbone and
actuated by micro motor or other approaches, e.g. shape memory adley (SMA) and
pneumatics, which are located in the arm. The specific designs will he described

separately based on different actuation approaches.

In 2010, a five-DoF continuum robot (i-Snake) was presented (Figure 2-9 (a)), which
is actuated by micro motors located in rigid links [83]. The articulated arm is 12.5mm
in diameter and 124 mm in length. Two universal jonts are serially located at the tip,
and one revolute joint is arranged at the tail of the arm. Figure 2-9(b) shows the
specifications of the joint design: ring gear (3) is actuated by micro motor shaft (1),
which transmits the power to rotation platform (7) by cables (4). Hence, element 7 can
be rotated about axis Y. The advantage of micro motor actuated system is good

portability, distal dexterity, and enhanced manijpulation accuracy and stability [84].

] i The rotation
T Platform

\

X ~
SN~ Cables

1 Ring Gear and motor shaft

(b) ©
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(d) (e
Figure 2-9 i-Snake robot (a) the demonstrator of i-snake [83]; (b) schematic of the bending mechanism
[84]; (c) mechanism of the universal joint [84]; (d) the JPL Serpentine Robot [85]; (€) Medusa [86];

The serial link configuration is also employed in several other prototypes, which
makes a remarkable impact in inspection, undersea/ground searchi and “escue tasks
[85-90] (Figure 2-9 (d) & (€)). Additionally, another widely utilised configuration is
composed of multiple parallel kinematics mechanism connected in series (Figure 2-10
(@ & (c)). As shown in Figure 2-10(b), the 3-DoF section is constructed with three
RSR legs (R-revolute joint; S- spherical joint), each of which is attached to the base
via a revolute joint driven by a motor. Figure 2-10(d) illustrates another prototype
employing paralel link configuration as the mechanism for single section, which
makes use of universal joints for connecting adjjacent sections and pneumdic actuators
for generating 2-DoF rotation. Comparing with serid link configurations, parallel link
configuration continuum robots have better stiffness, accuracy and stability. However,
this design cannot be miniaturised easily, since the ectuations are located intrinsically
in the arm, which takes a relatively large space comparing with other actuation

approach, e.g. cables.
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(d)
Figure 2-10 (a) A novel hyper redundant robot arm [91]; (b) section mechanism of thearm [91, 92]; (c) a
pneumatic driven elephant's trunk (TAK) [93]; (d) section mechanism of TAK [94];

In terms of actuations, an alternative approach is to use shape memory aloys (SMA),
which is an aloy which can be trained to ‘remember’ a shape and returns to its
remembered shape from a deformed shape when heated [95]. As shown in Figure
2-11(a), a SMA-actuated continuum robot was developed and presentad in 20009.
Figure 2-11(b) illustrates the design in detail: two antagonistic SMA wires are brought
into service in each revolute joint for generating a 1-DoF rotation; at the initia
position, SMA wires are bent to the desired shape in advance to keep the links straight;
when activating one SMA wire, the wire is heated and then it recovers its remembered
straight shape; as a result, the link will be pushed by the actuated SMA wire, which
leads to a rotation of the link. Moreover, a simila concept is used in the 2-DOF

steerable cannula, as shown in Figure 2-11(e).

@ (b)
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Figure 2-11 (a) Robot MINIR [96]; (b) working principle of singlejoint [97]; (c) the prototype of BRAID
[98]; (d) one parallel section of BRAID; (€) a 2-DOF cannula prototype [99, 100];

Figure 2-11 (c) illustrates a continuum robot made of a serial chain of paralel sections
actuated by SMA wires. The detail of single section design is given in Figure 2-11(d).
Since NiTi wire contracts when electrically activated, a pair of oppositely located
wires is deployed for rotating the middle revolute jaint of each leg. Employing SMA
as actuations can make the design compact, lightweight and portable. However, the
drawback at the present time is poor accuracy and stability of the sysem, mainly

because the ratio of strain to temperature is nonlinear making it difficult to control.

According to awide range of literature review, it can be concluded that rigid backbone
continuum robots generally have the advantages of better dexterity and accessibility in
crowd environments, comparing with conventional rigid link robots and good
stiffness, simple kinematic model, good accuracy and stability, comparing with other
types of continuum robots. Based on these advantages, they have lbeen deployed for
the operations in large scale confined spaces, e.g. tunnel boring machines maintenance
and aircraft wing assembly. However, since the backbone elements ae rigid, the

human-robot interaction is less safe than flexible backbone continuum robot, which
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limits it to be utilised in the applications directly related to human safety, eg.

minimally invasive surgery (MIS).

2) Flexible Backbone Continuum Robot (FBCR)

Flexible backbone continuum robots, as the names suggests, utilise elastic materials
(elastic rob or pneumatic actuator) as the backbone, which can obtain continuously
bending shape. According to actuation methods and location of mechanical actuation,
all flexible backbone continuum robots can be aso classified into two sub category:

‘extrinsic’ and ‘intrinsic’ (the same with the category of FBCR).

A) Extrinsic actuation
In the early works, steel spring/flexible coupling was deployed for generating a true
continuums bend. Figure 2-12(a) and (b) illustrate two systems constructed with
spring backbones. In 1997, a 3 meter long robotic manipulator (EMMA) (using
flexible couplings as the joints) was developed and demonstrated for inspection and
remediation of high level radioactive waste in waste storage tanks [56, 101] (Figure
2-12 (c)). Another early prototype, KSI tentacle manipulator [102-104], employs two
serial connected pneumatic actuators as the backbone, and each section is controlled
by three cables (Figure 2-12 (d)). It was utilised for nuclear decontamination of a hot
cell by vacuuming radioactive detritus from the floor. These designs demonstrated
good capabilities of flexibility. However, the spring-like backbone makes it difficult to
estimate/control the length of the arm, since the varying actuation force along the
longitudinal direction compress the backbone to variable lengths in the process of

operation, which leads to poor accuracy and stiffness [105].
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Figure 2-12 (a) A curvilinear continuum robot [106]; (b) elephant trunk type elastic manipulator [107]; ()
EMMAT manipulator; (d) KSI tentacle manipulator;

This problem can be easily solved by employing incompressible elastic rods as
backbone, such as super elastic NiTi /spring steel rod. A large number o prototypes
have been built based on this concept. In particular, a series of super elastic NiTi (e.g.
ASTM F 2633) backbone continuum robots has been presented since 2004, which can
be described as “continuum-style” segmented backbone designs (Figure 2-13 (a)). In
these designs, one NiTi rod is located at the centre of the arm and mounted with the
disks as the main backbone. Another three NiTi rods, instead of cables, are
symmetrically placed around the backbone for transmitting the actugion power.
Spring steel backbone continuum robots were also designed for kinematic study [108-

110] and rapid handling [111] (Figure 2-13 (b) and (c)).
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@ (b) (c)
Figure 2-13 (a) Flexible surgical continuum robot [112]; (b) Clemson tentacle manipulator [108]; (c)
Bionic Tripod 3.0 [111];

Apart from the previous concepts, a concentric-tube robot was presented, which
utilizes three concentric pre-curved NiTi tubes as backbone (Figure 2-14 (a)). All the
tubes are pre-curved to different curvatures, which can extend and rotate axially with
respect to one another. The shape of each section is dominated by those tubes retracted
inside it. Specifically, since the outer and inner tubes have different curvatures, when
they are in the same direction, the curvature of the combined configuration can be
formed between two tubes (Figure 2-14 (b)); when they are in the opposite directions,
a straight configuration can be obtained. Due to the novel actuation solution, this
system has small diameter (1.6 mm) and high dexterity, but no load is claimed to be

ableto take at thetip.

Combined —_

(b)
Figure 2-14 (a) Concentric pre-curved tube robot [113]; (b) the working principle [114]
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Flexible backbone continuum robots with extrinsic actuations, especially super-elastic
NiTi backbone, have great flexibility and small dimensions in diameter, alowing it
have an appropriate ability to access small scale cluttered environment and safer
human-robot interaction, comparing with RBCR. According to these features, most of
the continuum robots employed in MIS take flexible backbone desighs for their

hardware.

B) Intrinsic actuation (Pneumatics hydraulics)
This type of continuum robots typicaly farms the backbone from its
hydraulic/pneumatic actuators [105], which can be considered as pure continuum
backbone. The concept couples triple hydraulic/pneumatic actuators as one section to

generate three DoFs (one-trandation-DoF, two-rotation-DoF) by adjusting the

pressures of the actuators.

Figure 2-15 (a) Flexible Microactuator (FMA) (b) AMADEUS phase | prototype gripper [115] (c) array
of fin mechsnism with mutiple hydraulic continuum actuators

30



Chapter 2

The first demonstrator employing this concept, flexible Micro actuator (FMA), was
presented in 1991(Figure 2-15 (@)). This system demonstrated a great flexibility and
dexterity, but the challenge was precise control for accurate operations. By combining
several bespoken 3-DoF continuum manipulators, a flexible gripper can be
constructed with passive compliant fingers to avoid damaging complex geometry
objects by inevitable positioning inaccuracies when grasping [116]. In 1994, a three-
flexible-finger gripper was developed for subsea applications [117], as shown in
Figure 2-15(b), because of the bespoke reason and its simplify of design. Then, it was
used to build a fin biomimetic propulsion mechanism by employing an array of
parallel arranged hydraulic continuum actuators for man-made underwater vehicles.
Unlike the conventional propulsion, e.g. propeller, the fin mechanism can generate a
nature wave by moving in coordinate, bringing the advantages of minimal sediment
disturbance (improving the visibility when working close to the seabed) and smooth
moment in the water [118, 119]. Also, larger scale of continuum robots were also
suggested able to be formed by connecting multiple 3-DoF continuum manipulators in

serial [118].

Since 2006, a series of OctArm continuum robots (Figure 2-16 (a) & (b)) has been
developed, which utilised the aforementioned concept. Each section generally
integrates three independent pneumatic actuators. Single section can extend/extract by
equally adjusting the air pressure of the actuators in this section; while the orientation
can be modified by applying different pressures to the actuators. In particular, the four
sections of OctArm IV (Figure 2-16 (@) range in diameter from 40 mm (the base two
sections) and down to 34 mm for the fina two sections. Further, the vertical loading
capability of arm is 90 N at the end. This alows the arm handle relatively heavy

object, such as alarge piece of wood and traffic Cone [120].

In 2010, FESTO utilised the same concept to build a pneumatic flexible trunk for

handling assistant, which can generate larger longitudina movement and bending

31



Chapter 2

angle (Figure 2-16 (c)). The arm is 0.75 m length (maximum extension: 1.1 m) and
able to handle 500 g weight at thetip. According to the same working principle, some
other designs are built in small size (Figure 2-16 (d) & (€)), which is suggested for the

surgical applications.

ueisissy Suipuey djuolg

(b) ©
Figure 2-16 A group of pneumatic continuum robots (8) Octarm 1V [120]; (b) Octarm VI [121] ; (c)
FESTO elephant trunk [122, 123]; (d) Instrument for keyhole surgery actuated by McKiboen actuators
[124]; (€) MALICA [125];

In summary, as we discussed in this section, variable continuum robot designs have
been seem from the previous works. The designs can be divided into two main

categories:

¢ Rigid backbone continuum robot: single/multiple joints (universalispherical
joints) are utilised to connect rigid backbones in one section;

¢ FHexible backbone continuum raobots: flexible rod/tubes are employed as
backbone, which is made up of materials capable to generate high elastic

displacements, such as super-elastic NiTi or rubber.
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It can be seen that single rigid link was employed as one section for most of large-
dimension continuum robots. However, it limits the flexibility and accessibly of the
robot for some applications. Hence, a solution was developed to enable more joints to
be coupled in single section, which integrates elastic material into the joint mechanism
in order to passively reducing hyper-DoFs of a singles section to 2 DoFs. Most of
small scale ones developed in recent years generaly takes flexible backbone as
support constructions. This design can bring many advantages, e.g. better accessibility
and safer human-raobot interaction. But the disadvantage is that flexible backbone has
lower stiffness and it is more difficult to control, which makes it hard to take large end

load, comparing with rigid backbone continuum robots.

Finaly, Technology Readiness Levels (TRL: a method of estimating technology
maturity of Critical Technology Elements (CTE) of a program during the acquisition
process) of the continuum robot research are discussed. Specifically, TRL is based on

ascalefrom 1 to 9 and the description of each level is presented in Table 2-1.

Table 2-1. TRL in the continuum robot research

TRL Description
1 Basic principles observed and reported
2 Technology concept formulated (e.g. patent)
Analytical and experimental critical function and/or characteristic proof of
> concept
robot prototype validated in laboratory environment (e.g. prototype tested in
’ mock up environment)
5 robot prototype validated in relevant environment
6 robot prototype demonstrated in arelevant environment
robot prototype system prototype demonstration in operational environment
! (e.g. surgical continuum robot demonstrated in surgery on animals)
8 Robot system complete and qualified
9 Robot system proven in operational environment(e.g. surgical continuum robot
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demonstrated in surgery on human)
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Table 2-2. Summary of the existing continuum robot prototypes

Actuation

Backbone Robot Name Y ear Features

L ocation

Rigid
backbone
Continuum

robot

Extrinsic

actuation

Tensor arm

) 1967 | Figure 2-3(a) Mutiple U joints per section
manipul ator [61]
Elephant’s Trunk Mutiple U joints per section + four springs coupled in ever
* 1999 | Figure 2-3 (b) piet P i Pring _ P Y
[37] segment (8 DoF); diameter/length ration:0.10;
OC robotics[34] | 2007 | Figure 2-4 (a) Single U joint per section (22 DoF); diameter/length ration: 0.04;
OC robotics[70] | 2014 | Figure 2-4 (b) Single U joint per section (24 DoF); diameter/length ration: 0.05;
Snake-Arm Robot _ Mutiple Sjoints per section + rubber dick located between two
2012 | Figure2-5(c) ) _ ) _
[73] adjacent disks (6 DoF); diameter/length ration: 0.11;
CT ARM-I [59] | 1992 | Figure 2-6(a) Single R joint per section (11 DoF);
A stiffness-
adjustable hyper _ Mutiple R joints per section + Teflon flexur e intergrated
2014 | Figure 2-6 (b) i .
redundant between two adjacnt joints (4 DoF)
manipulator [76]
Steer Mutiple R joints per section + two super elastic NiTi rod
eerin
J 2000 | Figure2-6(c) intergrated along the backbone (2 DoF); diameter/length ration:

mechanism [77]

0.16;
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two concentric continuums construction which can generate

HARP[79] 2006 Figure 2-7 _ _ _
Arbitrary curvature (3 DoF); diameter/length ration: 0.03;
Single Motor
Driven Hyper- _ . . . .
2003 Figure 2-8 20 DoF driven by single motor ; diameter/length ration: 0.11;
Redundant
Manipulator [81]
) . Serial configuration: Micro motor coupled in every articulted
i-Snake [84] 2010 | Figure2-9 (a) _ _ _
link (5 DoF); diameter/length ration: 0.03;
The JPL . N - .
) ) Serial configuration: 2-DoF joint actuated by miniature motors
Serpentine Robot | 1995 | Figure 2-9 (d) _ ] _
(65 located in the arm (12 DoF); diameter/length ration: 0.04;
— Serial configuration: a spatial hyper-redundant robot constructed
ntrinsic
Ut Medusa [86] 2006 | Figure2-9 (e) by four 3-DoF joints (miniature motor intergrated in the arm; 12
actuation
DoF); diameter/length ration: 0.06;
anovel hyper N . . .
_ Parallel configuration: a chain of mutiple 3-RSR mechanism
redundant 2012 | Figure2-10 (a)

robot arm [91]

connected in series (motor; 15 DoF)

TAK [94]

2013

Figure 2-10 (c)

Parallel configuration: a serial chain of parallel section driven by

pneumatic actuators (12 DoF)
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Serial configuration: 6 DoF continuum robot acutaed by the bend

MINIR [97] 2011 | Figure2-11 (a) force of piars of antagonistic pre-bent SMA wires;
diameter/length ration: 0.13;
] Parallel configuration: aseria chain of parallel section driven by
BRAID [126] 2001 | Figure2-11 (b) ) )
the contraction force of SMA wires when heated
A steerable _ Serial configuration: 2-DoF cannula actuated by the bend force
2012 | Figure2-11(c) o _
cannula[99] of two antagonistic pre-bent SMA wires
acurvilinear
continuum robot | 1983 | Figure2-12 (a) Spring-based backbone
[106]
Elephant trunk
Flexible type elastic 1999 | Figure 2-12 (b) Spring-based backbone
backbone | Extrinsic | manipulator [107]
continuum | actuation | Flexible surgical o . _
_ ] One main NiTi rod as backbone; another three NiTi rods /section
robot continuum robot | 2004 | Figure 2-13(a) o _ _ )
(127 for transmitting the actuation power; diameter/length ration: 0.15;
The Clemson . . -
_ One main spring steel rod as backbone; three cables/section for
tentacle 2002 | Figure 2-13(b)

mani pulator [109]

transmitting the actuation power;

37




Chapter 2

Bionic Tripod 3.0

r111) 2011 | Figure 2-13(c) Four spring stedl rods as backbones
Concentric pre- ] o
_ three concentric pre-curved NiTi tubes; the shape of each
curved tuberobot | 2006 Figure 2-14 o ) ] o
(113] section is dominated by those sections retracted inside it
_ Three independent pneunamtic actuators per section for
Figure 2-16(a) _ _ _
Octarm [128] 2005 & (b) controlling the length and orientation of the system,;
diameter/length ration: 0.16;
FESTO elephant _ _ _
2010 | Figure 2-16 (c) The same as Octarm; diameter/length ration: 0.33;
o trunk [122]
Intrinsic
) Instrument for
actuation
keyhole surgery
actuated by 2011 | Figure 2-16 (d) The same as Octarm;
McKibben
actuators [124]

MALICA [129]

2004

Figure 2-16 (e)

The same as Octarm; diameter/length ration: 0.25;

*The TRL level presented in this table represents Author’ s opinion;
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2.4.2. Kinematics of continuum robots

Kinematics studies the relation between geometry and movement of multi-degree of
freedom kinematic chains that form the structure of robotic systems. The purpose of
forward kinematics (FK) analysis is to calculate the configuration (i.e. position and
orientation) of robot TCP with given actuation displacements (e.g. radial displacement
of motor and linear displacement of linear actuator). In comparison, inverse
kinematics (1K) determines the actuation displacements for a known position of robot

TCP.

In order to precisely control a multi-section continuum robot to reach a desired
position, two levels of IK are needed in genera. The first is from task space to
configuration space of each independent articulated unit, which calculates the shape
and orientation of each section with the given TCP position [130, 131]. The second is
from this configuration space to joint/actuation space, which computes the actuation
displacements (e.g. lengths of cable, flexible rods or pneumatic actuations) for each
section to reach the desired configurations [62, 65, 66, 108, 132]. In contrast,
regarding forwards kinematics (FK), the TCP position of continuum robot can be
obtained from configuration space of each section, which is determined by the

displacement of actuations.

1) Forward kinematics
In the previous works [65, 133], constant curvature of single bending section is the
most fundamental assumption for the kinematics analysis. Based on this assumption,
two most wildly exploited approaches of forwards kinematics are expressed in this

sub-section.

A) Denavit—Hartenberg Approach
In this approach, D-H model is built by utilising ‘virtual rigid link’ connected three

joints (universal joint, prismatic joint and universal joint) to describe the curve [62,
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134]. As shown in Figure 2-17(a), the transformation from one end ©of the curve to the
other can be divided into four steps: first, rotate the bending plane to the desired
direction (from coordinate O to 1 ); then, the vector tangent to the curve a the end is
rotated to orientate to the tip of the curve (point O') by avirtual revolute joint (form
coordinate 1 to 2); next the vector is trandated to the tip by a virtwal prismatic joint
(from coordinate 2 to 3); finally, the vector is rotated to be normal to thetip plane of

the curve by another virtual revolute joint (from coordinate 3 to 4).

0 i

(b)
Figure 2-17 (a) D-H coordinates for single section curve (b) geometry approach for the sngle section
kinematics

Let the length of a section (the curve) be S. Bending and direction angles are denoted
aspand¢ , respectively. Hence, D-H parameters of a single section are given in Table

2-3, which can bewritten intermsof S, fand¢ .

Table 2-3. D-H parameterstable for single section of a continuum robot

Link (0] d r o
1 ¢ 0 0 712
2 -p12 0 0 —rl2
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3 0 2-S/B-sin(B/2) 0 712

4 -p12 0 0 -rl2

Further, according to D-H parameters, the transformation matrix for single section can

be obtained in Eq.2.1 [135].

cos(g)cos(B) —sin(¢) cos(¢)sin(p)

S- cos(g) - (1~ cos(B)) |
B
S-sin(¢) - (1 cos(B))

sin(¢)cos(8) cos(¢)  sin(¢)sin(B)

T= s 2.1)
_sn(g) 0 cos(p) %”‘ﬂ)
0 0 0 1

This approach is first presented in [62], and utilised in the following researches [64,

67, 134].

B) Geometry approach
Comparing with the D-H approach, the geometry approach is more direct to describe a

single section movement. It can be considered as rotating pointO at bending angle 8

about vector v (S/, 0, 0) in plane XOZ , thus the tragjectory of the point is a curve of

the section; then rotating the curve at direction angle ¢ about Z-axis, as shown in

Figure 2-17(b). Hence, the orientation and position of the tip of the section can be

derived as;

T:[Rz(¢) O}Fy(ﬁ) p} (22)

Where p = [% (1- cos( 3)),0, %sin(ﬁ ); Ry(B)is the rotation matrix with respect to
vector ¥V (S/8,0,0); R, (¢)isthe rotation matrix with respect to Z axis.

Finally, substituting the details into Eq. 2.2 gives the same result with Eq.2.1. This

approach is also widely used in the previous works [133, 136, 137].

41



Chapter 2

In spite of these two main approaches, there are severa other methods, such as Frenet-
serret frames (differential geometry) [67] and integral representation [131], developed
for FK, which can obtain the same results with the aforementioned approaches.
However, comparing with DH and geometry approaches, these two methods are more

complex and hard to understand.

2) Inversekinematics
Since variable actuation approaches were utilised for articulating continuum robots, an
approach of IK for each specific type of actuation was developed. Cable and
continuously bending actuations (e.g. flexible rods and pneumatic actuators) are two
of the most widely used actuation approaches, thus, inverse kinematics for these two
types of actuations are discussed in detail in the following chapter. Here, the first level
of 1K for continuum robots is not discussed in detail, since it is not in the scope of this
thesis; while the second level of IK (from configure space to actuation space) is

discussed.

A) Inverse kinematics for cable actuations
As discussed in previous part of this chapter (2.4.1 design of continuum robot), three
or four cables are generally utilised for articulating a single section, which are equally
spaced about the central longitudinal axis. In most of the previous works [134, 135],

the following procedure was employed to derivate IK:

e Project the cables to the bending plane of the section;

e Calculate the cable lengths on the bending plane according to the
configuration parameters (e.g. bending and direction angle, section length and
diameter);

Here, a simplified derivation of inverse kinematics for three-cable driven continuum
robots is presented as an example (Figure 2-18(a)). Specifically, section length and

PCD of cable-guide holes are S and d, respectively. Let bending and direction angles

42



Chapter 2

be B and¢, respectively. The centre of the base plane is attached to the origin of

coordinate XY Z. Cable one is on axis X and all of three cables are equally spaced by

120° axidly.

Cable 3

Caﬁe1

Cable 3

(b)
Figure 2-18 Schematic of conventional kinematic model (a) a three-cable driven section model; (b) top
view of thetip plane; (c) side view of the bending plane

Since point O and O’ are located at the centres of the base and tip planes, respectively,

the magnitude of vector 00" can be described as:

0Ol=2.5 . gn?
‘OO =2 5 sm(2) (2.3)
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As shown in Figure 2-18(b), the magnitudes of vectorso_’)Pl' ,o7|32' and O?IDS’ can be

- - bd 4
obtained as, which are the projections of vectors oc;,0'c; and o'c; on vector OO' :

07;31’ :%-cos(¢>)
~.| d pi
O'P;| =—-cos(—
2=5 S( 3 +¢) (24
-, d pi
O'R;|=—-cos(——
375 S( 3 )

As shown in Figure 2-18(c), the projection of vector o7p1' on vector o0, h,, can be

expressed as:

_)
h=OR,

-smg) (25)

Hence, the length of cable 1,11, can be written as:

-

=|00"

l, =

—dhsmg) (26)

Likewise, the lengths of the other two cables, cable 2 and 3, can be obtained as:

@2.7)

Therefore, IK for a three-cable section of a continuum robot is derived. The
kinematics for four-cable section can be considered in a very similar procedure to the

derivation above.

B) Inverse kinematics for continuously bending actuations
Another widely utilised continuum robot actuation is composed of actuations which
can be bent continuoudly, e.g. flexible rods and pneumatic actuator. The only

difference between these two types of actuations is that the cable is straight, while the
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continuously bending actuators are curved. It features a slightly different kinematics

solution, which can be derived in the same procedure, as shown in Figure 2-19.

Figure 2-19 Side view of .t.he. bénding plane oi‘ athree-continuously bending actuator section

Hence, the lengths of cable 1, 2 and 3 can be expressed as:

S lon

= E—OF’lﬂ-ﬁ
S e

I, = E—O’Pz’}ﬂ (2.8)
S |~

3= E_o 3}‘[3

In summary, the assumption of constant curvature of single bending| section is applied
for both forward and inverse kinematics for most of the methods. Based on this
assumption, kinematics of continuum robots can be divided into two levels, i.e. oneis
the mapping between task and configuration spaces, the other is between
configuration and actuation spaces. For FK, Denavit-Hartenberg and geometry
approaches are utilised by majority of the previous works. Further, some other
methods, e.g. Frenet-serret frames and integral representation were also employed in
the previous researches for calculating FK of continuum robots. Regarding IK, the
actuations are projected on the bending plane to simplifying the 3D probem to a 2D

one, which makes the derivation very easy and the solution very straightforward. This
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approach can be applied on most of cases, eg. cable actuations and continuous
bending actuations. Apart from these methods, concentric continuum robot has its own
for calculating its FK and IK. However, since it can just be utilised to this particular

design, it is not discussed in detail .

3) Jacobian
Jacobian is important and heavily used throughout robotics and control theory.
Jacobian matrix can be calculated by differentiating with respect to time of the

forward position kinematics equations:
v, =Jq (2.9)

Where v, is the spatial velocity of the end-effector; qis an N-dimensional vector

composed of the joint velocity.

According to the Jacobian matrix, the velocity of the continuum arm can be obtained

and the force/torques applied on the robot joint (actuators) can be described by:
t=J"f (2.10)
Where f isthe force and torques acting on the end-effector.

Kinematics of continuum robots are divided into two levels. One is studying the
relation from task space to configuration space of each independent articulated unit,
which calculates the shape and orientation of each section with the given TCP position;
the other oneis from this configuration space to joint/actuation space, which computes
the actuation displacements for each section to reach the desired configurations.
Therefore, the research of continuum robot Jacobian has also been studied in these two

levels.

With regard to the first level kinematics, the end-effector configuration can be

obtained by the positions and orientations of all the section:
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T, =TT,T,---T, (211)

Where T, is the orientation and position matrix of the end-effector; T, (i =1, 2, to n; n

is the number of section) is the orientation and position matrix of each section.
Therefore, the Jacobian can be descried by differentiating both sides of the previous
equation. By utilising the first level of Jacobian, the end-effector velocity can be

obtained, based on the given bending and direction velocities of sections [138].

Since the second level kinematics describes the relation from configuration space to

actuation space, the Jacobian can be calculated by differentiating the section position
matrix (e.g. Eq. 2.6 and 2.7), which is in terms of cable lengthsl,,|,, |, and section

parameters (S, r) [134, 139]. According to the second level of Jacobian, the section
velocity can be described by given actuation velocity (e.g. speed of linear actuator,

velocity of pneumatics actuator).

Therefore, the Jacobian of continuum robot has been obtained.

2.5. Review of adjustable stiffness systemsfor continuum robots

Continuum robots have been investigated by many researchers for industrial [69, 70,
140], medical [32, 141], and security applications [86-88], due to their unique features
and advantages: high flexibility, high dexterity, obstacle-avoidance capability and so
on. However, compared with rigid link robots, the main drawback of continuum
robots is low stiffness, which limits the capability for carrying efficient end load/force.
In order to overcome this drawback, some solutions for enabling the backbone have
adjustable stiffness been developed, which alowing continuum robots move freely
when in a relatively low stiffness state and lock the arm when in a relatively high

stiffness state.

Firstly, the research started to make use of the phase-change material to obtain
variable backbone stiffness property. One widely utilised approach is to use granular

material, such as dry sand, to lock/unlock the backbone mechanism by applying
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negative pressure [142-144]. In particular, ground coffee was deployed to fill the
inside space of spring-based backbone. By applying a vacuum to sgueeze grains via
the chamber, the grains switch from liquid-like state to solid-like state, which makes
the backbone has controllable backbone stiffness (Figure 2-20 (a)). However, this
approach requires a relatively large volume for reaching an appropriage stiffness,

making it difficult to be miniature.

Further, Electro-rheological (ER) fluids were exploited for novel variable stiffness
worm robot (Figure 2-20 (b)). By applying an electric field, ER fluids can transform
into ‘gel’ phase from the liquid-like one. Based on this concept, each section of worm
robot can be blocked at an arbitrary configuration when a voltage appliel. However,
the drawback of this concept is that high voltage (500V) and large voume of ER

fluids need to be applied for blocking alarge scale construction [145].

Figure 2-20 (c) illustrates a more efficient approach, based on the phase-change
material. In the worm robot, solder-alloy mixture is integrated into joint mechanism,
which can be thermally activated to selectively “lock™ or “unlock” the joint, thereby

modulating the overall robot stiffness [146-148].

Tube fittings
on end caps |\ Outer latex membranes

Tension cables x 4

Inner springs  Entire cavity filled
Spooler motors x 4 with ground coffee

@
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—~— T

Selectively activated
joints to achieve —
complex geometry

©

Figure 2-20 Adjustable stiffness solutions based on phase-change materia: (a) jamming of granular media
[143]; (b) innovative soft robots based on electro-rheological fluids [145]; (c) thermally activated joint
(solder-based locking mechanism) [147];

Apart from phase-change material concepts, the other main approach is to control the
friction between rigid links for varying stiffness [149]. As shown in Figure 2-21(a) &
(b), the friction is controlled by adjusting wire tension, so the mechianisms can switch
between rigid and flexible modes rapidly. But due to the fact thiat the stiffness is
depended on the friction which is determined by the size of the contact area between
the adjacent links, thus, the links must be large enough to sustain the load and generate
enough friction to lock the system. Hence, it is difficult to create a long and compact

manipulator based on this approach.

More recently, a novel approach is presented which utilise “layer jamming”
mechanism to obtain variable stiffness [150]. Figure 2-21(c) illustrates the backbone
of a “layer jamming” continuum robot consisting of multiple coupled ribber layers,
which is wrapped by latex rubber skin. The friction between layers can be enhanced
significantly by applying vacuum pressure, so it renders the backbone become rigid.
But the mechanism still needs a large contacting area between layers for generating

appropriate friction to interlock the elements of the backbone.

@

49



Chapter 2

(b) (©
Figure 2-21 Various Stiffness mechanisms (a) Retroflex [149]; (b) HARP [33]; (c) lawyer jamming
mechanism (negative air pressure) [150];

Another mechanical ‘rigidizing' solution is to employ interlocking mechanism, which
can generate greater ‘locking’ force. Figure 2-22 illustrates the construction details of
two designs. Both of them utilised a toothed link to lock the mechanism, which can be
controlled to engage/disengage pneumatically.

Sealed cover

S b Enlarged view

Seale cover Toothed
Atmospheric pressures
links
md B

Internal vacuum
Snace

Inter lock
Bellows tube

"Atmospheric e
pressure Scale-like link  Sealed cover

Atmosghcric grcssure

’ Flexible mode | l Rigid mode }

(b)
Figure 2-22 Rigidizing solution based on mechanical interlocking mechanism (a) prototype A [151, 152];
(b) prototype B [153, 154];

~

In summary, severa efficient solutions have been developed, whichi can ke divided in

to two main categories:
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e Phase-changing materials: granular material, Electro-rheological (ER) fluids
and thermally activated material (e.g. solder-alloy mixture)
e Mechanica approaches: pneumatic and mechanical locking mechanism (e.g.
cable locking and toothed link mechanisms).
However, it seems most of them require a relatively large volume for generating
enough stiffness, making it difficult to miniature. Among these solutions, the approach
of thermally activated material seems more promising, since it can provide a better
stiffness when it gets cold, alowing to build an adjustable stiffness at a reducing
dimension. However, it needs to identify a lightweight material which can switch
between rigid and soft states at a low temperature (between 40° and 100°). And the
material needs to provide efficient stiffness in rigid state and be redlly flexible in the

soft state.

2.6. Opportunitiesfor Future Research

During the last thirty years, the researches made a significant contribution on the
development of continuum robots in design, kinematics, and application. However,
comparing with conventional rigid link robots, there are still some challenges needs to

be addressed, which are discussed in the following part of this chapter.

1) Design of continuum robots

As we discussed in Chapter 2.4.1, variable continuum robot designs have been seen
from the previous works. All the designs can be divided into two main categories, i.e.
rigid and flexible backbones. It can be found that most of large scale continuum robots
employed rigid backbone (single rigid link/section) as supporting construction, since
its good stiffness and accuracy. However, this construction limits the flexibility and
accessibly of the arm, making it difficult to be employed for highly constrained
environments, e.g. gas turbine engine. A solution, which integrates elastic material
into the joint mechanism in order to passively reducing DoFs of a singles section to

two, was developed to enable more joints to be coupled in single section, making each
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section more flexible and have better accessibility. However, most of small scale ones
developed in last decade generally takes flexible backbone, especialy elastic rod and
pneumatics actuator, as support construction, which is very promising for working in a
confined space, since flexible constructions can bring many advantages as better
accessibility and safer human-robot interaction and so on. But comparing with rigid
backbone continuum robot, it has less stiffness, limiting it to be utilized for building a
long dender continuum robot (the max length of the existing flexible backbone
continuum robot with efficiently accuracy is 1.1meter, but the diameter is larger than

300mm [122]).
In summary, there are some challenges still remaining:

e A solution for constructing along flexible backbone continuum robot with a
reduced diameter, an appropriate stiffness and end load carrying capability
needs to be found, which requires the design have the advantages of rigid and
flexible backbone designs simultaneoudly.

o A relatively large amount of force needs to be acted on the backbone for
carrying an appropriate weight of end load, which brings the challenges of
avoiding buckling of flexible backbone and requires enhancing the joint
stiffness.

2) Design of an adjustable stiffness system

Comparing with conventional rigid link robots, continuum robots generally have
better flexibilities as an advantage for accessing a crowed space, but less stiffness as a
drawback for carrying appropriate end load and control accuracy. Therefore, severa
adjustable stiffness methods were considered for enabling continuum robots have a
relatively high stiffness for taking reaction force/torque and a relatively low stiffness

when moving.

The approaches can generally be classified into two broad groups, i.e. phase-change

material and mechanical locking mechanism. Among these solutions, the approach of
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phase-change material seems more promising, since more stiffness can be provided

with arelatively small volume. However, the following research gaps need to be filled:

A lightweight material which can switch between rigid and soft states at alow
temperature (between 40° and 100°) needs to be identified, so it requires less
power for melting the material and allows the melt material get rigid above
the room temperature;

A material needs to provide efficient stiffnessin rigid state and be really
flexible in soft state, so it does not require a large actuation force to articulate

continuum robots in the low stiffness state.

3) Modelling

The kinematics of continuum robots (forward and inverse kinematics) has been quite

well developed since numerous approaches were presented in this field. However, the

following challenges are remaining:

New kinematics model maybe needs to be developed for new designs. Further,
since continuum robot is generally constructed with multiple sections, it
requires the kinematics model for a new construction to be simple and precise,
in order to reduce the computing time to enable real-time control for a hyper
redundant robot;

Since the actuation transmission mechanism of distal sections, e.g. cable or
elastic rods, influences the shapes of the proximal ones, it requiresto be
considered in kinematics model.

The models considering external effects on the kinematics, such as gravity and
end load, have been built. But it includes additional complex computation, so

it also needs some simple models for ssimplifying the cal culation.

Further, dynamic modelling is also a very active research area. Various methods of

dynamics have been developed [110, 155, 156] . However, most of the researches

require complex computation. In the future, they need to be more efficient and stable
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for real-time application. In summary, each of the aforementioned factors is offering

an opportunity for the new researching aress.
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Chapter 3 Innovative concepts of continuum robot design

Continuum robots have been demonstrated in several critical areas, like minimally
invasive surgery [32, 113] and security [140], and also show the capability for the
potential application in industry, such as aerospace assembly [69] and
inspection/repair in power station [57]. However, there are some disadvantages of the
existing designs limiting continuum robots to be utilised in more applications. In this
chapter, the drawbacks of the existing continuum robot systems are summarized and
presented. Further, regarding the disadvantages, several new concepts of continuum

robot designs are introduced.

3.1. Disadvantages and challenges of the existing continuum robot
designs

In general, continuum robots consist of backbone (rigid backbone: support the
structure; flexible backbone: enable the bending movement and support the structure),
rigid universal or spherical joints (utilized to allow the bending movement), cables (to
actuate the construction) and disks (to constrain the cables). The critical parameters of
continuum robot design are diameter/length ratio, flexibility, stiffness and actuation
approach, which are discussed in the following part of this chapter. Further, the
kinematics challenge of continuum robots with single central located flexible

backbone is presented in this chapter.

3.1.1. Flexibility and stiffness

The flexibility determines the obstacle avoidance capability of continuum robots. For
rigid backbone continuum robots, the flexibility is determined by the number of joints
(universal or spherical joints) in asingle section. Due to the degrees of freedom (DoF)
of a single section (2 DoF), rigid backbone continuum robots can only employ one
universal joint (2 DoF) in single section [69, 70], as shown in Figure 3-1 (a). The

solution for employing multiple rigid joints in single section is to utilize springs or
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other elastic material (Teflon flexure/rubber) to make al these joints have the same
stiffness so that the section can be bent evenly [37] (it can be also understood as the
springs passively reduce hyper-DoFs of a section to two, so two actuators can operate
it), as shown in Figure 3-1(b); nevertheless, these designs cause the continuum robot
to be bulky / low stiffness, which makes it difficult to access confined places / carry
appropriate weight end effectors. For flexible backbone robots, due to the elastic
property, the whole backbone performs as an elastic universal joint, resulting in
continuous bending of a single section. Therefore, it allows continuum robots to be
designed light-weight and small size, Figure 3-1 (c), thus having great obstacle
avoidance capability in cluttered environment [32]. However, the long flexible
backbone leads to low stiffness and hence, low position accuracy. Hence, it requires a

solution able to enhance the stiffness, meanwhile provides an appropriate flexibility.

1st section
/
2
Cables \ '.
\ ‘\
Cables )
Universal
Universal Joint
Joint _é
i 2nd section \
2nd section
€) (b)

NSNS

Figure 3-1. Accessibilities of different continuum robots (a) single universal joint model (b) multi

universal joints model (c) flexible backbone model
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3.1.2. Twist problem

Compared with rigid backbone continuum robot, flexible backbone design has good
flexibility making them more suitable for operating in tight environments. However, it
was found from the follow-up experiments that the flexible backbone is twisted along
its length due to the torque generated by the weight of the system and end load, as
shown in Figure 3-2. Only the bend movement about Y and Z axes (2 DoF), as shown
in Figure 3-2, can be controlled by the actuations in single section, as a result, the
twist angle about X axis cannot be controlled, which makes difficult in kinematic

modeling and control.
The twisting angle of segment backbone (without cables constraint) can be expressed
as.

TL

=G (3.1)

Where T is the twisting torque; L is the length of the flexible backbone; I, is the

moment of inertia; G is the shear modulus of elagticity, which can be written as

G=E/2(1+v); Eiséastic modulus; v is Poisson's ratio.

For example, assuming the super-elastic NiTi rod (length of a single segment,
L=15mm; diameter, ®=1mm) on which a torque T = 0.1Nm is applied at its end, refer
to Eq. 3.1, the twisting angle ¢ =58.22°. (The twisting angles are not constant against
different end loads and configurations). Due to the fact that the twisting angle cannot
be controlled by actuations, it makes extremely difficult to build kinematics model and

control the system. Therefore, the best solution in such instance is to design the

backbone which can mechanically minimize the twisting angle.
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Figure 3-2. Schematic representation of the parasitic twist of continuum robot utilizing a central located

End Load

flexible backbone design: (&) original configuration (affected oy gravity); (b) twi sting configuration
(affected by gravity + end load)

3.1.3. Actuation approach

In terms of actuation, there are two different concepts, one employs threei ndependent
cables and actuators for driving a single section, as shown in Figure 3-3 (a), and the
other one utilizes two actuators and pairs of cables, as seen in Figure 3-3 (b). The
former concept is applied in most of the existing designs of continuum robots, whilst
the other designs which applies the latter concept has to employ a pulley system/other
tensioning system for compensating the internal tension of the cables, which makes

the actuation system complex and bulky.
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Cable 3

Actuation 2

Actuation 1

@ (b)
Figure 3-3. Different actuation types of continuum robots: () triple actuation (b) double actuation

concepts

Although the double actuation design concept (Figure 3-3 (b)) can significantly
minimize the weight and size of the actuation packing system, neither flexible
backbone (Figure 3-1 (c)) nor rigid universal joint continuum robots (Figure 3-1
(8)& (b)) can apply double actuations for one section directly, due to the kinematics

problem caused by the cable tension (Figure 3-4) discussed below.

Flexible
| Jbackbone
~A
1 L'y L l,
B
./
| | | |
- f
3
I IUniversal

joint

(b)

Figure 3-4. Kinematic challenge for two actuations concept: (a) flexible backbone model (b) rigid

backbone model
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Figure 3-4 (a) shows the kinematic model of one segment of flexible backbone
continuum robot. Let L and L' be the length of flexible backbone and the distance

between points A and B, respectively. Then letl, 1, andl;, 15 be the cable lengths in

different configurations. Hence, an equation can be obtained from initial configuration

(the left one of Figure 3-4 (a)) :
l,+1,=2-L=2-L' (3.2
From the right configuration of Figure 3-4 (a), an equation can be obtained

/412 =2-L'<2-L (3.3
According to Eq. 3.2 and 3.3, an equation can be obtained
17410 <1, +1, (3.4)

Based on the Eq. 3.4, this pair of cables cannot keep a constant tension when the
continuum robot is bent. Similarly with the presented problem, the pair of cables of a
rigid backbone continuum robot shown in Figure 3-4 (b) cannot maintain a constant
tension either. Therefore, neither the existing rigid backbone concept nor the flexible
one can apply this novel actuation concept without other additional systems, such as

cable tension compensation system.

3.1.4. Challenge of inverse kinematics
The purpose of inverse kinematics is to determine the displacements of actuation
cables for a desired TCP position in order to control the shape of continuum robot.

According to the desired position (X, ,Y, andZ, ), the section’s overall bending and

directional angles can be expressed in terms of X ,, Y, andZ, (i.e. bending angle =

2.arctan(1/x§ +Y7 /Zp) ; direction angle = arctar(Yp/Xp)). In the previous work [66,

134], the tip disk orientation angle with respect to the base disk is considered being
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equal with the section’s overall bending angle. This assumption can simplify the

calculation, but brings errors to the position control.

Bending angle of
section

Bending angle of
section

Orientation angle
of tip disk

Orientation |
angle of tip dis'

Z

@ (b)
Figure 3-5. Schematic showing the difference between section bending angle and ti p disk orientation: (a)
continuous backbone without the segmented disks [157] (b) segmented backbone

For example, Figure 3-5 (a) illustrates a fully continuous section and the section’s
overal bending angle is egqual to the tip disk orientation, which is 90°. As shown in
Figure 3-5 (b), the section is divided into four pieces and they are conneded by 5mm
disks. Now the tip disk orientation is still 90°, but the section’s overall bending angle

iS94.5°.

Hence, it can be found that, regarding segmented backbone (e.g. flexible segmented
backbone/multi universal-joint continuum robot), these two bespoken angles are not
equal with each other, as shown in Figure 3-5 (b), unless the thickness of the disk is
infinitesimal small. In other words, these two angles of continuunn robot are equal,
only when the section is entirely continuous (without anything unbendable in a
section). Figure 3-6 shows a case study for calculating the angle difference between

these two angles in the work volume of a single section.
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Figure 3-6. A plot of differences between section’ overall bending angle and tip disk orientation for a
100mm long section (e.g. as shown in Figure 3-5 (b), flexible backbone length and disk th ckness are 20
mm and 5mm, respectively); At 0° section bending, the differenceis 0°. And the miax angle differenceis

8° at section bending angle 90°, direction angle 0°.

Therefore, this simplification causes an error for continuum robot position control, but

to date, thereis limited information reported on addressing this problem.

3.2. Innovative concepts of continuum robot design

As aforementioned, the criticd parameters of continuum robot design are
diameter/length ratio, flexibility, stiffness and actuation approach. To date, the
existing systems can just give consideration to one or two of these fadors in their
designs simultaneously. Hence, the challenge of the design is to construct a continuum
robot that can carry an appropriate payload, while having small diameter/ength ratio,
great flexibility (bending capability) and a compact actuation system. In this section,
several innovative concepts are developed for overcoming the aforementioned
disadvantages, which can be classified into two families of robot desgns, one is
double-pivot compliant joints construction and the other one consists of twin-pivot

compliant joints.

3.2.1. Family of concept A: Double-pivot compliant joint construction
Regarding the drawback of the low stiffness and twisting problem of flexible

backbone continuum robot, a novel family of double-pivot compliant joint continuum
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robots is developed, which can improve stiffness, reduce twisting angles, have an

appropriate flexibility and employ two actuations for each section.

One

segment\(

Joint disk 1B

(b)

Figure 3-7. Continuum robot construction using two actuations concept: (a) general view; (b) one

segment

As shown in Figure 3-7 (a), the continuum robot consists of disks, actuation cables,
compliant joints and rigid rods/tubes. The disks are connected by compliant joints and

rigid rods/tubes; the continuum robot bent is caused by the torque generated through

actuation cables.

Figure 3-7 (b) shows the construction of a continuum robot which consists of the

following elements:

e Compliant joint is made of a material which is flexible and able to be bent

with little residual plastic deformation. As shown in Figure 3-7 and Figure 3-8
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(a), the compliant joint can be made by a single elastic rod/ tube, e.g. super-
elastic Nitinol, or a universa joint construction connected by elastic
rods/tubes. This construction makes rotation axes of these two pairs of elastic
rods coincide with each other. Therefore, it can perform as a universa joint.
Further, the compliant joint adso can be a flexible hinge or leaf spring
construction, as shown in Figure 3-8 (b) and (c), which can also perform as a
universal joint. Figure 3-8 (d), (e) and (f) present several continuum robot
designs, which replace single elastic rod with other universal joint designs.
Rigid rod/tube is made of a materia that is significantly stiffer than the
elastic rod,

Disks are utilized for constraining the cables; Note that pivot point of
compliant joint is on the top plane of the disk bulge, as shown in Figure 3-9
(Ieft configuration).

Cables consist of two pairs of cables (1A and 1B; 2A and 2B) each being
actuated by a single motor.

Upper
connector

Middle
connector

connector

Elastic
rod

Compliant
Joint

Cable 2B I able 2A

Joint
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o —
Disk
Disk
Cable 1A N _/—/Cable

) v 1A
Compllant Compliant] ) Rigid
Joint Rigid Rod Joint Rod
Cable 2B able 2A Cable 1" .1 Cable
2B L 2A
Cable 1B/ ompliant Cable ] Compliant
] Joint 1B — {1 Joint
N ' ~C

(e ®
Figure 3-8. Compliant joints: (a) elastic-rod compliant universal joint; (b) notch compliant universal
joint ; (c) leaf spring compliant joint; (d) compliant universal joint continuum robot segment; (€) notch
compliant universal joint continuum robot segment; (f) leaf spring compliant joint continuum robot

segment;

Comparing with flexible backbone continuum robots, compliant joints are much stiffer.
Due to the elastic property of compliant joints, the robot can obtain an evenly
distributed bending shape, a relatively small size and simple design, which cannot be
achieved by multiple rigid universal joints concept. Further, based on the double-pivot
compliant joints construction, a twin actuation design can be applied for the

continuum robot. And the verification is given below (taking elastic rod concept as an

example):

pO. pIoRy

Figure 3-9. Schematic of double-pivot compliant joint construction
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Assuming compliant joint performs as a rigid universal joint and the pivot points
coincide with the top of bulges (planes A and B — see Figure 3-9), the following

identity can be assumed:
li+15=2-L'=2-L (3.5)
Hence, Eq. 3.6 can be obtained
1y =1 +1, (3.6)

The error caused by this approximation is calculated in the Chapter 4.1. Based on Eq.
3.6, one cable pulls alength and the other cable extends the same length, which causes
a bending deformation of compliant joints and keeps the pair of cables a constant
tension in an arbitrary configuration. Due to this construction, the novel two actuations

for one section design concept can be applied to the continuum robot.

Based on this design, a continuum robot can have an appropriate stiffness and reduced
twisting angle with a unique twin actuation design, while giving the possihility to be
constructed with a small diameter/length ratio and great flexibility so that it can carry
an appropriate end load and access confined spaces thus be applicable for a variety of

machining tasks, like visual inspection, laser cutting and laser deposition.

3.2.2. Family of concept B: Twin-pivot compliant joint construction
For enhancing the stiffness and minimizing the twisting problem, another novel family
of twin-pivot compliant joint continuum robots is developed, which also provides an

appropriate flexibility and employs double actuations for each section.

As shown in Figure 3-10 (a), the continuum robot consists of disks, actuation cables
and twin-pivot compliant joints. The disks are connected by compliant joints; abend is
caused by the torque generated through actuation cables. Figure 3-10 (b) and (c) show
twin-pivot compliant joint construction of a continuum robot which consists of the

following elements:
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e Compliant Joint (rod/tube/sheet) is made of a material which isflexible and
able to be bent with little residual plastic deformation (e.g. super-elastic
Nitinol). As shown in Figure 3-10 (b), two rods/tubes are located in plane A-
A; and the other two are located in plane B-B. The angle 6 is 90 degrees. So
arbitrary direction (two DoF) bend can be generated.

e Disksare utilized for constraining the cables;

e Cables consist of two pairs of cables, each being actuated by a single motor.

Twin Compliant Joints

Compliant 7 Compliant
Join ﬂ,]: Join —m":
Gap 2 @ . Gap =n: Al |z
| 2 — | I}
| +% Y
1] e L
Gap 14 > | |5 Gap 14 . 1|8
1 : ' :
[ 1 | | |
ll |
L. o <
(b) (©

Figure 3-10. (a) General view of twin-pivot compliant joints robot; (b) one segment of twin-rod concept
one (¢) one segment of twin-sheet concept

3.2.3. Advantages of the new continuum robot concepts

Based on the compliant joint construction, two families of novel continuum robot
designs are presented, which can carry an appropriate payload with double actuations
per section, while giving the possibility to construct the arm with a small
diameter/length ratio, great flexibility and minimized twisting, so that the robot can
access confined spaces thus be applicable for a variety of machining and visua
inspection tasks.
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Further, another significant advantage of new concepts is the system can obtain
appropriate flexibility without sacrificing the stiffness and accessibility in complex
environments. For the existing continuum robots, the general approach far increasing
the flexibility is to increase the length of flexible backbone/ universal joint, which
enables the section have a greaster bending and obstacles avoiding capability.
However, due to the increase of the backbone length, the stiffness of the system is
decreased. Specificaly, as shown in Figure 3-11(a), the length increase of a universal
joint makes the springs longer, which is the key element for bending stiffness. It
renders stiffness reduced, which has to be compensated for by an increese in spring
size, causing a decreased accessibility in cluttered environments. Similarly, for
flexible backbone continuum robots, as shown in Figure 3-11 (b), stiffness

compensation is achieved by increasing the flexible backbone size.

@

% n %
/
L [ = | Q+A_r_\

(b)
Figure 3-11. The general approach for increasing the work volume (&) universal joint+ springs; (b)
flexible backbone;

But for the new concepts (Figure 3-8 (a) & (b)), the flexibility can be easily enhanced

by decreasing the NiTi rods diameter/ sheet thickness, while compensating the
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stiffness by increasing NiTi rods quantity/ NiTi sheet length, which does not make the
section size increase. Therefore, the flexibility can be adjusted to meet the
requirements of the application without sacrificing stiffness and accessibility of the

design proposed in this chapter.

3.3. Innovative concept of variable stiffness system

Continuum robots have been utilized for several light duty applications, such as
minimally invasive surgery in medical field and inspection in industry. However, the
existing design solutions still offer a limited range of system stiffness [105]. To
overcome this disadvantage, a novel concept is developed to ‘rigidize’ continuum
robot for enhancing the stiffness, which enables the system take greater reaction
force/torque when acting tasks and allow the robot flexible to move when navigating

in a confined space.

3.3.1. Basic concept of variable stiffness system

The basic concept is to utilize stiffening material, which can repeatably switch
between relatively low and high stiffness, to alow continuum robot have variable
stiffness. The stiffening material can be either thermoplastic material or low-melting-
point aloy, which can melt at a low temperature (below 100 °C) and get solidified
above room temperature. Table 3-1 shows specifications of several stiffening

materials.

Table 3-1. Melting Temperature table

Material Melting temperature (°)
Polymorph 60
Field'saloy

62

(Bi 32.5, In51.0, Sn 16.5)

Wood's metd
70
(Bi 49.5, Pb 27.3, Sn 13.1, Cd 10.1)
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3.3.2. Two DOFs variable stiffness joint design

The concept of 2-DOF variable tiffness system is shown in Figure 3-12. This
structure (one segment) is composed of three disks, two orthogonal groups of
compliant joints, heating element (Nichrome wire) and stiffening materia
(thermoplastic), which fills the gaps between two adjacent disks. Nlichrome wire can
generate heat when it connects to power, which can heat up and melt the thermoplastic
material. After turning of f the power, the material can be cooled by air and get stiff.
Therefore, the variable stiffness system can have two states, one is rigid and the other

IS soft.

Thermoplastic materialr’ D
N !

=] [T

Heating
elements

Disk 1l

T o ]
Compliant Joints L D Section D-D

Figure 3-12. Two DOFs variable stiffness joint

For stiffening continuum robot, variable stiffness system (comprise of multi two DOF
segments) is mounted to the outside of the robot, as shown in Figure 3-13 (a).
Specificaly, in the soft state, the system can be bent to an arbitrary configuration due
to the movement of the continuum robot. The thermoplastic material is constrained by
rubber tube from outside, and the rubber covered cortinuum robot from inside. Hence,
the material can be pressed from left side to right side, as shown iin Figure 3-13 (b),
which allows the stiffness of the system keep constant. Subsequently, when the power
is turned off, the thermoplastic mater gets cooled and solidified, so that the continuum
robot is rigidized, as shown in Figure 3-13 (c). By switching between the soft and
rigid states, the continuum robot can bend and get rigidized a an arbitrary

configuration.
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Snake Arm

Heating
Element
(Power Off)

Thermoplastic
material
(Rigid Mode)

@

Snake Arm

Thermoplastic
material
(Soft Mode)

Snake Arm

Heating

(Power Off)

(Rigid Mode)

©
Figure 3-13. Work principal of the variable stiffness system
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3.4. Conclusions

This chapter presents the design challenges and disadvantages of the existing
continuum robots, such as the twist problem, how to balance the flexibility and
stiffness, and kinematic challenge. Further, regarding these disadvantages, two
families of continuum robots are developed, one employs two compliant joints
connected in series in a segment, which is called double-pivot compliant joint; the
other one utilizes two orthogonal groups of two parallel elastic rods as compliant joint,
which is called twin-pivot compliant joint. By employing the new concepts, the
continuum robots are able to carry an appropriate payload with double actuations per
section, while giving the possibility to be constructed with a small diameter/length
ratio, great flexibility and minimized twisting angle. Finally, a variable stiffness
system is introduced, which renders the continuum robot have two states, relatively
low and high stiffness. Hence, the robot can bend all the sections freely in the low

stiffness state and is allowed to do some machining tasks in the other state.
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Chapter 4 Kinematics analysis

Kinematics studies the relation between geometry and the movement of multi-degree
of freedom kinematic chains that form the structure of robotic systems [158].
Regarding continuum robots, kinematics can be divided into two levels, the first oneis
the mapping between task space to joint space (e.g. computing the positions and
orientations of each section tip by a given desired position for robot TCP) and the
second one is the mapping between joint to actuation space (e.g. calculate the
actuation displacements by the configurations of each section obtained from the first
mapping, according to the section geometry) [135]. In this paper, the research focused
on the second mapping of kinematics. Since new structures of continuum robots are
introduced in this research, so their kinematics models are valuable to be investigated
to enable the precise control for them. Further, as mentioned in chapter 3.1, the
orientation of tip disk is assumed to be equal with section’s overall bending angle for
solving inverse kinematics, accusing positioning control errors. In this chapter, a
iterative approach is presented for minimising this error. Further, cable tension is
analysed for verifying that the cable can maintain a constant tension in arbitrary
configurations. Finally, work volume is presented to evaluate the reachable capability

of the continuum robot by considering geometry limitation and material yielding.

4.1. Kinematics analysis of family A (Double-pivot construction)

For the family of double-pivot compliant joint continuum robots, a model is developed
for computing the kinematics, which assumes that the compliant joint performs as a
rigid universal joint; thisis a situation in which the continuum robot is likely to work
when backbone is not buckling under compression forces acted by the actuation cables
and no parasitic twist of the structure occurs. The previously stated condition can be
achieved by a careful control of the continuum robot once adequate models are
developed. Further, in this analysis, assume the length of a section is far more than

that of a segment (number of segments in single section is 5 or more), which renders
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the section bending angle extremely close to tip disk orientation anglle, soit can avoid

the kinematics error mentioned in Chapter 3 and simplify the kinematics model.

4.1.1. Forward kinematics

The purpose of forward kinematics analysis is to determine the tip position of the
continuum robot with known lengths of cables. The kinematics of the entire arm
depends on that of a single segment. Thus, a kinematics model of one segment is
expressed for calculating the forward kinematics (Figure 4-1). In this method, the
compliant joint is assumed to perform as a rigid universal joint and the cables are
directly projected on the backbone, unlike the conventional approach which projects

on bending plane, leading to simpler derivation.

Bending
plane

Figure 4-1. Kinematics model of a single segment

In Figure 4-1, O, and O, are the pivot points of two compliant joints, respectively. The

coordinate system O, XYZ and O,X'YZ' attaches on the pivot pointsO, and O, .
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Table 4-1. Nomenclature used in this section

- -
A (X Yus2u)  unit vector of the orientation of backbone 0,0, .

l; 1=1,234)  lengthsof cablesin single segment

L; (i=1,2,34)  total lengths of cablesin single section

l i thickness of the disks

length of backbone O,0,

I backbone

A (%,Y .0 anchor points for the cables on the base disk, i=1, 2

®segment » Bsegment  diirection and bending angle of the i segment.

O section + Bection direction and bending angles respectively of asingle section

a vector of rotation axis

n number of segmentsin single section

Since the length of one pair of cables is constant, the kinematics of a segment can be

determined by the lengths of two cables, which are in different pairs. The projection of

vector OfAﬁ on vector Ofo2 is(l; — S)/2. Therefore, the equation can be obtained as:

ofA.;,:'i;’ (4.1)

Substituting vector i (x,,Y,,z,)ad O?A (x,v;,0) into Eq. 4.1 produces Eq. 4.2,

=S .
xu>q+yuyi=—'2 (i=1,2 (4.2)

Where A (x, y;,0), Ay(%,, y,,0) and backbone length S are known from the design of the
system and cable lengthl, andl, are given. Therefore, based on the Eq. 4.2, parameters
x, and y, can bedescribed intermsof I, I,and A(x;,y;,0)(i=1 and2), sothat i (x,

» Yu» Z, ) Can be obtained.
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Figure 4-2. Configuration of continuum robot (a) unit vector and parameters of single segment

configuration (b) one section of continuum robot

Further, based on the obtained vector 4 (x,,Y,,z,), a8 shown in Figure 4-2 (a), the

segment’ s direction and bending angles can be expressed as

4.3

It can be found that if x, =0, the equation is infinite. Hence, in the real control program,

direction anglex is set to be 90°, if x,=0 andy,>0; « is set to be 270°, if

segment segment

x,=0andy, <0.

According to the bending and direction angles of the i™ segment, as shown in Figure
4-2 (b), the orientation of one section (when the continuum robot bends, the whole
construction of one section is in one bending plane, so all segments of this section are

in the same plane) can be expressed as

(4.4)

{ O section = & segment

Bsection =N~ ﬂsegment

Hence, bending and direction angle a o, 8Nd Beciion €N be written in terms of the

elements of vector Ol_)Aﬁ (x andy; ), backbone length S, cable length I, andl,, which
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can describe the orientation of a section. Therefore, the forward kinematics of double-

pivot joint continuum robots is obtained.

4.1.2. Inverse kinematics

The purpose of inverse kinematics analysis is to determine the lengths of cables for a
known position in order to manipulate the tip of a continuum robot to the desired
position. The inverse kinematics can be derived in two steps: as shown in Figure 4-1,
First, by given the bending and direction angles, the position of the upper anchor
points B; can be obtained. Then, the length of each cable can be derived by the

magnitude of vector A'_)Bi .

Referring to Figure 4-1, a vector-loop equation can be written for each cable as given

below:

OB =00,+0,8 (4.5)
According to the kinematics model shown in Figure 4-1, the orientation of vector
O:Bi can be obtained by rotating O?A through bending angle B; with respect to

vector a . Firstly, the rotation axis, vector « , can be expressed as.

k.| [cos(z/2+B;)
a=|k,|=|sin(z/2+p;) (4.6)
k| [o

And the rotation matrix R can be expressed as

Ko ker(L-cs)+cs Ky ke (1-cs)—k,-sn Kk, -k, -(1-cs)+k,-sn
Rr =| ke ky-(1-cs)+k,-sn ky-ky-(1-cs)+cs  k,-k,-(1-cs)-k,-sn| (4.7)
Ky K, -(1—cs)—ky-sn Ky -k, -(1-cs)+ke-sn Kk, k,-(1-cs)+cs

Where cs=cos(3;) andsn=sin(g;) .
According to Eq. 4.6 and 4.7, vector O:Bi can be written as
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0,B = R; -O.A (4.8)

As shown in Figure 4-1(b), vector 01_(32 can be expressed as

. [s-coslp)-cos(e)
0,0, =| S-cos(p)-sin(e) (4.9
S-sin(p)

Wherep = (z - ;)/2
Substituting Eq. 4.8 and 4.9 into 4.5 produce 4.10,

0.8, =0,0,+ Rr -O.A (4.10)

Therefore, vector Ai_)Bi can be written as
AB =00,+R -OA-0A (4.11)
Hence, the cable length |, (i=1, 2, 3, 4) can be computed by the following equation

-

AB|=|0,0,+R; -0A-OA (4.12)

By given bending and direction angles, cable lengths (L; ), for a single section, can be
expressed as [134]
L = n'li (4.13)

Where considering there is no extra cable elongation caused by the bending of the

continuum robot.

Hence, inverse kinematics of a single section for double-pivot compliant joint
construction is obtained. It was utilized for calculating the max displacement of the
control cables, which helped the designer select the motor and design the spool system

employed in prototype 2. Further, it was utilized for controlling porotype 2.
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4.1.3. Cable tension analysis

In this family, each section employs two pairs of cables, which are connected to two
motors respectively, as shown in Figure 3 (b) (Chapter 3.2); as mentioned, although
challenging to materialize, this offers an advantage of compact design and lighter
system that makes it portable and applicable for the scope of the project. For
maintaining the constant stiffness of continuum robot sections in arbitrary
configuration, two cables of each pair need to keep persistent tensions. For double-
pivot compliant joint continuum robot robots, a kinematics model is developed to

calculate the cable tension in an arbitrary configuration, as shown in Figure 4-3.

In this model, the compliant joint is considered to bend as a pure arc which is the real
kinematic performance of the joint and different with the assumptions for inverse and
forwards kinematics. Pointsk,;, E,and pointsg;, E,are the ends of two compliant
joints, respectively. The coordinate system XY Z attaches on the point E; (lower end
of the compliant joint). The parameters |, andl,, are the lengths of compliant joint

(elastic rod) and rigid rod E, E; .

By comparing the gap distance AB; (i=1, 2, 3, 4) with the original total cable length

of one pair of cables, the tension condition can be obtained.

Compliant
joint (pure
arc)

Bending

joint (pure

arc) X
@ (b)

Figure 4-3. Precision kinematics model of single segment: (a) general and (b) bending section views
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Specificaly, if the length of cables actuated by the same motor satisfies Eq. 4.14, it
can be concluded that this pair of cables can maintain constant tensions well in any

configuration:
A BI + A1+ZBi+2 a 2IoriginaJ (I =1, 2) (414)

where |yigna IS the origina length of cable between two disks at the straight
configuration.
If Eg. 4.14 is not fulfilled, the pair of cables gets slack when the continuum robot

bends. When the section is in the initial configuration (straight), the gaps distance

AB + A B, ,isobviously equal to2l_ . . Hence, in this anaysis, the bending angle

original
of the section is assumed greater than O °.
Referring to Figure 4-3 (b), a vector-loop equation can be written for each cable as
given below:

AB. = E,E,+ E,B — E,A (4.15)

Vector E?A can be expressed as

- I'oin !
EA :{XAi Yai 12 t} (4.16)
The magnitude of vector EfE4 can be written as
2 4 joint . Bi
m=E k= Irod +B—i.sm(7) (417)
Therefore, vector ElTE4 can be written as
R m-cos(¢)-cosa; )
E,E, =| m-coslp)-sin(e;) (4.18)
m-sin(p)
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Whereop = (7 - ,)/2.
And vector E:Bi can be expressed as

E.B =R EIA=R '[XAi ' Yai ’_Ijoint/z]T (4.19)

Substituting Eq. 4.16, 4.18 and 4.19 into 4.15 produces 4.20,

. [m-coslp)-cos(a;) X X
AB =| m-cos(p)-sin(e;) [+Rr | Ya || Ya (4.20)
m-Sin(gD) _ Ijoint Ijoint
2 2

Therefore, the gap distance AB, is obtained.

Regarding different bending angles, the gap distance of one section, as shown in

Figure 4-4, is calculated and shown in Table 4-2.

Oo-2
QE’L/// —
-

52

One section

Figure 4-4 Gapsin one section

Table 4-2. Gap distances of one section for different configurations

Sum of gapsfor one pair of

Section bending angle Note
cables
0° 144mm
The gap distance >
30° 144.02mm
origina length of one pair
60° 144.07mm
of cables (144mm)
90° 144.15mm

Note: the gap distances are calculated at a configuration of direction angle O °.
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Table 4-2 indicates that the sum of gaps in one section (required cable length) is
greater than or equal to the origina length of one pair of cables in these
configurations. Therefore, an elongation of one pair of cables generates for
compensating the length difference between gap distance (required cable length) and
original cable length, when the section bends. So, the cable can be: kept ensioned in

any configuration.

Since direction and bending angles rang in (- 7z, z) and (0, 7/2), respectively, the cable
tension in the work volume is calculate and shown in Figure 4-5. Let the pre-tension
of cable be 100 N at the original position (bending angleis 0). It can be faund that the
max tension force is 105.74N, when the section bends 90° (n/2 in radian). Therefore,
the cable tension can be maintained in arbitrary configuration. Based on this fact, twin
actuation can be applied in the design, which decreases the weight and size of

actuation system.

106
105
104
103

102

Tension Force (N)

101

100 .

0 .y
o 5 1

Direction Angle(Radian) -2 ——_ 05 . .
4 0 *~ Bending Angle (Radian)

Figure 4-5. An example of cable tension plot in work volume: The stiffness of 400mm calle (200mm in
continuum robot and 200mm in actuation system) is 37.5 N'mm (0.75mm diameter steel cable)

4.1.4. Simulation validation of kinematics analysis

In this section, the validation method for kinematics of double-pivot compliant joint

continuum robots is presented. A FEA model is built in ANSYS (100mm in length,
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and 15mm in diameter), as shown in Figure 4-6. In the model, there are four segments
in a section and two pairs of actuation cables. The cable in each segment is
constructed with two separate parts, upper and lower part, which are both attached to
the disks with spherical joints in one end; and the other ends of the upper and lower
part are constrained by a cylindrical joint defined, which can smulate the
stretch/contract of the cable. The joints are flexible to be bent and alll of thz other parts

arerigid, e.g. cables, disks and rigid connector between two adjacent joints.

The (

The lower

(b)
Figure 4-6. FEA model in ANSY S: (a); a section model (b) a single segment

For comparing the error between simulation and calculation, the results of the tip
position of one section computed by forward kinematics and simulation are shown in

Figure 4-7 and the errors between these two approaches are shown in Figure 4-8.
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Tip position comparison of the computation/simulation
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Figure 4-7. Comparisons between computation/simulation:(a) in workspace; (b) direction angle 0 ©
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«10® Angular error{direction angle 0°)

Error (Radian)

| i L "
0 pif12 pils pid pid ENZpi pir2
Bending angle(Radian)

(b)

Figure 4-8. Error between computation/simulation: (a) Position error (b)Angular error

It can be found that the tip position of the section computed by the kinematics model
coincides with the value obtained by the FEA model. The max position and angular
errors are 0.017 mm and less than 1.04x10™ radian, respectively, so it can be
concluded that the kinematics model presented here can be used to present the
kinematics of a continuum robot with double-pivot compliant joint construction.

4.2. Kinematics analysis of family B (Twin-pivot construction)

Since atwin-pivot compliant joint construction is introduced, a kinematic model needs
to be studied for this specific concept. In this model, two sub-bending planes are
employed for investigating forwards kinematics, different with the existing researches
which utilized single bending plane. Further, regarding the kinematic error of inverse

kinematics presented in Chapter 3, the model aso considers mimimizing it by an

iterative method.

4.2.1. Forward kinematics

As each section includes identical segments, forward kinematic model of twin-pivot
compliant joint construction is expressed, based on the analysis of a single segment
(Figure 4-9) on which the compliant joint is assumed to perform as a pure arc. The

initial configuration of the section is straight, where the cable lengths |, and |, are

equal to theinitial lengths. In the real control system. the solution is. directly set up for
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this configuration. Hence, in the following analysis, the bending angle is assumed

equal to greater than O °.

Table 4-3. Nomenclature used in this section

XYZ coordinate system located at the center of disks A
xXYZ' coordinate system located at the center of disks B
XN"Z" coordinate system located at the center of disks C
A guide pointsfor the cableson thedisk A, i=1, 2,3,4
B guide points for the cables on the disk B, i=1, 2,3,4
C anchor points for the cableson thedisk C, i=1, 2,3,4
| joint length of the compliant joints (given)
| gisk thickness of the disks (given)
B bending angle of joint_1
Bo bending angle of joint_2
Bsegment  bending angle of segment
Bection bending angle of section
O segment direction angle of segment
Qleegtion direction angle of section
Iy 1o total lengths of cable 1 (I =l; +1{) and 212 =12 +12), respectively
0, angle between B;B3 and axis Y' (given, as shown in Figure 4-10(b))
(vavazp) The tip position of single section
r distance from center of the disk to the cable anchor point (given)
n number of segments in single section (given)
Iorignaj origina length of one pair of cablesin one section
| gap gap distance for one pair of cablesin one section
K caple stiffness of acable
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Foriginal original cable tension force

Note: Cables 1 and 3 are attached to the same motor; and cables 2 and 4 are attached

to another motor.

Joint 2 Joint 1

Figure 4-9. Schematic for kinematic model of single twin-pivot segment

TCP position and orientation of a single section can be derived via Denavit-

Hartenberg method, after obtaining DH parameters of a segment ( 8, & ,) with given
cable lengths (1, andl,). Step A: based on |, andl,, compute bending angles 3, & S, .
As show in Figure 4-10 (a), the difference between|; and |} can be obtained, due to the

length of one pair of cables in one gap is constant to 2, (the compliant joint in this

concept is short, (e.g. 1.5mm) and bending angle of each joint is small (upto 9 degrees
for 90 degrees section bend), so the distance beween two ends of the joint is
extremely close to joint length (0.1% difference). In one segment, two graups of twin-
pivot complaint joints are arranged orthogonally and each group can only bend in one
direction. It renders section’ overall bending plane does not couple with that of each
joint, which is different with the conventional designs (central located backbone
performance as a universa joint, thus sectiom’s overall bending angle couples with
joint bending plane). Hence, the kinematics derivation needs to be divided, by
projecting the cables in the bending planes of joint 1 and 2, separately. Firstly, the

kinematics of joint 1 is studied.
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@

Bending plane
of Joint 1

2.7-sin(6,)

(b)
Figure 4-10. () Joint 1 bending section view (b) Top view of disk B ( ﬂsegmem and & gegment are denoted

as bending and direction angles, respectively)
131 = (2 joire 1)) -1 (4.21)

Wherel ;o is given.

As shown in Figure 4-10 (b), the projection of line B;B; on bending plane of joint 1

can be expressed as:
Wherer and 9, are given.
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Hence, from Joint 1 bending section view, the following equation can be given by:
(2-1jgim 1) -1 =2- Mg g -sin(By/2)=2-[2-1-sin(9)]-sin(8,/2) (4.23)
Similarly, the difference between 15 andl} can be obtained:
(2101 —13)-15 = 2:[2-1 -sin(z/2- 6,)]-sin(8, /2) (4.24)

Likewise, another two eguations can be obtained by projecting the cables on the

bending plane of joint 2:
(2 i —19)=17 = 2:[2:7 - cos(@,)]- sin(B,/2) (4.25)

And
(2:1i6in ~13)~13 = 2:[2-1 - cos(r/2-6,)]-sin(B,/2) (4.26)

Further, in order to eliminate parameters I; andl; , adding the left and right side of Eq.

4.23 with those of Eq. 4.25, respectively, yields
21 g ~ly = 2:-5in(@)) - sin(B,/2) ++2-1 -cos(@,) -sin(B, /2) 4.27)
Where |, isgiven.
Likewise, according to Eq. 4.24 & 4.26, another equation can be obtained:
2+ joing 12 = 2-T-c0s(0y) - Sin(By/2)+2-1 -sin(@y) -sin(B,/2) (4.28)
Where 1, isgiven.

Hence, based on Eq. 4.27 and 4.28, the bending angles B, and 3, can be written in

terms of cable lengthsl, andl,,6; (6, = 45" £ n-90°), r and joint lengthl ;. as:

Py =sin

1[2|joint(3in<91)(cos(01)) ly 5'”(91))+|2 005(91)]

2r(sin (1)—c %(01)

p =s.-n-1[2nmm(sm<el> cos{6y))+1; o6 ) - lzs'nwl)J (4.29)
2 2r(sin?(6,) - cos?(6,))
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Step B: In step A, parameters g, and 3, are derived with given lengths of cables |, and
I, . Hence, as shown in Figure 4-11, all D-H parameters are obtained from design and
step A, which are shown in Table 4-4. By using Denavit-Hartenberg (DH) method,
TCP position and orientation of a segment can be described. Since one pair of
compliant joints can bend in asingle direction, it is assumed to performs as a revolute

joint, which can bend as a pure curve.

Figure 4-11. Denavit-Hartenberg frames for one single segment (Coordinate 0 and 3 locate at the centre
of the top surface of the disks A and C; Coordinate 1 locates at the intersection poiint of central axes of
disks A and B; Coordinate 2 | ocates at the intersection point of central axes of disks B and C; bending

plane B, isvertical with bending plane 3, ; Z, and Z, are the rotation axes for joint 1 and 2,respectively)

Table 4-4. D-H Parameters for Single Segment

Link 0 a d o
1 0 ‘;'"t (ﬂ 1) 0 0
1
[

Jomt joint V4

2 ——tan + g + -tan 0 -z
ﬁl ﬂl ( ) disk ﬂz ( ) 2

3 g + 2 tan(£2 0 z
B> disk 5, (= ) >

Using the above D-H table, the matrix for each links can be expressed as, respectively:
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100 |j0int/ﬁ1'tm(ﬂl/2)
L _jo1o 0
=lo o 1 . (4.30)
00O 1
cosf) 0 —sin(B) (O tan(BLy 1y + O a2y costpy |
B2 £ 2
T=|sn(B) 0 cos(B) (2 tan(Pl) 4 1yq + 220" tan(P2y) sinpy) | (4.31)
g2 B, 2
0 -1 0 0
. 0 0 o 1 |
i I'oin ]
cos(B,) 0 Sn(By) (g + Jﬂt~tan(ﬁ—22))-008(ﬁz)
2
I'oin .
To=|Sn(B) O ~aos(py) (s +-5 tan(2)-sin(p) (4.32)
2
0 1 0 0
0 0 0 1 |
Then, the tip position and orientation of segment can be calculated as

As all segments of single section share the same construction, the forward kinematics

for one section can be written in terms of bending angles of 8;, 8,, N, ljgine and g

as.
Tsection = (Toz)” = (TO 'Tl 'Tz)n (434)

Therefore, the section forwards kinematics is obtained, which includes the position
and orientation of section tip. Likewise, the forward kinematics of other sections can

be obtained based on the given cable lengths.

4.2.2. Inverse kinematics

For computing the inverse kinematics of Family B, the bending angles g, and 3, are
the critical parameters, which can be derived based on the orientation angle of tip disk
[134]. However, regarding inverse kinematics analysis, the position of section tip is
given, hence, only the section bending and direction angles can be derived (Eqg. 4.35).
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As mentioned in Chapter 3, section bending angle and tip disk orientaion are not
identical, as shown in Figure 4-12. Therefore, an iterative method is developed for
calculating accurate inverse kinematics, which is based on the section bending and

direction angles.

The approach consists of two steps: Step 1. assuming the orientation of tip disk is

equal with section bending angle to initial approximation for 3, and g,, which can be

obtained from the position of section tip,; Step 2: utilize the initial approximation

values to compute the inverse kinematics by an iteration method.

TCP

I
|
Bending angle of |
o section |

I

4

Figure 4-12. Difference between section bending angle and tip disk orientation (twin-pivot backbone

continuum robot)

Figure 4-13. Parameters of singl e section configuration

Specificaly, Step 1: due to the fact that all the segments share the same construction,
the kinematics of single section depends on single segment, hence, kinemetic model of

asegment is developed for calculating g, and 3, .
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As shown in Figure 4-13, assuming the tip disk orientation is equal with the section
bending angle, thus, the bending and direction angles of segment can be written in

terms of the position of sectiontip (X,,Y,, Z,) and n (number of segmentsin single

section):
. Z
O segment = Xsection = tan 1(Y_p)
p
2, 52 (4.35)
= Pt 2 | VY220
n n X

p

It can be found that ipr =0, the equation is infinite. Hence, in the real control

program, direction angle gy, is set to be 90°, if Y =0 and Z ;>0; &ty 1S SEL tO
be 270°, if Y,=0and Z , <0.
The bending angles of joint 1 and 2 in single segment can be expressed as.
B = tan_l(cos(asegmt)' tan(:Bsegment)) (4.36)
ﬂzzsmil_smasegn‘ent 'Sinﬁsegment .

Step 2: Since the actual bending angle of single section is different with tip disk
orientation, an iteration method is utilized to compute the inverse kinematics, which

appliestheinitial approximations obtained from Step 1, as shown in Figure 4-14.

The proposed iteration method can be described as following:

Sub-step i: substituting g, and g, into forward kinematics equation (refer to
Eq. 4.34, thetip position of the section is obtained;

Sub-step ii: Then comparing this position with the desired position, the
distance differences (diff) in X, Y and Z axis ( diff, , diff, and diff, ) are

calculated;
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Sub-step iii: comparing the distance difference A g = \/diffxz + diff 2 + diff ?
with the desired distance error s ;
Sub-step iv: if Agqnee IS NOL greater thans , the program moves to calculate the

cable lengths, based on current value of g, and 3, ;

Sub-step V: if A e IS greater thans , the iteration starts. The angles g, and g,

are assigned with eight combinatorial paired values that are assigned using

their nominal values andA; , and then the distance difference 4, (i = 1~8) are
calculated, according to these eight pairs of values. Compare A; and assign s,

and B, new values, which obtains the minim valve of A jqnce ;
Sub-step vi: then repeat the procedure until the A jqne 1S NOt greater thans .

Note: Vaue 1. (By+Ag, B,); Vaue 2. (Bi+Ag, Bo+Ag); Value 3 :( fi+4g,
Bo—Ag); Vaue 4 :(Bi—Ag, B,); Value 5 (B —Ag, Br+Ap); Value 6 (S Ay,

Ba+Ap)Value7:(By, B +Ap); Value8:( B, B —Ap);
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Forward kinematics

Tip position of section

Comparison with desired position
(difference in X,Y.Z)

Calculate
cable lengths

Select the values of \which obtain
minimum

Figure 4-14. Iteration method for inverse kinematics

Based on the angle values g, obtained from the iteration program, cable lengthsl;, 15,

I3and 1;in gap 1 can be written as, as shown in Figure 4-10:
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l;=2.| 2% _y sm(@l)J-tan(—lj
1 2
Iy =2.| L2 _p cos(@l)J-tan(&j
1 2
. (4.37)
15 =2 J;'l”t +r sm(@l)J-tan(%j
I, =2 l';%+ r -cos(@l)J-tan(%j

Similarly, according to the angle values 3, , cable lengthsl; 15,15 and I} in gap 2 can

be described as:

l3=2- IjOi+r-cos(t9) -tan| —= -
3 B, 1 >

|. .
I3 =2 22 4 r.sin(g)) |- tan &)
B2 2

According to Eq. 4.37 and 4.38, the lengths of cables for a known position of section

tip can be calculated as:

I, =2n- l’;%—r~sin(91)]-tan(%j+2n'(|’;%—r~cos(91) -tan ﬂ—zzj
I, =2n- Ijoi—r-cos(@l)]-tani?lj+2n-(ljgﬁ—r-sin(el) -tan ﬂ—zzj
| .1 ¥ _2 (4.39)
I, =2n. ’;lm +r-sin(91)]-tan[%]+2n-[ ’;'Z”t +r-cos(6;) |-tan ﬁ_zzj
l,=2n- l‘;%ﬂ-cos(@l)J-tan(%j+2n-[|;Z't +r-sin(6,) -tan(ﬂ—zzj

Therefore, the inverse kinematics for the family of twin-pivot point compliant joint

continuum robot is obtained. It was utilized for calculating the max displacements of
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the control cables, which helped the designer select the motor and design the spool
system employed in prototype 3 & 4. Further, it was utilized for controlling those

porotypes.

4.2.3. Cable tension analysis

In this part, cable tension of twin-pivot compliant joint construction is analyzed for
validating the tension can be maintained at arbitrary configuration. Similarly to the
method utilized for family A, by comparing the gap distance AB, +B,C; (i=1, 2, 3, 4)
with the original total cable length of one pair of cables (Figure 4-10), the tension
condition can be obtained. Similar to the cable tension analysis of double-pivot

construction, the gaps distance A B, + B,C; (i=1, 2, 3, 4) is obviously equal to2l .,

, When the section is in the initial configuration (straight). Hence, in this analysis, the

bending angle of the section is assumed to be greater than 0°.

Referring to Figure 4-10 (a), the gap distances for cable I;andl} in gap 1 can be

calculated as:
[
AB, = 2{—;‘“‘ -1 -s:n(el)]-sin(%)
o p (4.40)
B, 2. joint Qi o PL
AsBs ( 5, +r sm(el)j sin( 2)
And likewise, the gap distances for cable I andl; in gap 2 can be expressed as:
[
BC, = 2-(%‘”4 ~cos(91)]-sin(ﬁ—22)
2 (4.41)

B.C, = 2{%+ r -cos(@l))sin(ﬁ—zz)

Therefore, the gap distance in one section for one pair of cables can be written as:

Igap:n'Z(ABi+Bici):2'n'|joint( (442)

i=13

sin(B,/2) + sin(B,/ 2)}
B B2

Hence, the cable tension force can be obtained as
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F= I:original +Keaple (I gap _Iorignal) (443)
Where K. 1S denoted as the stiffness of a cable.

Figure 4-15 shows a case study of the cable tension in work volume of asection. Let
the pretension of cable be 100 N at the original position (bending angle is 0°). In the
work volume, the tension force modifies when the continuum robot bends, and the
minimum tension force is 95N, when the section bends 131.8° at direction angle +/-

46.4°& +/-133.5°.

100,
99,
98|
97
96|

Tension Force (N)

95.]_

05

25
Bending Angle(Radian) Direction Angle(Radian)

Figure 4-15. An example of cable tension plot in work volume of single section (stiiffness k= 37.5 N/mm
of a0.75mm diameter steel cable of 400mm length: 200mm in continuum robot and 200mm in actuation
system) ; In the work volume, the original tension is 100N at 0° bending; The miin tension is 95N at
bending angle 131.8°, direction angle +/-46.4°& +/-133.5°.

Therefore, the cable tension can be maintained in an arbitrary configuration, which
remains at least 95% of original tension. Based on this fact, twin actuation is applied

in the design, which eiminates theweight and size of actuation system.

4.3. Workspace analysis

For performing 3D movements (e.g. machining, inspection) with the continuum robot,
work volume is critical to be evaluated. This section addresses the problem of

determining the reachable region by the tip of a multiple-section continuum robot.
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Firstly, the max bending angle of asingle joint is evauated, and then the work volume
of single and multiple sections are analysed subsequently to evaluate the reachable

capability of athree-section continuum robot.

4.3.1. Max bending angle of single joint

Regarding continuum robots, the max bending angle of single joint (6. ) depends on

two factors: 1) yield of compliant joint material caused by bending movement; 2)

geometry limitation.

Firstly, the maotion range is discussed in terms of yield of compliiant jcint materia
caused by bending movement. Super-elastic NiTi has greater recoverable elastic strain
(~8%) than other alloys (e.g. stainless steel: approximately 0.5%), hence, it is

employed as compliant joints.

Figure 4-16. Strain model of single compliant joint
As shown in Figure 4-16, the strain of ajoint can be expressed as:

[
Yjoint  d -l 9
, Al jging 0 2 2 d-o (4.44)
SraifNegge === | o T2
joint joint joint “Tjoint

Where d is the diameter of super elastic NiTi rod. Based on EqQ. 4.44, strain for

different bending anglesis calculated and shown in Table 4-5.
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Table 4-5. Strain of NiTi compliant joint against bending angles

Max bending angle 0, 9° 12° Note

Strain 5.24% 6.98% @1 mm; joint length 1.5mm;

Secondly, the other factor, geometry limitation is studied. Specifically, the motion
range depends on the max bending angle where the adjacent clisks collide. The

bending radius is described as:

Roend ng = % (4 45)

Since the adjacent disks of family B are closer than those of family A, family B is
used as an example in this part. As shown in Figure 4-17, when the bending radius is
equal to the radius of the disk, the disk collides with the adjacent one and the joint gets

the max bend.

Jjoint

disk

Disk

"}C’r’!rf.fhg

[

joint

\

R

disk

Figure 4-17. Max bending of one joint considering the limitation of geometry

Hence, the max bending angle with respect to geometry limitation is expressed as:

I join
O = F'ed; (4.46)

According to Eq. 4.46, the max single joint bending angles against different disk sizes
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are calculated, as shown in Table 4-6.

Table 4-6. Max Bending angles against disk sizes

Disk sizes 10 mm 15mm 20mm Note

Max bending angle 6, 17.19° 11.46° 8.59° @ 1 mm; joint length 1.5mm;

Finally, by comparing the values calculated from these two factors, the max bending

angle for single joint can be obtained.

4.3.2. Work volume of multiple sections

Further, a case study for a three-section twin-pivot compliant joint continuum robot
(Figure 3-10) is presented. In the case study, each section contains 10 segments. Each
segment is 10 mm long and composed of two pairs of cables (attached o the tip of
each section), three disks (lower, middle and upper) and the disks are connected by

double 1.5mm long, 1mm diameter super-elastic NiTi rods.

Based on the single joint max bending angle, the wark volume of multiple sectionsis
presented. For avoiding the collision between the adjacent disks, single joint is
alowed to be bent up to '9°, and then the points on the work volume is calculated by
an algorithm, which is based on forward kinematics. As shown in Figure 4-18 (), it

can be found that single section can bend at least 90° in arbitrary direction.

120+

100+

| 100
20 5
0 Q@
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101



Chapter 4

300

2501

-100

1300 300
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250+
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- L i 1 L
! §900 -200 -100 0 100 200 300

©
Figure 4-18. (a) 3D single section work volume;(b) casel: 2D section view of three sections work volume
(XZ); (c) case2: 2D section view of three sections work volume (X Z);

Likewise, the work volume of the three-section continuum robot is presented in Figure
4-18 (b). For example, in order to reach poi nt[X,Y,Z]=[250,0,140], there are four

different configures can be utilised:

B, 25.00

B, |=| 25.0°

Byl |-15.0
and
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B 35.00

B, |=| 150

B -350
and

B 56.0

B, |=|-45.0

B, 45.0
and

B 56.0

B, |=1-25.0

B.| |-15.0

In order to reach point [X Y, Z] = [250,0,140] , one configure can reach this point:

B [-350
B, |=|-65.0°
B, | |-55.0°

It can found that for some positions, the end of the arm can reach the desired places
with different configurations, which can allow the robot operate on that point with
variable orientations (dexterous workspace); while regarding the other positions, the

arm can reach the desired places with one configuration (reachable workspace).

4.5. Conclusions

Over the last twenty years, there have been variable methods presented in the
kinematics study of continuum robot, e.g. Denavit-Hartenberg and geometry
approaches. However, since new continuum robot concepts were introduced,
kinematics models for them were needed to be discussed, including both inverse and
forward kinematics. Based on an algebra approach, a straightforward kinematic model
for the family of double-pivot compliant joint concepts was presented in this chapter.
Unlike the conventional approach making a projection on section’s bending plane
which transfers the 3D problem to 2D, the new method directly projects cables on the

backbone and remarkably simplifies the derivation. Regarding the concept of twin-
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pivot compliant joint construction, a new kinematic model was also developed based
on a combination of D-H method and geometry approach. Two sub-bending planes
were utilised for deriving forward kinematics, since the conventional geometry
approach cannot be deployed here by projecting on section’s overall bending plane,
due to the construction. Moreover, an iterative approach was utilised for minimising
the kinematic error causing by assuming section bending angle equal with tip disk
orientation, so that an accurate inverse kinematics can be obtained, which enables the
continuum robot have precision position control. The kinematics is simple and precise,
which enables real-time control for continuum robots. The follow-up experiments
(chapter 7) proved the kinematics models are reasonable (the trails of a three-section
twin-pivot continuum robot showed that the max position error is +1mm for sweeping

in any £5° operation area by using the bespoke kinematics).

Further, the cable tension for both two families are analysed: double-pivot compliant
joint construction can increase the cable tension up to 105.74% of its original tension
when bends in its work volume, while a structure employing twin-pivot compliant
joints can maintain at least 95% of its origina tension force a an arbitrary
configuration in its work volume. Finally, the method for calculating the work volume
of a multiple-section continuum robot is developed by considering the yield of
compliant joint material and geometry limitation. A case study of athree-section twin-

pivot continuum robot is presented.
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Chapter 5 Modelling of continuum robots

In the last twenty years, a large amount of continuum robot researches have been
presented from academia and industry. However, most of the work is related to
kinematics, navigation and control algorithm of continuum robots [66, 134, 136]. In
order to guide the design of the prototypes, some fundamental analyses including
actuation force, joint buckling, Jacobian and stiffness were made to evaluate the new

concepts presented in the chapter 3.

5.1. Force Analysis

In the previous researches, the principle of virtual work was utilized for analyzing the
static actuation force of rod-driven continuum robot [32, 159], which neglects
actuation force, twisting of the backbone, weight of robot and friction and considers
the energy of flexible rods determining the section’s shape. Since different actuation
media is employed in this research, a general static method was developed for
calculating actuation forces of cable-driven continuum robots, which built the static
equilibrium by considering end load, weight of rabot, cable tension, force for bending
flexible backbone and the interaction from distal sections cables. Specificaly,
actuation force analysis for single section with one and multiple segments was
developed successively. Based on this analysis, the actuation forces acting on each
cable for an arbitrary continuum robot bending shape can be obtained, so it allows the
designer to select the motor and the (steel) cables for the physica demonstrators while
being useful to the further compliant joint design (the force acting on the compliant

joint can be determined).

5.1.1. Mathematical model of actuation force
Firstly, the force model of a single-segment section was built. Secondly, according to
the previous model, the mathematical force model for a multiple-segment section was

developed. Based on this analysis, the force model for a multiple-section continuum
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robot can be obtained. Since a modular force model was developed in this analysis, it
allows it to be deployed for both A & B families (double-pivot and twin-pivot

compliant joint structures) of the continuum robot concepts.

Table 5-1. Nomenclature used in this section

r pitch circle radius of the actuation cable holes

S the length of single section

Begment the bending angle of single segment

Goad the end load acting on a continuum robot section
Grobot the weight of a continuum robot section

Faciive the active actuation force

Fiention the cable tension force

Kjoint the stiffness of the compliant joint (Nmm/ °)
Foackbone the force acting on the backbone of the tip segment

ArMyackbone the moment arm of F,qpone With respect to point O

Foase the actuation net force acting on the cable lengths in the base segment
Frad the component of F, ... intheradia direction
Armq the moment arm of F, .4 with respect to point O

Case 1: single-segment section

In order to simplify the modelling, the analysis starts with the case of a single-segment
continuum robot section, as shown in Figure 5-1(a). The model is constructed with
two pairs of cables which are attached on disk 1; one is in the horizontal plane and
orthogonal with the other one. And the adjacent disks are connected by a flexible

backbone. Further, an extraend load is applied on disk 1 of the section.
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Since the max actuation force for single cable is acting on cable 1, when the section
bends in vertical plane, as shown in Figure 5-1(b), hence, the moment eguation of this

configuration (with respect to point O ) can be expressed as:

Pegrent Bsegrent

S .
)= GLoad o Slﬂ(ﬂsegment)
segment

I:active -r 'COS( ) + Ftens'on -r- COS(

-

g n(ﬁmment )
ﬂsegment 2 (51)

B segment
+ Ftension -r 'COS( %gzmen )

+ kjointﬁsegment

+ Grobot ’

Where Fgive T - COS(Beegment/2) IS the moment generated by active actuation forces for
bending the section; Gtoag* S Bregmen: SNBsegrmen) + Grobor* S Bsogment SN Beggmen/2) is
the moment generated by the gravity of the section and end load; KigintBsegmentS the
moment utilised to bend flexible backbone; Figngon I - COS(Bsegment/2) IS the moment

caused by cable tension.

ﬁ segment
| \

E

tension

active

—

1@

lension

7
7

7

@ (b)
Figure 5-1. (a) Schematic of a single-segment section; (b) the force model of case 1;
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Since identical cable tension forces are applied on two cables of each pair individually,
the moments generated by tension forces can be omitted from both sides of Eq.5.1.

Hence, the actuation force for a single section can becalculated as:

. . B S
[GLoad Sn(ﬁsegrrmt)+Gr0bot Sm( segzment ) ! '+kj0intﬁsegment

F Pegran (52)

active — B
r- COS(Lment)

Case two: multiple-segment section

Further, the force analysis of a multiple-segment section is presented. In particular, a
two-segment section is utilised as an example, as shown in Figure 5-2. With regard to
the tip segment, the force model is as the same as that of single-segment section,
which is presented in the previous case. In respect of the base segment, there are two

independent forces acting on it: (1) the load on the backbone F yuoe; (2) the
interaction from the cables in radia direction F, 4 (including four cables), as shown in

Figure 5-2(a).

i P

tension

A rm rad

F

ackbone

@
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—F

active

base
(b) (©)
Figure 5-2. (a) Schematic of segment force model; (b) general view of multiple-segment section; (c) the
forces acting on the length of cable 1 between disk 1 and 2;

Firstly, the load acting on the backbone is studied. Specificaly, since four cables (two
pairs) are applying force in the axia direction on disk 1, the load acting on the

backbone, which is parallel with the cables between disk 1 and 2, can be expressed as.

Fbackbone = Factive + 4Ftensi on (53)

Hence, the moment generated by F,qwoneWith respect to point O can be obtained as:

M backbone = Fbackbone - Ar Mpackbone

S B 5.4
= 2'(Factive +A'Ftension) '—'Sn(ﬁmmt)'sn(%m) ( )
segment

Where Arrrbackbone: 2. S/ﬁsegment ‘S n(ﬁsegment) : Sin(ﬂsegn‘ent/z) .

Secondly, the force in radial direction FL, of cable 1 is analysed. Since a cable needs

to be pulled from its two ends to tension it, three forces act on cable 1 between disk 1

and 2 as shown in Figure 5-2 (c), which can be described as:
Foase + Factive + Frension =0 (5.5)
Thus
Foase = —Factive ~ Frension (5.6)

Due to the fact that cable 1 pulls disk 2 from both two directions with the same

amount force|Fy.| , the resultant force in the radial direction F,4 , can be obtained as:
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Frlad =2 Fraee .Sin(ﬁsegment)
5 (5.7)
=2 (_ I:active - Ftension) sl n(seg%ment)
Hence, the moment generated by L, can be written as:
M capie 1= Frlad “Arm 4 (5.8)

Where Army = %lﬂsegment Sl n(ﬁsegment) .

Likewise, the moments generated by the other cables (cable 2, 3 and 4) can be
obtained. Therefore, the total moment acting on disk 2 with respect to point O, which

is caused by the cables, can be expressed as:

B
M cable = _2( I:active + 4Ftension) Sl n(Lnem) - Ar Mg
ﬂsegment ) S (59)

= _2'(Factive +4Ftension) -Sil’l( 2

'ﬂ%gmem 'Sm(ﬂsegment)

It is very clear that My, and M quone @€ €qua in magnitude and opposite in

direction, which are counteracted with each other completely, so the resultant moment
is zero and does not affect the calculation of the actuation force in this section. Hence,
along the full length of the cable, the same magnitude of actuation forces acts on

cables in the multiple-segment section.

According to Eg. 5.1, the actuation force for a section with multiple segments can be

expressed as.

. +nkjointﬁsegment

P segen (5.10)

nﬂ%gment ) . S
2

[GLoad Sin(nﬁmgment ) + Grobot Sin(
E

active —
n
r- COS(%)

Where n denotes number of segmentsin a single section

Further, assuming Figure 5-2 shows a schematic of two single-segment sections of a

continuum robot, according to the analysis, it can be concluded that the interaction of
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distal sections cables does not influence on the actuation forces of the proximal
sections. Hence, based on Eq. 5.10, the actuation force of multiple sections can be
derived. Therefore, the auction force of an arbitrary section in @ multiple-section
continuum robot with a random bending shape can be calcul ated, which helps the
designer determine the specifications of the actuation employed in the physica

demonstrators.

5.1.2. Force calculation interface
In order to make the actuation force calculation user friendly, a MATLAB GUI > as

shown in Figure 5-3, was developed based on the multiple-section force model.

Output : the shape of the continuum robot Output : the actuation force of each section

W e e

I R ! I ' iseckon 4500487 W7 smtin 230,586 Campressieioree
idsecion 4216465 Shsecton 222340, meoorioans
Jgsection  392.3568 @msecton 2145452 1073.6348
shsecton 302 5004 0hsecton 2068934
Sthsection 281.0852 1Whsection 2021693
@hsection 2616921 12hsecion  199.2478

S

Radius{mm} {st stage " 2nd stage @ 3rd stage e 4th stage s load(g) w
section welghtig) ® " ® W pre-tension force(N) M
Length{mm) ; " T e
Joint Size{mm) ' i
1st section ) J 18 Sth section | | ] 18 | @th section | . 0
2nd section . .| -18 | 6thsection /| || 18 10thsestion | | | e
3rd section . | 18 Tthsection | o -18  11thsection J J o 18
4th section ‘| | 18 Bth section J +| 18 12th section | | -18
8 ; F
Input : the parameters of the continuum robot Input : Bending angle of each section

Figure 5-3. MATLAB GUI of the actuation force calculation

Using this interface, the parameters of continuum robot including length, diameter,
weight, bending angle, joint size of each section and end load, can be set by the
operator, and thus the actuation force of each section can be calculated accordingly.
As the output, the shape of the continuum robot can be also shown in the interface,

according to the bending angles. And the follow-up experiments (presented in Chapter

® graphical user interface
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7) indicate that the actuations of the physical demonstrators based on the force

calculation of the interface are reasonable.

5.2. Buckling Analysis

Buckling failure is a mgjor obstacle for designing the compliant joints of continuum
robots, since flexible structure can experience buckling, especially when it is acted by
the axial compressive load and constructed with relatively high length to cross-section
dimensions ratio [160]. In this section, Euler buckling theory is employed for the

evaluation of the buckling problem and the critical buckling load can be calculated as.

_ z2El (5.11)
(KL)?

cr

Where E = Young's modules; | = area moment of inertia; L = unsupported length of
column; K = column effective length factor, whose value depends on the conditions of
end support of the column: for both ends pinned (hinged, free to rotate), K = 1.0; for
both ends fixed, K = 0.50; for one end fixed and the other end pinned, K = 0.699; for

one end fixed and the other end free to move laterally, K = 2.0.

Regarding a compliant joint of the continuum robot, it isin the case of one end fixed
and the other end free to move lateraly, K of which is 2. According to Eq. 5.11, a

case study of 1mm diameter and 2mm long aluminium rod isgiven in Eq. 5.12.

7Bl 3.14%x6.9-10"° x4.9.10" (5.12)

T(KD? (2-0.02)

=2089 N

cr

As shown in Figure 5-4, the critical buckling load of the aforementioned aluminium

rod is2049.6 N, which is obtained from the FEA simulation (ANSY S).
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P Details of "Total Deformation”
-

- Scope
Scoping Method | Geometry Selection

ﬁu
Rint Geometry All Bodies
EEE - Definition
e Type Total Deformation
Mode [1.
Identifier
Suppressed No The max
-/ Results -t buckling load
Load Multiplier | 2049.6 [
Minimum 0. mm
—_ T— Maximum 1.1162 mm
@ (b)

Figure 5-4. (8) FEA validation of asinge compliant joint in ANSYS; (b) the FEA simulation result;

It is found that the error between the calculation and the simulation is 2.5%, which
proves that the calculation is appropriate to be applied for guiding the further physical
system design. And the follow-up experiments validates the calculation is reasonabl e,

since no buckling problem happened to the joints of the hardware system.

5.3. Jacobian Analysis

Jacobian is the mapping between the velocities of the end-effector to those of the
actuations. In this section, a general method for deriving Jacobian of the continuum
robots proposed in this research isintroduced. Further, Jacobian is also ulilised in the

next section of stiffness analysis, which relates the element stiffness (the actuations &

compliant joints) to the system stiffness [2].

Table 5-2. Nomenclature used in this chapter

Vi the linear velocity of the i" pair of cable (i =1and 2)
Vg, the linear velocity of point B; (i =1and 2)

Jsogrment 2x2 matrix of the Jacobian of a single-segment section
Qi the angular direction velocity of asingle segment

B the angular bending velocity of a single segment

K sogment the stiffness matrix of a single segment
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K section the stiffness matrix of a multi-segment section

Case 1: single-segment section

Generally, Jacobian of a robot can be obtained by differentiating position kinematic
equations with respect to time. Regarding to the geometry and actuation approach of a
continuum robot, the analysis of a single-segment section is given firstly in order to

simplify the derivation. Jacobian of one segment can be written as[161]:

V=J0 (5.13)

Where éz[d,ﬁ']is the angular velocity of the segment; V=V, V,]| is the linear
velocities of the actuations, V,and V, are the linear velocities of each pair of cablesin

the segment, respectively.

Differentiating Eq. 4.5 with respect to time, yields the linear velocity of point B;:

in di
Ve =|Vy |= V0o, + o | A (5.14)
V, 0

WhereJgo, +Jo,5 IS a3x3 Jacobian matrix for point B, .

Figure 5-5. Velocity of point B; and linear velocity of actuation cable
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As shown in Figure 5-5, since the linear velocity of the cable is aong the direction of

the backbone, thus, dot-multiplying both sides of Eq. 5.14 by the unit vector ;i yields:

in di
V=i Vg =i\ Vy | = ii- (oo, +Jog } A (5.15)
V,, 0
Therefore, it can be found that the matrix
Ji= [‘]il Jiz Jis]:ﬁ'(Jolo2 +Joza) (5.16)

is a 1x3matrix for the Jacobian of the " pair of cables.

Writing Eq. 5.16 two times yields Jacobian matrix for two pairs of cables, which can

be written as

‘J21 ‘]22 ‘]23

J' = |:‘]11 ‘]12 ‘J13:| (517)

Since the last element of the angular velocities in Eqg. 5.17 is zero (each segment of

the continuum robot has two DoFs), therefore, the Jacobian matrix of one segment can

be obtained as
Where
_ Ju I

isa2x2matrix for the Jacobian of a single-segment section.

Case 2: multiple-segment section
Further, according to the previous analysis, Jacobian matrix for multiple-segment
section is derived. Let the cable displacement of a single segment be Al in atimeAt.

Since al the segments share the same construction and connect serially, the total

115



Chapter 5

stretch in one section isn-Al , direction and bending velocities are n-¢ andn- 3,

respectively. Hence, the cable velocity matrix Vg, Can be expressed as:
n-Al ndi
Veection = A_'[ = Jsection * Osection = Jsection ‘|:nBi :| (520)

According to Eqg. 5.20, omitting n from both sides, the following equation can be

obtained, which is single segment cable velocity:

Al a;
e Jection {ﬂj (5.21)

And the linear velocity matrix of cables in one segment Vgme,: Can be expressed as.

Al
Vsegment = E
i
= Jsection {ﬂ } = Jsection * Osegment (522)

Where 6 g yme denotes the tip angular matrix of one segment and Jeuyio, denotes the

Jacobian matrix of one section.

According to Eq. 5.13 and 5.22, the following equation can be obtained:
Jeection = ‘]segment (5.23)

Therefore, it can be found that the Jacobian matrix of one section is equal to that of
one segment in this section. By following the same approach (i.e. differentiation with
respect to time of position kinematics equations), Jacobian matrix of other continuum

robot structures proposed in this research can be obtained.

Further, a FEA model was utilised for validating the Jacobian matrix and the velocity

calculation in ANSY' S, as shown in Figure 4-6.
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Given

configuration of
snake arm |

i ; Set Cable velocity Measure the
Jacobian — fchumiion velc_ncnly — in FEA snake arm —# angular velocity of
(cable velocity)
model snake arm

Given angular |
velocity of snake
arm

Checking whether measurement

coincides with the given data

Yes No
v A 4
Jacobian is Jacobian is
right wrong

Figure 5-6. Verification method for Jacobian matrix;

Figure 5-6 illustrates the procedure for validating the Jacobian analysis. Specifically,
based on Eq. 5.14 and 5.23, actuation velocities (cable velocities) at an arbitrary
configuration can be calculated with regard to a given angular velocity of the
continuum robot, and then those velocities of the FEA simulation model are set
accordingly. Further, the angular velocities of the continuum robot are measured from
the FEA model. Comparing the measured data with the given angular velocities, the

bending and direction errors are obtained, as shown in Figure 5-7.

« 10 Bending Velocity Error(Direction Angle 0°)

Velocity error(Radian/sec)

1] 1 1 1

0 pid pisd Ipif pir2
Bending angle(Radian)

(b)
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<o Direction Velocity Error(Bending Angle 90°)

]
T

T

Velocity error(Radian/sec)

ra
T

1 1 1 1 1 1 1
0 pifd pir2 3'pi4 pi Spid 3Pl i 2
Direction angle{Radian)

(©)
Figure 5-7. (a) Calculation error of the bending velocity comparing with the FEA model (b) the
calculation error of the direction velocity comparing withi the FEA model (the specifications of the model
are presented in Figure 4-6)

It can be clearly found the max bending and direction errors are 2.7x10*and 25x10°*
radian/sec, when the given bending and direction velocities are 0.35radian/s (20
degrees/s) and 0.63 radian/sec (36 degrees/s), respectively. The max bending and
direction velocity errors between simulation and calculation are 0.08% and 0.04%,
which proves the analysis reasonable and the approach can be employed to analyse the

Jacobian matrix of continuum robats.

5.6. Stiffness Analysis

Stiffness is akey parameter for evaluating the design of arobot system. In this part, a
2DoF stiffness matrix of continuum robot will be presented. The stiffness of a robot
depends on several factors, including size and material of the links and joints,
actuators, control system. In this thesis, the relative flexibility of the compliant joint

and steel cable is assumed to be the major sources of the compliance.
Theoretically, in respect of a conventional robot, the stiffness can be expressed as:

F=K-AX (5.24)
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Where F is the vector of force or moment applied on the tip of the robot; AX is the
displacement of the tip; the stiffness matrix K can be mathematically expressed as
[161]:

K=J"kd" (5.25)
Where J is the Jacobian matrix of the robot and k denotes a stiffness matrix, which

contains the stiffness information of the compliant elements of the robot, e.g. the joints

and the actuations cables.

Since the tiffness of the entire continuum robot depends on the stiffness of a single
segment, single segment stiffness is presented firstly. With regards to the proposed
concept of the continuum robot, the links are connected by compliant joints and driven

by cables, thus the segment stiffness matrix K gymen: CaN be written as [162]:

T T
ngment = Jcavle kcable‘]cable + Jjoint I(joint‘]joint (526)

Where J e Keapiedcane dENOtEs the stiffness matrix caused by the actuations (cables),
J joimTkjoimJ joint d€notes the stiffness matrix provided by the compliant joints. K.y e
and ki, are the stiffness matrixes of steel cables and compliant joints in a single
segment. Jegpe & Jjoie € the Jacobian matrixes relating the segment angular
velocities to the cable and compliant joint velocities.

Eq. 5.27 represents the cable stiffness matrix and each element represents the stiffness

constant of a cable.

k, O
Keaple =| ~
cable |: 0 k2:| (527)

Where k;, and k, are the cable dtiffness constant in X and Y direction. As

aforementioned, Jacobian matrix Jggmen Maps the angular velocities of a segment to
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those of the actuations, which is as the same as J e, hence, J.u.iS equa to the

Jacobian matrix Jsegment-

Eq. 5.28 represents the stiffness matrix determined by the compliant joints in a single
segment. Each element of the matrix represents the compliant joint stiffness constant

in different axes.

B /(@2 jon) O

kjoint = 0 E|/(2| joinl) (528)

Since the resultant angular velocities of the compliant joints are equivalent to those of

a segment, the joint Jacobian J i, isan identity matrix (J o =1 ).
Therefore, the stiffness matrix of a single segment of continuum robot can be obtained:
Ksegment = ‘J;gment k(:able‘Jsegn'\ent + I(joint (529)

Due to the fact that all segments in one section share the same construction, thus, the

stiffness matrix of a section can be express as.

K
Ksection = e (5 30)

Where number of segmentsin one section is denoted as n.

With regard to bending angle range (-7z/2,7/2), the stiffness of one section at
direction angle 0° and 45° are shown in Figure 5-10. For example, the stiffness of
0.75mm diameter 100mm long steel cable is 150 N/mm. The stiffness of 3mm elastic
rod is 1314 Nmm/radian. It can be found that the max and min stiffness are 6501 and
6227 Nmm/radian. Hence, the stiffness matrix on one section of continuum robot is

obtained.
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Stiffness at direction angle 0°
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Figure 5-8. Stiffness of one section: (a) direction angle O °; (b) direction angle 45 ©

As shown in Figure 5-9, the procedure for validating the stiffness matrix is presented.
Specifically, based on Eg. 5.30, the deflection of one segment at a configuration is
calculated with regard to a given moment applied on the tip. The tiffness matrix is

proved by comparing the calculation to the simulation (FEA).
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) Measure the
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I Stiffness Deflection of |
I Matrix the tip
Given configuration of one

segment

Figure 5-9. Verification method for stiffness matrix

As shown in Figure 5-10, a simulation model is built in ANSY S. Comparing with the
model using for validating kinematics model (Figure 4-6), the only difference is that
cables are replaced by springs in this model, so that they can generate elongations for
simulating the real performance of steel cables when they are pulled. All of the other
parameters share the same dimensions and property with the previous simulation

model.

(b) ©
Figure 5-10. Simulation models for validating the stiffness analy'sis
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Set the stiffness of spring is 600 N/mm, which is equal to that of 25mm long and
0.75mm diameter commercia stedl cable (one segment). And set the siffness of a
3mm elastic rod is 1314 Nmm/radian, which is that of a 3mm long, 1mm diameter

auminium rod. Finally, a moment is applied on the tip, which is 200Nmm.

Stiffness at direction angle 0°
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Figure 5-11. Stiffness of a one-section continuum robot vs different section’ s bending angles
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Figure 5-12. Deflection of one section continuum robot vs different section’s bending angles

Figure 5-11 presents the stiffness of one section continuum robot (at the bending
angles 0°, 20°, 40°, 60°, 80° 100° and 120°; the direction angles 0° and 60°) is
obtained by calculation and simulation models, respectively. And the deflections
caused by 200Nmm end load (at direction angle 0° and 60°) are presented in Figure
5-12. The max deflection is 0.0344 in radian (1.9710°), which happens at 90° bend. It
can be found that the max error between simulation and calculation is 7% n a bending

range (0,77/2). Therefore, the stiffness matrix presented in this paper is proved and can

be used to present the stiffness of a continuum robot. In the design process, the
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stiffness analysis and simulation was utilised to estimate the performance of the

hardware and to optimize the design.

5.4. Conclusions

In this chapter, several fundamental modelling including actuation force, joint
buckling, Jacobian and stiffness are presented. Based on the force analysis, unlike the
conventional approach utilized in the actuation analysis of rod-driven continuum robot
(principle of virtual work), a static analysis of cable-driven continuum robot is
developed, by considering gravity, end load, cable tension, force for bending flexible
backbone and the interaction from distal sections' cables. Hence, the actuation force of
an arbitrary section in a multiple-section continuum robot with a random bending
shape can be calculated, which helped the designer determine the specifications of the
motors and steel cables utilized in the physical demonstrators. The following

experiments prove the actuation selections of the demonstrators are reasonable.

Since compliant joint is relatively flexible comparing with conventional rigid joint, the
joint can be buckled if overloaded, which can cause poor control accuracy and even
physically fail the whole system. Hence, a method for calculating the critical buckling
load of compliant joints is presented, which was utilized for guiding the compliant

joint designs of the physical demonstrators and validated on the following trials.

Further, the Jacobian of multiple-segment section is presented, so it alows the
actuation velocities able to be calculated according to the given angular velocities of a
section. Finaly, based on the Jacobian analysis, the stiffness of the multiple-segment

section is analyzed and validated by the simulation with amax 7% error.
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Chapter 6 Prototypes of the continuum robots

In order to evaluate the aforementioned continuum robot design concepts, four
prototypes were designed and built, which utilised both of the two families of design
concepts, i.e. double-pivot and twin-pivot compliant joint constructions. Firstly, atwo-
section prototype was developed to evaluate the best elastic material “or building
continuum robot backbones. Further, the 2™ (full length continuum robot with single
double-pivot backbone) and 3 (three-section continuum robot with twin-pivot
backbone) prototypes were built. It was found that twin-pivot compliant joint
construction (family B) has better stiffness and less twisting (rotation around its axis
of symmetry) problem than double-pivot compliant joint construction (family A).
Finally, based on twin-pivot compliant joint construction, the fina full length

continuum robot (Iength>1200mm) was designed and built.

6.1. Prototype 1 (continuum robot with segmented single backbone
pivot)

In order to select the backbone material (the material is required to have an
appropriate elastic modules, which allows the backbone to have a proper stiffness and
bending capability), the first protatype, as shown in Figure 6-1, was constructed that

consists of two articulated sections with the total length of 200 mm and the diameter

of 15 mm.

Figure 6-1. CAD model of the 1st demonstrator (the details are explained in Figure 6-2 & Figure 6-3)
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In each section, there are 5 segments which are constructed with :six evenly spaced
through holes in each disk for guiding cables along to the attached. The continuum
arm is driven via cables connected to an actuation pack (150x150x144mm) consisting
of six stepper motor non-captive linear actuators (three for each section) that are able

to produce athrust force of 55N and stroke length of 75mm (LP3575S0504).

6.1.1. Evaluation of backbone materials
The two-section prototype was used to evaluate the design concepts before building a

full scale system. The foll owing backbone concepts were tested on this sysem:

1) Concept one: spring-style compliant backbone (mono-coil tube [163]) (Figure
6-2(a));

2) Concept two: multiple elastic backbones (super-elastic NiTi rod) (Figure 6-2(b));

3) Concept three: single elastic backbone (supe-elastic NiTi rod) with cable

actuations (Figure 6-2(c)).

(d) (€
Figure 6-2. (a) Concept one: spring-style compliant backbone (mono-coil tube); (b) concept two: multiple

elastic backbones; (c) concept three: single elastic backbone; (d) kinematic performance cf spring-style
backbone; (€) kinematic performance of elastic rod actuation;
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Specifically, the first design utilizes a piece of mono-coil tube as the backbone (Figure
6-2(a)), which provides a working channel for the machining tools to be delivered to
the tip of the continuum robot along the axia direction. Concept one demonstrated a
good capability of flexibility. However, the spring-like construction makes it difficult
to evaluate/control the backbone length, since the varying actuation force along the
longitudinal direction compress the backbone to variable lengths in the process of
operation, as shown in Figure 6-2(d), which causes a poor accuracy and stiffness of

the continuum robot [105].

The second system consists of three super-elastic NiTi rods as the backbone and the
mechanism for transmitting the actuation force. All the disks are mounted to one rod
by glue, while the other two rods are attached to the tip disk and can run through the
holes of other disks along the longitudinal axis (Figure 6-2(b)). Unlike steel cables, the
elastic rod can push and pull for adjusting the orientation of the tip disk. Hence, two
linear actuators are theoretically needed for single section, which allows fewer
actuations than the other two concepts. However, since the rods bend in an uneven
shape rather than acircle arc (Figure 6-2(€)) when it is pushed, a complex agorithm of

actuation compensation is required for the precise position control [132].

The third concept (Figure 6-2 (c)) employs a single central located super-elastic NiTi
rod as the backbone. Comparing with the other two concepts, it has following

advantages.

1) NiTi rods have good stiffness in longitudinal direction, thus they do not have the
variable backbone length problem, comparing with the concept 1,

2) This system uses steel cable as the actuation, which is much easier to build a
kinematic model for it, comparing with the concept 2;

Therefore, super-elastic NiTi rod was determined to be utilized as the backbone of the

next prototype.
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6.1.2. Actuation system

Figure 6-3(a) illustrates the mechanism for a single linear motor: there is an
intermediary action lever fixed to the lead screw of the motor, which is &le to move
along the action bar (this is utilized to stop the rotation of the lead screw, so that the
motor can generate a linear movement). Six linear motors are evenly spaced around
the longitudinal axis in the actuation system for controlling two sections, as shown in

Figure 6-3(c). The specifications of the linear motor are shown in Table 6-1.

Action Bar
| Steel Cable

(b)

Figure 6-3. Actuation system of the two-section continuum robot: (a) actuation mechanism; (b) linear

motor; (c) the six-motor actuation system;

Table 6-1 Specifications of the linear motor

Thrust Resolution Pitch Current  Weight  Stroke
Type
N Mm/step mm A kg Mm
LP357550504 55 0.0254 122 0.46 0.086 17.5

The actuation system enables each cable to be tensioned and controlled individualy,

but it requires relatively large space for placing the electrical motors. Since the
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continuum robot needs to be carried by a walking hexapod, the size: and weight of the
actuation system needs to be minimised. Therefore, apart from the conventional
actuation method (electrical motor), Shape Memory Alloy was aso tested for
validating a new actuation approach. Shape Memory Alloy (Nitinol wire [164])
contracts and generates a pulling force when activated and stretches back to its
original length by a counter force applied to it in the opposite direction when
inactivated, which shows the potential to achieve a large actuation force whilst
reducing the size and weight of an actuation pack. For example, a test was performed
by using 0.3mm diameter wires (100mm in length), which can contiract around 5% of
its length and generate a pulling force of 12N |per wire when it is heated, as shown in

Figure 6-4.

@ (b) ©
Figure 6-4. Stroke & forcetest of NiTi wire: (a) the original position; (b) the activiated wire contracts to
the max stroke position; (c) the inactivated wire is pulled back to the original position by the weight;

According to the initial experiment, two concepts were generated and evaluated:
concept one: using long SMA NiTi wires that run from the base to the at.ached point
on the disks and replace steel wires for driving a continuum robot (Figure 6-5);
concept two: using SMA as replacements to the motors in the actuation pack where

the SMA wire coils on a spool and drives the continuum manipulator (Figure 6-6).

Firstly, a one-DoF prototype was designed to test concept one, as shown in Figure
6-5(a). In this demonstrator, two pairs of NiTi wires were connected to a power
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supplier separately, which individually attach to the end of the pivot joint (Figure
6-5(b)). By dternatively activating one pair of the NiTi wires, the system can generate
aone DoF rotation, which has the advantage of light weight and high power-to-weight
ratio (comparing with the motor actuated demondrator), as shown in Figure 6-5
()& (d). However, the linear arrangement of NiTi wires takes more space than the

electrical motors in longitudina direction, thus it requires a more compact way to

arrange the wires.

@ (b)

© (d)
Figure 6-5. NiTi actuated demonstrator utilising concept one

In concept two, as shown in Figure 6-6(a), a NiTi wire (0.3 mm in diameter, 600 mm
in length) was coiled on a spool (36 mm in diameter) for measuring the stroke of the
wire in the coiling arrangement (since the spool and SMA NiTi wires are all black in
colour, it isnot easy to identify the coiled wires from the photos). In this experiment, a
load (500g) can be lifted by the activated NiTi wire (Figure 6-6(a)), but the stroke

ratio decreased (from 5% to around 4% (24 mm/600mm: 4% of its length)) comparing
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with the first concept, due to the friction between the wire and the spod. Further, a
one-DoF prototype was built for demonstrating the second concept, as shown in
Figure 6-6(b), (c) & (d). However, the decreased stroke ratio of the NiTi wire makes

the precise position control of the one-DoF mechanism difficult.

(b)

Figure 6-6. NiTi actuated demonstrator utilising concept two

For studying the NiTi wire contral, alinear NiTi aciuation demonstrator was built to
test the control solution, as shown in Figure 6-7. The system consists of a 0.3 mm
diameter and 200 mm long NiTi wire, a slider and a bias steel spring, which can drive
the dlider back the original position when the NiTi is cooling down. And a linear
sensor is combined into the system to feedback the position of the slider. However, the
test results show the accurate position control is even difficult to achieve and maintain
in the linear cable arrangement. Specifically, the shape memory aloy NiTi wire has a

high power-to-weight ratio, which can help to minimise the size and weight of the
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actuation system. However, it was found that the precise contral is difficult to be
achieved, since the nonlinear Temperature/ Strain characteristic of NiTi wire.
Therefore, the conventional actuation (the electrical motor) was utilised in the

following pratotypes.

Figure 6-7. Linear NiTi actuation system

6.2. Prototype 2 (full length double-pivot continuum robot)

Following the two-section prototype, a full length demonstrator was developed to
validate the concepts at the scale of 1.2 m in length. In order to increase the stiffness,
the family of the double-pivot compliant joint construction (see Chapter 3.2.1.) was
employed, and the concept utilising a single short flexible rod as the compliant joint
(Figure 3-7) was selected to be deployed for building this demonstrator, because of the

simple construction.

6.2.1. Continuum arm

According to the requirement of reaching the first stage of LPC (low pressure
compressor) from the front of a gas turbine engine, the full length demonstrator
(Figure 6-8 (a) & (b)) is designed to have alength of 1200mm and consists of twelve
articulated sections (100 mm long per section), each capable of being bent 90 degrees.
In the demonstrator, every section comprises of four segments, each having two
compliant joints and a non-flexible steel tube connected in series, as shown in Figure
6-8 (c) & (d). In particular, super-elastic NiTi rods (3mm in length; 1 mmin diameter)
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are utilised as the compliant joints and the non-flexible steel tube is utilised to reduce
the propensity for joint buckling. In each section, two pairs of steel cablesare attached
to the tip disk and go through all the following sections, while the other end of the

cables attach to the spool mechanism.

(b)

(d)
Figure 6-8. (a) Schematic illustration of the full length continuum; (b) photograph of the full length

continuum; (c) CAD of asingle ssgment design; (d) scrematic of single section design;
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The continuum arm has a tapered design with 4 stages of lessening diameters (33mm,
27mm, 20mm and 15mm and the average diameter/length of the armn is 0.02), in order
to balance the extremes of actuation force (Figure 6-9). Three 3.5mm diameter
working channels are contained within the separating disks that guide ard attach the

control wires of the end effectors.

Figure 6-9. Disk designs of four stages

According to Eq. 5.11, the critical buckling load of compliant joint (3mm in length;
1mm in diameter; material: superelastic NiTi) was calculated in order 1o avoid the
joint buckling (551.8N). Further, by using the force calculation program (Chapter 5.1),
the max actuation force for every section was computed and the details are presented
in Table 6-2. (Note that the prototype was designed to be hanged on the ceiling for

demonstrating the tip-following control [165].)

Table 6-2. Max actuation force in each stage

Max actuation force Section Mass Diameter

Section 1 34N
Stage 1 749 33mm
Section 2 31N
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Section 3 28N
Section 4 27N
Stage 2 Section 5 25N 489 27mm
Section 6 22N
Section 7 22N
Stage 3 Section 8 19N 269 20mm
Section 9 17N
Section 10 18N
Stage 4 Section 11 17N 179 15mm
Section 12 15N
Total 275N 495¢

In order to provide sufficient electrical motor transmission to meet the arm articulation
requirements, DC motors with high ratio gears (304:1) are used that produce 2.4Nm of
torque. This gives a max cable pull force of 143N each which is carried in additional
bearings mounted to the spools. As the actuation systems are somehow the results of
an ordinary design exercise that has been the work of an experienced engineering
designer associated to MiRoOR project, they were not the focus of this thesis and
therefore, they are presented very briefly as they allow the realisation and the
demonstration of proposed continuum arm designs. As shown in Figure 6-10(a), this
electromechanical actuation pack is designed to be light (7.5Kg) and compact (O/D
235mm x 126mm total height), with planned design improvements (more torgue,
lower weight) making it suitable to be coupled and carried by the walking hexapod
proposed in MiRoR (Chapter 1.3) when required. Figure 6-10(b) illustrates the
concept of the spool mechanism which makes two cables coiled in the pattern of
Archimedean spirals. However, in the experiment, it was found that when the spool

rotates an arbitrary angle, the displacement of the cable in one side is not equal to that
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of the other cable attached on the same spool, thus it cause one cable is hot tensioned,
which renders the decrease of the stiffness. In order to solve this: problem, another

cable coiling approach was employed to build the spool mechanism for the 3™

S
Snake arm\%

demonstrator.

Cable 2

Cable 1

(b)
Figure 6-10. (a) actuation pack of full length continuum robot; (b) concept of the spool employed in the
2" demonstrator;

The following trial (see detail in Chapter 7.2) proves this system hiave great bending
capability, high length/diameter ratio, lightweight construction and an appropriate
navigation accuracy. However, the twisting problem of the central located backbone

needs to be addressed, which drastically affects the control of the system. Further,
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regarding the actuation system, the design of the spool needs to be modified in order

to keep the tensions for both cablesin a spool.

6.2.2. Variable stiffness system

For evaluating the stiffening concept, several variable stiffness systems have been
built and tested on the second continuum robot demonstrator, which can turn an
ordinary continuum manipulator into a variable-stiffness continuum robot. These non-

articulated, tubular constructions consist of:

(1) A power supplier (up to 24V);

(2) Heating elements (Nichrome wires);

(3) Thermoplastics (polymorph: liquid-like, when melt);

(4) External & internal dleeve (rubber/Kevlar tube) for constraining the

thermoplastics.

Prototype (1): As shown in Figure 6-11(a) & (b), the system compri ses a compression
stedl spring in polymorph covered by Kevlar sleeve. The system can be heated up by
activated NiCr wire and softened at the temperature of 60 °C. However, it was found
that the max bend of the continuum robot (approx. 30°) is limited by the spring (great

forceis required for bending the spring) and Kevlar tube (low elongation ratio).

Steel Spring +

/Sleeve

e

|

Heating element Thermoplastics

—
&
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(b)
Figure 6-11. Variable stiffness system prototypes: (a) schematic of variable stiffness system; (b)

prototype 1; (c) prototype 2;

Prototype (2): This system is constructed aong the same priinciples but with
alternative sleeve material (rubber which has a great longation ratio) and does not use
steel spring for increasing the stiffness. The demonstrator was built and integrated
with the continuum robot to test the bending capability of the variable-stiffness system,
as shown in Figure 6-11(c). It wasfound that, comparing with prototype 1, this system
allows the continuum robot generate greater bending angle in the soft state while still

having a good stiffnessin the rigid state.

Based on the experiments of these two variable stiffness systems, the main elements of
the system (thermoplastic: polymorph; heating element: NiCr wire; sleeve: rubber)

were determined and utilised in the next prototype.

6.3. Prototype 3 (Three-section continuum robot with twin-pivot

backbone)

The second prototype has great bending capability and high length/diameter ratio.
However, in the experiments, it was found that the construction has a twisting problem
and the stiffness needs to be enhanced during the “moving” mode. Therefore, the
aforementioned twin-compliant joint concept was employed in the 3" demonstrator

(three sections) used as a stepping stone towards the final design, which was built
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within the design remit to closely follow the intention for the final continuum robot

design.

6.3.1. Continuum arm

The prototype (as shown in Figure 6-12(a)) was constructed with twin-pivot compliant
joint and twin actuation per section (Chapter 3.2). The system consists of three
sections and each section contains 10 segments. Each section is 100 mm long and
composed of two pairs of cables (atach to the tip of each section), and all the disks are
connected by twin 1.5mm long, Imm diameter super-elastic NiTi rods, which has
greater single joint buckling load (2207 N) than previous design and gives the
construction better stiffness, as shown in Figure 6-12(a) & (b). The whole arm weight

is62g.

(d)

Figure 6-12. (a) Genera view of the continuum robot; (b) one segment construction; (c) working channel

of the continuum robot; (d) the continuum robot equipped with a machining tool and motor;

By actively changing the lengths of two out of the four steel cables, each section can
be bent at least 90° in an arbitrary direction. The design of disksis 15 mmin diameter

and PCD (pitch circle diameter) of the cable guide holesis 12 mm. For ddivering the
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torque cable and electrical cables of end-effectors (e.g. camera & illumination) to the
tip of the robot, a 9mm diameter hole is made at the center of each disk along the
entire length of the manipulator, a shown in Figure 6-12(c). For machining, a motor
is attached at the end of the actuation system, which can drive a spindlevia a torque

cable (Figure 6-12(d)).

The actuation casing

Snake Arm Unit

Spool System FPGA Board

@

The upper spool

Cable 2

The lower spool

(b)
Figure 6-13. (a) CAD of the actuation system (b) concept of thespool employed in the 3" demonstrator;

Figure 6-13(a) shows the actuation system of this prototype, which uses 6 high torque
motors (4.5 Nm) to prove out the finer details of this close pack arrangement, which
can provide 600N actuation force. This system was designed to accommodate 24
individually controllable of motors, on which here only 6 motors are included, as a
pre-test of the final full length demonstrator design. In the prototype, each motor is

attached to an individua spool for actuating a pair of control cables, which serialy
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runs through the spool system and the manipulator, and then separately attaches to the

tip of every individual section.

In particular, Figure 6-13(b) illustrates the concept of the spool system, which is the
key modification comparing with the previous actuation system. The upper spool
attaches to the motor and the lower spool can make a concentric rotation relative to the
upper one. Two cables, which are individually mounted on the upper and lower spools,
can be mechanically adjusted the tension by rotating the upper/lower spools relative to
each other. Unlike the spool utilized in the previous demonstrator, the cables are
helically coiled on the spool at the same diameter in this design. Therefore, by rotating
the spool an angle, the same length of cables can be simultaneously stretched and
contracted from either the upper or lower spool, which can help the continuum
manipulator keep a constant cable tension when it is bending. And it can achieve a

constant proportional relationship between actuator motion and manipul ator motion.

6.3.2. Variable stiffness system
According to the previous experience, this system was constructed with along the
similar principle. However, a supporting construction was utilised for keeping

thermoplastics at the origina position when it melt (Figure 6-14(a)).

The construction consists of compliant joints (1 mm diameter, 2.5 mm long), disks (20
mm outer diameter, 16 mm inner diameter and 2.5 mm high), which are connected
seridly. The gaps between the disks are filled with polymorph material, which can
either block the movement of the compliant joints when it is solid or does not limit the
flexibility of the construction when it is melt. And a NiCr wire is integrated in the
thermoplastics as the heating element, which is connected to a power supply, as shown
in Figure 6-14(a) & (b). And both sides of the variable stiffness system are covered by
latex rubber tubes for avoiding the melt polymorph leaking into the continuum

manipulator, which can jam the actuation cables. Further, the disks and compliant
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joints are coated by electrical insulating varnish for avoiding short circuit of the NiCr

wire.
Heating element
\
Aluminium Disk
Compliant
joint
Thermoplastics

© (d)
Figure 6-14. (a) one segment construction; (b) the prototype of the variable stiffness system; (c) therigid

state of variable stiffness system; (d) the soft state of variable stiffness system;

The design has the following characteristics:
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1) Dual state of stiffness - the rigid state (Figure 6-14(c)), it remarkably increases the
stiffness of the system comparing with a pure twin-pivot compliant joint
construction; the soft state (Figure 6-14(d)), it does not limit the flexibility of the
system;

2) Lightweight and compact (40g /100 mm in | ength; 2mm thicknessin radius);

3) The construction can be mounted on the outside of arbitrary section of a continuum
manipulator, which can turn an ordinary continuum robot into a variable-stiffness
continuum robot having variable stiffness.

Therefore, the construction with dong the same design principle was utilised in the

design of thefinal variable-stiffness continuum robot demonstrator.

6.4. Prototype 4 (full length continuum robot with twin-pivot

backbone)

As the final design of the variable-stiffness continuum robot, the prototype comprises
three main mechanical units: the continuum construction, the variable stiffness system
and the actuation pack. According to the successful experiments of the 3 prototype,
the final demonstrator still utilised the same design principle (twin compliant joint)

with the previous system.

6.4.1. Continuum arm and variable stiffness constructions

The continuum arm has a total length of 1266mm, a tapered diameter from 42mm at
its base to 13mm at its tip (the average diameter/lergth ratio of the arm is 0.023), as
shown in Figure 6-15(a). Each of the twelve articulated sections (24 DoFs) was

designed to be able to bend 90 degrees.

The 1%t stage The 2" stage The 3" stage
(150mm, 672mm | 444mm
| |

|

!

¥
—_r e X

I
|
The total length:1266mm

@
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(b) (©) (d)
Figure 6-15. (a) Cad of the 4th prototype; (b) the tip stage; (c) the middle stage; (d) the base stage;

The continuum arm consists of 3 stages. As shown in Figure 6-15(b), the tip stage (3
sections) is 150mm long, and it is made from aluminum disks amd NiTi compliant
joints. This stage does not include a variable stiffness system and wihen the continuum
manipulator reaches the target position, the 3-section stage can be manipulated for

machining in confined environmerts.

The middle stage is constructed with two systems: the continuum arm and the variable
stiffness system. The former is concentrically covered by the latter, which is mounted
to the former externally, as shown in Figure 6-15(c). There are 6 sectionsin this stage
and each of the upper and lower three sections are 102 mm and 122mm long,
respectively. The continuum construction comprises a combination of aluminum
internal disks to resist the compressive forces aong the longitudina axis and a
lightweight Nylon outer layer to guide the steel cables (only a force in the radial
direction is acting on the Nylon part by the cable when the contimuum robot bends
(Figure 6-16(c))), as shown in Figure 6-16(a). This combination design can
significantly save the weight of the continuum construction, thus it allowssmaller size

motors to be utilized, which helps to minimize the weight and size of the actuation
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system. But the tip disk of each section is fully made of auminum which can give it
better stiffness, since the control cables are attached on these disks and the actuation
force in the longitudinal axis are acting on themn, as shown in Figure 6-16(b). Further,
the variable stiffness system was designed along the same principle with he previous
prototype, as shown in Figure 6-16(d). Specificaly, the variable stiffness system is
fully covered by rubber tubes, so it avoids the melt polymorph leak into the continuum
arm and also constraint the melt stiffening media in the gaps between adjacent disks;
the Aluminum disks are manufactured with four internal slots, so it alows the
stiffening material filling the adjacent gaps integrally connect and provide better
stiffness in the rigid state; a NiCr wire and thermocouple are separiately integrated in
the variable stiffness construction for heating up the polymorph and menitoring the

temperature.

Plastic Layer

(b)

Force acting on
the Nylon parts

Force acting on
the backbone

©
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Aluminium disk Compliant joint

1

SERASBE N R

(d)
Figure 6-16. Middle stage of the continuum robot: (a) the combination of the internal disk and outer nylon

layer; (b) the genera view of a single section; (c) the forces acting on the disk; (d) the vaiable sti ffness
system of middle stage;

In the base stage (consisting of 3 sections), a different design principple was utilized to
save space on the total diameter. This stage comprises two separated condructions, as
shown in Figure 6-17(a), the inner & outer continuum constructions. The inner
construction is built along the same design principle with the middle stage continuum
construction, while the variable stiffness system is integrated into the outer
construction, as shown in Figure 6-17(b). For avoiding the melt thermoplastics
blocking the movement of the cable, the actuation cables are covered by flexible
tubes. The flexible tubes are able to stretch and contract along the | ongitude axis, thus
they do not limit the bending of the continuum robot, as it was utilized in the previous
variable stiffness system. Further, for heating and controlling the stiffening material,

one thermocouple and Nichrome wireis integrated into the base stage.

f The outer snake
arm construction

The inner snake
arm cgnstruction

@
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(b)
Figure 6-17. (a) Bottom view of concentric layout of the base stage; (b) detail desi gn of the base stage;

During the design process, two key elements of the continuum arm (the compliant

joint and disk) were considered and tested, since that the load along the backbone is

taken by the continuum arm.

Firstly, the parameters of the compliant joints (Table 6-3) were determined based on

the calculation (e.g. buckling analysis) and the experience of the previoLs prototype.

Further, the designs of the compliant joints were validated on a one-segment

demonstrator (see detailsin page 146).

Table 6-3. Parameters of the compliant joints

Compliant joint parameters (mm)

The buckling load of

Section
Width Length singlejoint (N)

1 1.25 993

2 15 25 1192
3 15 1192
4 3 6621
5 3 15 6621
6 3.75 8276
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7 4 8828
8 45 9931
9 45 9931
10 5 11035
11 5 11035
12 5 11035

Secondly, the disks (diameter & thickness) of the continuum arm and variable
stiffness system were designed. Hence, the weight of the system can be calculated, and
then the PCD of the actuation holes can be determined accordingly. Further, the action
forces for each section (Table 6-4) was calculated and the force applying on the
backbone (compliant joints& disks), was obtained. It was found the max actuation
force for single section is 439 N (the section bends 90) and the max force applying on

the backbone is 2956 N, which acts on the end section.

Table 6-4. Actuation force of each section

Weight (g)
Actuation Diameters
Section Continuum Variable Notes
force (N) (mm)
am stiffness
1 58 5 12.0
2 76 6 12.4
3 93 6 12.7
4 146 22 25 End load:
5 196 27 78 25.7 200g
6 240 29 26.4
7 293 45 27
98

8 348 47 27.7
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9 391 53 285

10 307 111 41

11 367 116 147 425
12 439 124 44

Total force 2956

914g

After the initia design, the disk of each section was tested by FE simulation for

validating the design, as shown in Figure 6-18 (a), and it was found that the max stress

of the disks is 490.02M Pa, when they are applied by the corresponding max backbone

forces. Therefore, Aluminum 2099T83 (UTS 595 MPa) was <lected for

manufacturing the disks, which isfor use in aerospace and high strength applications

requiring low density and high stiffness.

T ANSYS

Menrammercial s anty

1 CANSH S

Moncammarcisl s snlp

(b)
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L ANSYS

Noncommercial use anly

(d)

Figure 6-18. Simulation evauation of thedisk design for different sections: (a) the: stress analysis of the
disk of section 12 (the base stage); (b) the stress analysis of thedisk of section 9 (the middle stage); (c)
the stress analysis of the disk of section 6 (the middle stage); (d) the stress analysis: of the disk of section
3 (thetip stage)

Further, the other parameters that need to be considered are the critical buckling load
and the material yield of the compliant joints. Before the components were
manufactured, a one-segment demonstrator was built along the same desgn with the
last section of the 4™ demonstrator (Section 12), as shown in Figure 6-19 (). Since
that section 12 takes the max backbone load, this demonstrator was tested on a
universal test machine for measuring the joint performance. As shown in Figure 6-19
(b) to (e), it can be seen that the displacements of the joint (the max displacements are
0.27 mm, 0.31mm, 0.34mm and 0.45mm, respectively) were linear at different

bending angles (0°, 3°, 6°, 9°) against the load (0 up to 3.5kN) applied on the small

151



Chapter 6

demonsgtrator. Therefore, the compliant joint can withstand the max load along the

backbone (2956N) from both terms of joint buckling and material yield.
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Figure 6-19. Trails of the buckling of compliant joint: (a) the setup of the experiment; (b) the test result of
bending angle 0°; (c) the test result of bending angle 3°; (d) the test result of bending angle 6° (e)the test

6.4.2. Actuation system

result of bending angle 9°;

The actuation system of the 4™ prototype consists of the following elements: (1) The

base plates (the rotational mechanism), it allows the continuum robot can be coiled
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and uncoiled on the outer casing by rotating the base plates, as shown in Figure 6-20;
(2) Motor pack assembly, cable guide to the continuum robot (the same arrangement
of the 3" demonstrator) and electrical systems and mounting structure; (3) The outer

casing.

Figure 6-20. Coiled & uncoiled modes of the continuum robot;

The rotation mechanism is constructed to have as low a profile as possible, whilst
being able to withstand and provide sufficient drive so that it can advance/retreat the
continuum robot. The motor pack assembly and cable guide to the continuum robot is
constructed aong the same design with the previous prototype (Figure 6-13(a)). The
close packing attachment of the motor pack assembly alows 24 individually
controllable gearhead motors (P/N 468458) to be placed in the smallest possible space.
Each motor can generate 4.5Nm torque and up to 647N for each of the 24 cable pairs.
Further, each spool can provide a maximum stroke of +/-200mm, so it allows each

section bend 90° and the continuum robot coil on theouter casing.

Figure 6-21 shows the assembled variable-stiffness continuum robot that is fully
operational for movement. The system was designed to be a self-contained portable
system, that is lightweight (<10Kg), and compact (base @300mm x 167mm in height).
The home position of the continuum robot will be coiled up on the ottside of the

actuation pack allowing portability and effective integration onto the WakingHex
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system. The outer covering layer of the continuum robot and the actua stiffening

mediawill be added after an initial testing period is compl eted.

Figure 6-21. the assembly of the final full length continuum robot

6.5. Conclusions

In order to develop a variable stiffness continuum robot for in-situ repair of gas
turbine engines, four prototypes were built to evaluate the concepts. ‘Super-elastic NiTi
was determined to be the backbone material of the continuum arm, accerding to the
tests on the 1st demonstrator (continuum robot with segmented singlie backbone pivot).
Then, afull length continuum robot with a novel double-compliant joint structure was
built, which utilised the concept proposed in Chapter 3. Comparing with the previous
demonstrator (utilising a conventional design: flexible backbone with cables as
actuations), this design has following advantages which was validaed in the

experiments (Chapter 7.2):

e Less twisting angle along the longitudinal direction when it bends in
horizontal plane;
o Better dtiffness with alight weight construction;

e An appropriate accuracy for navigation;
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However, it was found that anti-twisting ability and stiffness of the continuum arm
needs to be further improved for the in-situ repair/maintenance application. Hence, a
variable-stiffness three-section continuum robot with a novel twin-pivot backbone was
constructed, which has following superiorities (see the trails in Chapter 7.3)

comparing with double-pivot construction:

¢ Minimised twisting angle along the longitudinal direction;

e Controllable stiffness since it can equip with avariable stiffness system

e An appropriate accuracy allowing to active machining tasks, e.g. mechanically

blending;

e Twin actuations for a single section;
Finally, based on the concept of twin-pivot construction, the final continuum robot
demonstrator was constructed to be able to take a 200g end load (e.g. a machining
end-effecter) and have an appropriate accuracy to be navigated to reach the low
processor compressor of gas turbine engines (Rolls-Royce XWB) with a suitable
length (more than 1.2m), diameters (tip diameter is no more than 15mm), a compact
actuation system and variable stiffness system. The following trails prove the design
can satisfy the stated requirements (chapter 7.4), except the variable stiffness system
will be integrated with the continuum arm after finishing all the initial trails. However,

it has been demonstrated on the previous demonstrator in the experiment (Chapter 7.3).
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Chapter 7 Experimental on the prototypes

In the previous chapter, four prototypes of the continuum robots utilising the proposed
concepts were designed and built. In this chapter, variable experiments, e.g. counter -
twisting ability, control accuracy, repeatability, work volume, end load carrying and
machining capabilities, have been undertaken to evaluate the hardware and the

concepts.

7.1. Test of prototype 1

Since some experiments of the first demonstrator (Continuum robot with segmented
single backbone pivot) have been illustrated in the previous chapter (Figure 6-2),
which was utilised to test different designs and maerias of the fl exible backbones,

thus they are not presented in the chapter in detail.

Original configuration

@

Original configuration

Twisting

direction m &

Twisting configuration

End load

(b)
Figure 7-1. Twisting test of the first prototype: () 90° bend corfiguration without externd load; (b)90°
bend with external 1oad (20g);
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Further, the twisting problem (referring to the design challenge of flexible backbone
continuum robot presented in chapter 3), was identified from this system, which
utilised one of the conventional continuum robot designs (a NiTi rob/tube and steel
cables are employed as backbone and actuation transmission mechanisms,
respectively). In order to measure the max twisting angle, the base section bent 90° in
the horizontal plane and the tip one kept straight, as shown in Figure 7-1(a), where the
max torque can be applied to the base section of the arm with respect to a particular
external load. According to the extensive experiments, it can be found that there is a
significant twist (order of tens of degrees) of the system even at low (tens of grams)
external loads. For example, the base section was twisted by 30°& 45° about X axis by
20 g &36 g end load (Figure 7-1(b)), respectively, which significantly influences the
control accuracy. Although the results were found not encouraging in reference to
position inaccuracies when external load is applied, these findings enabled to take a
decision on the development of a design solution to overcome this drawback (Chapter

3.2).

7.2. Test of prototype 2

The second prototype (Full length continuum robot with single double-pivot backbone)
was constructed with the concept of double-pivot construction (Chapter 3.2.1). Firstly,
this system was setup for the trial of tip-following control agorithm [165]. The tip
following approach is widely utilised for hype-redundant robot navigations, especially
for continuum robots. In particular, the strategy is that the very tip section of the
continuum robot is considered as ‘head’ of the robot and the rest of the sections are
considered as ‘bodies’. When the robot is being navigated into a confined space, the
‘bodies’ follow the trgjectory the ‘head’ generated, thus it allows a simpler inverse
kinematics solution for navigating all the sections of the hyper-redundant robot (just
one section is actively controlled by the operator and the other sections are passively

controlled).
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For navigation in a confines space, the continuum robot has two combined motions:
one is the arm bends to variable configurations controlled by tip-following algorithm
for avoiding the obstacles; the other is the whole system moves towards te target for
feeding the arm into the desired space. Since there is no feeding mechanism in this
system, the tip following was tested without combining the linear motion. Figure 7-2
illustrates an example of the tip-following experiments, where the left configurations
show the desired shapes of the twelve-section continuum manipul ator and the right
ones are the actual performance of the robot. Specifically, the manipulator started to
move from an initial configuration (Figure 7-2(a)), then formed a 45° curve, as shown
in Figure 7-2(b); after that, the tip section bends 35° (Figure 7-2(c)) and next move
straight forward for 300mm (Figure 7-2(d)); finally, the path ends up with a left 30°

bend (Figure 7-2(g)).

Compared with the planned path, the max deviation of the manipul ator is 14.7mm in
the test and the max angular error per section is less than 5° (Table 7-1). According to
the tests, it was found that the system has a great flexibility (bending capability) with

an appropriate control accuracy to achieve the desired bending shapes for navigating

= =

5 S S s s
® < E 5 =
5 3 3 g g
= =2 2] 3 =
= = = o o
c 5 = =
Q 8 c &=
o . _ o o
- g [} Qo Q
@ — = —
= B o ® o
W @ © g :
K ° : — =
@ £ ig S
= = 2

=

158



Chapter 7

2 & s -
g :
5 =
€ & & <
: 5 £ 5
o o g 8
£ 4 : ® E
@ X 7]
- @
@ o
g, 2
£235° e
(d) C
Figure 7-2. Navigation control trial of the 2nd prototype [165]
Table 7-1. Shape accuracy measurement results
Desired bending Differences
Shape section Actual bending Note
angle (°) angle (°) )
1 11 10 9 -1 Figure 7-2(b)
1 12 35 40 5 Figure 7-2(b)
2 10 35 33 -2 Figure 7-2(C)
2 11 10 13 3 Figure 7-2(C)
2 12 -35 -36 1 Figure 7-2(C)
3 8 45 40 -5 Figure 7-2(d)
3 10 -35 -38 3 Figure 7-2(d)
4 5 45 41 -4 Figure 7-2(€)
4 7 -35 -36 1 Figure 7-2(€)
4 11 30 32 2 Figure 7-2(€)

Secondly, in order to compare the counter-twisting capability of the double-pivot
design with the previous prototype (“ continuum-style” segmented flexible backbone),
the tip two sections of the 2™ system were utilised to measure the twisting angles

when end loads applied. Since the first demonstrator and the bespoken sections of the

159



Chapter 7

double-pivot demonstrator share the same dimensions in length (100 mm/section) and
diameter (15mm), thus the comparison can be considered appropriiate. 11 particular,
the second section bent 90° in the horizontal plane and the tip section kept straight,
which was the same configuration utilised for testing the first demonistrator. According
to the test results, the second section of the double-pivot prototype has been twisted by
7° &15° by 20g &36g end load, respectively; this was considered an =sncouraging
result when compared with the 1% prototype since it resulted in the decrease by 67% of
the twist angles. The results show the counter-twisting capability of the double-pivot
construction (family A) increases remarkably, compared with the conventional

concept (“continuum-style” segmented flexible backbone demonstrator).

However, it was also found that the Archimedean spiral pattern of the actuation cable
(Figure 6-4) significantly affects the navigation accuracy and the counter-twisting
ability of this demonstrator, since it cannot maintain a constant caole tension.
Specificaly, two cables are attached on the same spool and both of them are coiled in

the pattern of Archimedean spirals.

Figure 7-3. Schematic of the pattern of one actuation cable in polar caordinate
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For each cable of a spool (Figure 7-3), in polar coordinates (r ,8), it can be described

by the equation:
r=a+bo (7.1)

Where a is the distance from the centre of the spool to the attached point of the cable

and bisequal to the diameter of the cable.

When the motor rotates, one cable coils on the spool (r is increased) and the other
uncoils (r is decreased), which causes different cable lengths are contracted and
extended simultaneously (Table 7-2). But in order to maintain a constant cable tension,
it requires the same lengths of cables to be contracted and extended for an arbitrary
motor rotating angle. Hence, Archimedean spiral cable cannot enable a constant
tension force, which remarkably affects the navigation accuracy (it is addressed

(Chapter 6.3) by adoption of the cable coiling arrangement).

Table 7-2. Displacements of cables versus rotation angle of spool

Rotation angle Displacement of Displacement of Differences
Note
of spool (°) cable 1 (mm) cable 2 (mm) (mm)
+90 21.3714 -18.9115 2.4599
+60 13.9741 -12.8809 1.0932
+30 6.8504 -6.5771 0.2733
a=6.5
0 0 0 0
b =0.9
-30 -6.5771 6.8504 0.2733
-60 -12.8809 13.9741 1.0932
-90 -18.9115 21.3714 2.4599

Finally, according to all the experiment results, it can be concluded that the system has
an appropriate control accuracy to achieve the desired bending shapes for navigating
(max deviation is 14.71mm) and increased counter-twisting ability (the twisting angles

are decreased by 67%) comparing with the conventional design (“continuum-style”
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segmented flexible backbone demonstrator). However, since the aforementioned
problem of the cable pattern, the mechanical design of spool needs to be optimised to
enable a constant cable tension at an arbitrary rotation angle (the new design is shown
in figure 13 of Chapter 6), which can enhance the control accuracy and counter-

twisting ability.

7.3. Test of prototype 3

The prototype (Three-section continuum robot with twin-pivot backbone) was built for
evaluating the twin-joint construction, i.e. the more robust solution considered in this
thesis, and demonstrating machining capability of a continuum robot built on this
concept. Thus, more in-depth experimental works and reporting are associated to this

demonstrator.

Firstly, the experiments for measuring the control accuracy and repeatability of the
continuum robot were setup to validate the kinematics analysis. Further, the bending
capability of each section was tested for evaluating the compliant joint design and the
work volume analysis. Then, the twisting angles versus different end loads were
measured to evaluate the counter-twisting ability of the twin-joint construction. After
that, the end load carrying capability of the system was also tested, by applying
different end loads at the tip of the arm. Next, the variable stiffness system was
assembled on this demonstrator for comparing the differences of the arm stiffness
when with/without the variable stiffness system. Finally, the machining trials were
demonstrated on this system by blending different metal materials, e.g. aluminum and

titanium.

7.3.1. Accuracy and repeatability measurements
In order to evaluate the control accuracy and the repeatability, atrial was setup, which
employed a video gauge system [166] for tracking the trgjectory of the arm, as shown

in Figure 7-4(a).The video gauge system can provide a resolution of better than
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1/200,000 of the visible area and a strain resolution of 5 micro-strain. The system was
employed for measuring a single section (the visiblearea is around 150mm x 150mm),
hence, the displacement resolution is around 7.5x10™* mm. In the test, twelve markers
were placed along the continuum arm evenly for helping track the motion of the arm,

as shown in Figure 7-4(b).

Marker Section 1 Section 2 Section 3

(b)

Figure 7-4. (a) The setup of the measurement system; (b) the arrangement of the markers

For doing in-situ repair in the turbine aero-engines, firstly, the continuum robot is
navigated to reach an initial position in the target area based on the tip-following
algorithm [165]. Secondly, the tip section of the robot is operated for active repairing
tasks from this initial position, e.g. mechanical blade blending which generally
requires the tip of the robot moves up and down repeatedly from the initia position to
form a scallop trgjectory. Since the system is deployed in a confined space, thus the
operation range of each section is relatively small in the working environment. Hence,
the continuum robot was tested to be operated to sweep in a +/-5%aera (the initia

positions were 30°, 45° and 60°, respectively).
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Table 7-3 illustrates the results of the experiment. It can be seen that the position error

islessthan 1 mm in trandlation.

Table 7-3. Position accuracy measurement results

Bending Desired position (mm) Actua position (mm) Error (mm)
Angle X Y4 X z AX AZ
25° 40.41 104.23 40.51 104.1 0.1 -0.13
27° 41.19 102.1 41.25 102.09 0.06 -0.01
29° 41.97 99.97 41.98 100.04 0.01 0.07
31° 42.75 97.91 42.76 97.95 0.01 0.04
33° 43.53 95.78 43.58 95.79 0.05 0.01
35° 44.31 93.65 44.46 93.77 0.15 0.12
Original position: [42.34mm, 98.98MM]; Beiion 1 = 30", Bsection 11 =0 Beection 1 =0 ;
Ysection_| = Ysection_1l = Ysection_ii1 =90°;
40° 46.63 88.6 46.89 88.75 0.26 0.15
42° 47.88 86.47 47.92 86.78 0.04 031
44° 49.13 84.34 49.02 84.61 -0.11 0.27
46° 50.37 82.2 49.78 83.2 -0.59 1
48° 51.62 80.07 50.96 80.89 -0.66 0.82
50° 52.87 77.94 52.9 77.2 0.03 -0.74
Original position: [49.75mm, 83.28mM]; Beyiion 1 = 45", Bsection 11 =0 Beection 1 =0
Ysection_| = Ysection_1l = Ysection_ii1 = 90" ;
55° 55.92 71.67 56.35 71.55 0.43 -0.12
57° 57.64 69.54 57.92 69.38 0.28 -0.16
59° 59.35 67.41 59.39 67.42 0.04 0.01
61° 61.07 65.27 60.85 65.5 -0.22 0.23
63° 62.78 63.14 62.45 63.68 -0.33 0.54
65° 64.5 61.01 64.04 62.01 -0.46 1
Original position: [60.22mm, 66.34mMM]; Beiion 11 = 60", Bsction 11 =0 Beestion 1 =07

164



Chapter 7

Vsection_1I = Vsection_1I = ¥'section_lIl =90°;

Further, the results of the repeatability trail are presented in Figure 7-5. Inthistest, the
continuum raobot was driven to bend from 0° to 30° (60°and 90°) and back 0° for 5
loops, in order to measure the repeatability of the system. It can be found that the
repeatability error of system is less than 0.5mm in the work volume, as shown in
Figure 7-5(a), (b) and (c). The small repeatability error aso proves the tension of all
the cables is kept well in the work volume of the system. Note: all these mzasurements
for repeatability are made at the configurations of middle and base sections: 0° bend,

direction angle: 0°.
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Figure 7-5. Repeatability of the three-section twin-pivot demonstrator: (a): repeatability test with respect
to 30° [42.34mm, 98.98mm] bend (b): repeatability test with respect to 60° [60.22mm, 66.34mm] bend
(c): repeatability test with respect to 90° [87.62mm, 43.55mm] bend (Note: One bend and 1eturn is called
one loop)

7.3.2. Work volume validations

The size of the work volume is a key factor of a robot. Since the max bending of a
single section was designed to be 90°, so each section was tested to bend to this limit
for validating the flexibility of the compliant joints and work volume of the system.
Figure 7-6 shows several examples of these trails. As shown in Figure 7-6(a), section
three (the tip section) was bent 90° in plane XQY. Then the next section, section two
(the middle section) was tested to bend 90° in both of planes XOY and XOZ (Figure
7-6 (b) & (c)). Section 1 (the base section) was bent to 90° in plane XOZ (Figure

7-6(d)).
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(b)

Figure 7-6. The 3rd demonstrator performing controlled motions for validating work volume

The results of the extensive trials demonstrate each section can bend up to 90° in an
arbitrary direction, which validate the compliant joint design in terms of flexibility

(chapter 6.3.1) and the work volume analysis (Chapter 4.3.2).
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7.3.3. Twisting angle measurements

In this demonstrator, one of the main emphases on the design aspect was given to
minimize the twisting problem, thus, the trialing metrology system was setup to
validate the counter-twisting ability of the design. Specificaly, the twistng angle of
this system was measured at the configuration where the max moment can be
generated (the base section bends 90° in horizontal plane) which iis the same to the

previous two twisting angle measurement, as shown in Figure 7-7.

/{

Twisting Angle

(b)
Figure 7-7. Twisting measurement of three section demonstrator: configuration for twisting measurement
(a) original configuration without end load (b) twisting configuration

At this configuration, the twisting angles of the base section versus different end loads

are presented in Table 7-4.

Table 7-4. Twisting angles of the base section versus end |oads

End load (g) Twisting angle (°)
100 0.34°
150 0.45°
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200 0.61°
250 0.75°
300 0.91°
350 1.08°
400 121°
450 1.33°

Compared with “continuum-style” segmented flexible backbone and the double-pivot

demonstrator (they share the same diameter (15mm)), the twisting angle of the twin-

pivot demonstrator is extremely decreased (twisting angle is decreased by 98.6% and

95.6%, respectively, even with heavier end load (200g) and longer moment arm

(300mm) than the previous two demonstrators (369 end load & 200mm moment arm)).

7.3.4. Load carrying capability measurements

In this trial, the end load carrying capability was tested on this prototype. Figure 7-8

illustrates several examples of the prototype carrying an end load wi th values (200g &

450g) of relevance for the end-effectors to be used for in-situ repair of gas turbine

engines.
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(b)
Figure 7-8. The 3rd demonstrator performing large load carrying capability: (2)200g end load; (b)450g
end load

Further, the deflections of the continuum robot versus different end loads were

measured. For example, the deflections of the aaim at a particular configuration

(section one (the base section) bends 0°; section twa (the middle section) bend 30° in

plane X,0,Y; with respect to coordinator X,Y;Z; ; section three (the tip section) bends

60° in plane X,0,Z, with respect to coordinate X,Y,Z,. Coordinate X,Y;Z,, X,Y,Z,

and X3Y;Z; are attached at the tips of the corresponding sections, respectively. The

global coordinate is attached at the end of the base section) are presented in Table 7-5.

Table 7-5. Deflections of the arm versus end loads

Mass of the end load (g)

The deflection of TCP (mm)

Note

50

100

150

200

250

300

350

400

450

0.5

12

2.5

4.0

6.2

8.5

115

16.1

21.2

Configuration of Section 1:
Bending angle 0 °
Direction angle 0°

Configuration of section 2:
Bending angle 30°

Direction angle 180°
Configuration of section 3:
Bending angle 60°

Direction angle 0°
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According to the experiment results, the deflection is 4.0 mm when 200¢ end load is
applied (the max end load of the research objective). This deflection is considerably
large, however a light weight of machining tool is using for the mechanical blending
application (45g). Therefore, arelatively small deflection is caused by the real design
of the end effector (less than 0.5mm). Further, the machining operation is monitored
and controlled via a camera attached at the tip of the arm by an operator, which

enables desired machining shapes to be achieved.

Figure 7-9. A three-section varaible stiffness continuum robot

Next, a two-section variable stiffness system (chapter 6.3.2) was mounted on the base
two sections of the arm in order to minimize the deflection caused by end loads, as
shown in Figure 7-9. The continuum arm was driven to the previous configuration
(Table 7-5) for comparing the deflection differences of the arm when equips
with/without a variable stiffness system and the deflections of the arm were presented

in Table 7-6.

Table 7-6. Deflections of the variable stiffness continuum robot versus end |oads

Massof the  The deflection of TCP The deflection of TCP Percentage of the

end load (g) (mm) (Soft state) (mm) (Rigid state) deflection decrease
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50 05 0.3 40%
100 1.0 0.7 30%
150 14 11 21%
200 2.0 14 30%
250 3.3 17 48%
300 53 20 43%
350 7.7 26 66%
400 8.8 3.0 65%
450 11.9 3.6 69%

The system can get flexible in 3 minutes by applying a 2A current via a NiCr wire
(0.4mm in diameter) and get rigid in 20 minutes after turning off the power of the
heating element. Comparing with Table 7-5 and Table 7-6, it can be found that the
deflection was decreased by the variable stiffness system when in soft state, since an
array of compliant joints are utilized for connecting the disks in the variable stiffness
system which enhances the stiffness of the base two sections. Further, according to the
results presented in Table 7-6, it can be seen that the deflection of the continuum robot
in rigid state is much less than the soft state (decreased up to 69%), which proves the
variable stiffness system can significantly increase the stiffness of the continuum

robot.

7.3.5. Machining trails

Finally, this demonstrator was utilised to demonstrate the machining capability of the
twin-pivot design (since machining operations require all six DOFs of the three
sections, thus the variable stiffness system was not employed in this trial). A blending
tool is attached on the tip of the robot, which is actuated by a motor via atorque cable.
The twin-pivot continuum robot was controlled to blend the edge of the metal
plate/compressor blade and two types of materia (Aluminium and Titanium) were
utilised in the machining trial, as shown in Figure 7-10 (a) and (b). Specifically, in the
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trail of blending the aluminium plate, the plate is placed at [248mm, 143mm, Omm]
with respect to the base coordinae attached at the end of the base section, which
requires each section bend 20°. After the continuum robot reaches thie desired position,
the manipulator was controlled to make a scallop shape cut-off on the edge of the plate
(see the insert of Figure 7-10). Likewise, in the case of the titanium blade trail, each
section of the robot bends 20°, 0 and -20°, respectively, to reach the position [289mm,
60mm, Omm] in the global coordinate. The results of the experiments prove that the
three-section twin pivot demonstrator can provide an appropriate sti ffness and control
accuracy to stably blend metal materials, which includes the materials widely

employed in the aerospace industry, e.g. aluminium and titanium.

(b)
Figure 7-10. Machining test of the 3rd demonstrator (a) the test on an aluminium plate; (b) thetest on a

titanium compressor blade
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Finally, according to all the experiments undertaken on the three-section twin pivot
demonstrator, the position control accuracy (the max error is less than £ 1mm for
sweeping in any +5° space in the work volume), repeatability (the max error is less
than £ 0.5mm), counter-twisting ability (the twisting angle is 0.61° when 200g end
load), 90° bending ability at an arbitrary direction, end load carrying capability (200g
end load with 4mm deflection on the TCP and 1.4 mm when integrating with a
variable stiffhess system on the base two sections) and machining abilities (aluminum
and titanium plates) of this demonstrator have been demonstrated, which prove the
design is reasonable. However, it is also found that a shape sensor needs to be
integrated into the manipulator for compensating the deflection caused by the end
effector and the reaction force of the repair tasks. However, this is beyond the scope of

the current study and research aim of the group in the future.

7.4. Test of prototype 4

In this section, the experiments undertaken on the final twelve-section demonstrator
(Full length continuum robot with twin-pivot backbone) are presented. The system
was utilised to demonstrate the navigation in obstacle environment, work volume

validation, coiling & uncailing trials and end load carrying capability.

7.4.1. Navigation trails of the twin-pivot demonstrator

In order to inspect gas turbine engines, the continuum robot needs to be navigated to
reach the first stage of LPC (Low pressure compressor). According to the construction
of a gas turbine engine (Rolls-Royce Trent XWB), an example of navigation path is

given (Figure 7-11(a), (b) & (c))):

1. 19° bendin+Z direction in the plane XOZ (arc length: 132mm)
2. Straight path (280 mm) with a 19° tilted angle
3. 25° bendin-Y direction in the plane XOY (the arc length: 349 mm);

4. Straight path (300 mm) with a 19° tilted angle;
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5. 25°bendin +Y directionin the plane XOY (the arc length: 100 mm);

(d)
Figure 7-11. (a) An example of navigation pathsin a gas turbine engines; (b) top view of the navigiation

path (c) front view of the navigiation path (d) trial on a engine mock up (Roll s-Royce XWB)
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In this test, the continuum robot was feed into the testing environment by a linear
stage (1.5m long). Figure 7-11(d) illustrates that the continuum robot was navigated
along the planned path in the desired confined space. And part 1 is engine fan blade,
part 2 is engine section stators (ESS), part 3 is engine section rotors and part 4 is the

first stage of low pressor compressor.

Figure 7-12. Another example of navigation tails in a gas turbine engines

As shown in Figure 7-12, another example of navigation tails into the engine mock-up
was tested, which followed a path towards to the top of the compressor. According to
the experiments, it has been proven that the full length twin-pivot continuum robot can
be navigated to the desired position along a pre-planned path in the test environment.
However, the control needs to be improved to minimize the deviation (currently +
10mm) for more clutter environments (e.g. the other stages of low pressure
compressor). Although the accuracy is appropriated for the application of :his thesis, a
shape sensor may need to be integrated into the sysiem in the future, which can feed
back the real-time shape of the continuum robot for increasing the control accuracy.
Regarding the mechanical design, more sections may need to be built intc the arm for

minimising the deviation of navigation.
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7.4.2. Work volume validation

In this part, the work volume of each section of the full length twin-pivat continuum
robot was tested. Figure 7-13 illustrates several examples of the tests. Firstly, each
section of the base stage was tested. For instance, section three bends 30° in different
directions, respectively, as shown in Figure 7-13(a) & (b). Then six sections of the
middle stage were tested separately. For example, Figure 7-13 (¢) & (d) shows section
six bends 60° in different planes. Further, one example of the tests of the tip stage (the
tip three sections) is presented in Figure 7-13(e) & (f), which illustrates section ten

bends 90° in variable directions.

The trial result demonstrates the bending capability of the full llength twin pivot
system, which validates the designs of the compliant joints are reasonable in terms of

flexibility (chapter 6.4.1).

Section

@
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F 4

Section 6

Section 10

®
Figure 7-13. (a) 30° bend of section threein plane XOZ; (b) 30° bend of section three in plane XQY;; (c)
60° bend of section six in plane XOZ; (d) 60° bend of section six in plane XQY ; (€)90° bend of section
ten in plane XOZ; (f) 90° bend of section ten in plane XQY;

7.4.3. Coiling and uncoiling trails

Furthermore, another trail was setup for testimg coiling and uncoiling motion on the
casing of the actuation system, as shown in Figure 7-14. At the coiled configuration,
the robot was coiled in a 275mm diameter profile (each section of the base stage
(section 1~3; 144mm in length) bends 60.0°; each of section 4 to 6 (122mm in length)
bends 50.8°; each of section 7 to 9 bends 42.5°). When the robot is fully coiled, the
system is very compact enabling the system to be easily packed in a transport casing
and safely shipped between different working places. Also, coiling & uncoiling ability

enables the arm to be navigated into/out from clutter environments withou requiring a
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linear feeding system (e.g. a linear stage), which allows the system to be operated on

the top of the walking hexapod robot (chapter 1.3).

(b)
Figure 7-14. Coiling and uncoiling trials of the 4th demonstrator

7.4.4. Load carrying capability measurements
Finaly, the end load carrying capability was tested on this prototype. Figure 7-15
illustrates an example of the motion of the manipulator carrying an end load (200g). It

proves that the design can achieve the goa of the 200g end load carrying.

Figure 7-15. End load carrying capability trial
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Since the twin-pivot continuum robot is a flexible and slender construction, a
deflection is generated when applied an end load. For example, the deflection versus
different end loads at a particular configuration (as shown in Figure 7-15, section three
bends 30° in plane XOZ (direction angle 90°); section six bend 45° in direction angle

210° (OgYsis direction angle 0°)with respect to coordinate XsY;Zswhich is attached
on the TCP of the 5™ section; section ten bends 70° in plane Xq0yZgwith respect to
coordinate X,Y,Zy which is attached on the TCP of the 9™ section; al of the rest

sections bends 0°) are presented in Table 7-7. It can be found that the deflection of the
arm is 21.1mm when 200g end load is applied. However, there are two ways to
minimize the position error of the arm TCP caused by the deflection. One way is to
employ a light weight end effector (the current design is 459 (the same to the one
employed in the three section twin-pivot system), so the deflection is less than 5.4mm);
the other way is to monitor and control the tip position via a camera attached at the tip
of the arm by the operator, which has been demonstrated on the three-section twin-

pivot demonstrator.

Table 7-7. Deflections of the full length arm versus end loads

Mass of the end load (g) The deflection of TCP (mm)
50 54
100 10.3
150 15.7
200 211

Finally, the full length twelve-section continuum robot (1266mm in length) was built
and tested in the af orementioned experiments, e.g. navigation trail (£ 10mm deviation),
work volume test, coiling & uncoiling and end load carrying capability (200g end load

with 21.1 mm deflection at the tip). It proves the demonstrator has an appropriate
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flexibility, stiffness and diameter/length ratio for inspecting in a confine space. Further,

atrial for demonstrating the machining ability of this demonstrator will be undertook.

However, some problems were identified from this prototype. One is the control
accuracy heeds to be further enhanced (currently the deviation compared with the pre-
planned path is £ 10mm) by integrating a shape senor for feeding back the actual
bending shape of the manipulator. Alternatively, position sensors can be integrated
into the head of each section, which enables the actual bending shape of the system
can be calculated. However, it is difficult to implement, when the section diameter is
small. Further, the equations for computing the defection of the manipulator when
acting an end load/force/torque at the tip of the manipulator need to be studied in the
further research, which will enable more precise control when the system carries a

heavy end effector.

7.5. Conclusions

In this chapter, the trials undertaken on the four demonstrators are introduced. The
first demonstrator was setup to evaluate the backbone materials and according to the
test, super-elastic Nitinol was determined to be employed for building the further

systems as the source of generating the bending motion.

Further, a twisting problem of the conventional flexible backbone continuum robot
was identified from the continuum-style segmented flexible backbone prototype (45°
twisting angle respect to 36g end load). In order to study this problem, the twisting
angles were measured from the double-joint (15° twisting angle respect to 36 g end
load) and twin-joint constructions (0.61° twisting angle respect to 200g end load),
respectively. It was seen that the twin-joint construction has a better counter-twisting

capability.

Furthermore, the accuracy (error is less than £1 mm for sweeping in any +5° area in

the work volume) and repeatability (error is less than +0.5 mm) of the three-section
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twin-pivot demonstrator were measured. It was aso proved that each section of the
demonstrator can bend 90° at an arbitrary direction. Next, the three-section continuum
robot was equipped with a two-section variable stiffness system and it was found that
up to 69% of the tip deflection was decreased by employing the variable stiffness
system. Several machining trials (aluminium & titanium plates) were undertaken on

this system for demonstrating the machining capability.

Finally, the full length twin pivot demonstrator was tested to be navigated along a pre-
planned path (based on the construction of Rolls-Royce Trent XWB) into a confined
space (max deviation £ 10mm), which proves the demonstrator has an appropriate
control accuracy for inspecting a gas turbine engine. The work volume test and coiling
& uncoiling trial prove the designs of the compliant joints are reasonable in terms of
flexibility. The load carrying trial demonstrates the system is able to carry 200g end

load, which enables awide range of repair toolsto be delivered into an engine.
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Chapter 8 Conclusion and futureworks

In this chapter, the overall outcomes and achievements of the thesis are discussed
emphasising how these address the current limitations in the field. Based on both
academic and technology achievements of this research, this chapter also provides
possible future research directions in designing and modelling approaches which can

be utilised to advance the capabilities of awide range of continuum robots.

8.1. Discussing challengesin continuum robots vs project objectives

In this part, the challenges of this research are discussed in terms of design and
modelling so that the achievements of the PhD research can be put into a wider

academic and technology context.

The aim of this thesis was focused on developing a novel continuum robot comprising
an appropriate diameter/length ratio continuum arm and a tubular variable-stiffness
system for in-situ repair of gas turbine engine (Rolls-Royce Trent XWB); this has not
been achieved by any other systems so far, hence, the novelty claimed by this work.
For achieving this goal, the continuum arm needs to be able to wave between the
blades to reach desired positions in the engine while the adjustable-stiffness unit
allows the arm to have a proper flexibility for navigating in the working environment
and increase its stiffness (of particular sections) when activating machining tasks.
Moreover, further challenges aroused from the fact that, being a part of FP7 project
MiRoR (Miniaturised Robotic systems for holistic in-situ Repair and maintenance
works in restrained and hazardous environments), the robot needs to combine with a
walking-hexapod system for inspection in nuclear stations; this resulted in the need for
the system to have a compact size and be light weight (especially the actuation system)
for alowing the hexapod able to carry it in a limited space. Hence, not only the robot
needed to have a high number of degrees of freedom, to be slim and able to selectively
rigidize sections but also to be very compact so that it could be carried on the top of
the walking hexapod (subject of another PhD thesis at Univ. of Nottingham).
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According to a wide range of literature review, although some of the existing

continuum robots have been demonstrated in several key applications, e.g. minimally

invasive surgery (MIS) and rapid handling, there are several limitations of these

systems identified, which need to be addressed for in-situ repair applications in this

research:

The accessibility of a continuum robot in confined spaces is depended on
severa factors, eqg. flexibility (it can be found that flexible backbone
continuum robots have better accessibility in a crowded environment,
comparing with rigid backbone ones (Chapter 3.1)), diameter/length ratio and
dtiffness. Since most of the existing systems were not developed for the
applications in highly constrained and large work environments as gas turbine
engines, the designs was not given a consideration to all of these three factors
simultaneoudly; therefore, the thesis aimed at proposing a new mechanical
design solution for structuring a flexible backbone continuum robot, which
has a small diameter, long length, appropriate stiffness and flexibility;

In order to perform in-situ repair, it requires the continuum robot to have a
relatively great stiffness of its arm needs to support end loads, especially
reaction force/torque of machining. However, the existing flexible backbone
continuum robots were generaly designed for MIS and rapid handling by
using the advantage of safe robot-human/objective interaction (since the
flexible construction), which renders the backbone difficult to maintain the
TCP when activating desired tasks in this research, e.g. mechanical blade
blending. Hence, the research in the PhD thesis sought to develop a
mechanical solution for enhancing the arm stiffness when activating
machining tasks.

Based on the experiment undertook on the first demonstrator built in this

thesis (continuum robot with segmented single backbone pivot), another
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drawback of the conventional designs was found: the central located flexible
backbone is twisted along the longitudinal axis by end load and its own
weight when bending in the horizontal plane (Chapter 7.1). In particular, 45°
twisting angle was generated at the base section of two-section demonstrator
(employing a conventional design concept: a super-elastic NiTi rod is located
in the centre of disk as backbone and articulated by cables) by 36g end load
when the base section bent 90° and the tip one kept straight, which leads to
poor control accuracy. Snce the continuum robot needed to carry an
appropriate end load when navigating into the engine, which is very likely to
have several bends in horizontal plane, thus the research in the PhD thesis
aimed to address this problem.

In this research, since some unique concepts of continuum robots were proposed, the

following fundamental modelling, including kinematics, actuation force, compliant

joint bulking and stiffness analyses, needed to be studied for the design and control of

these new constructions.

¢ Regarding continuum robots kinematics, the research topic can be divided into
two levels: the first one is the mapping between task space to joint space (e.g.
computing the position and orientation of each section tip, based on a given
desired position for robot TCP: tip-following algorithm [165]); the second one
is the mapping between joint to actuation space (e.g. calculate the actuation
displacements by the configurations of each section obtained from the first
mapping, according to the geometry of section mechanism) [135]. In this
thesis, the research focused on the second mapping of kinematics, because it
had to be developed based on the design of the robot. Since new structures
were introduced in this research, so their kinematics models needed to be

investigated to enable their precise control. Further, the aforementioned
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challenge of inverse kinematics (Chapter 3.1) also aimed to be addressed in
this research.

e Mode for calculating actuation force of cablesis required to be developed for
assisting the hardware design. Comparing with kinematics, this field was less
considered by the existing researches. Principle of virtual work was utilised in
previous studies, which focused on the static analysis of rod-driven continuum
robot (elastic rods can pull and push) [32, 167, 168]. The analysis for cable-
driven system is dissimilar since different actuation media is utilised which
makes different interaction to the structure (cables can only pull). The
research in this PhD thesis aimed to introduce a static approach for
calculating actuation force of cable-driven continuum robot.

o Flexible rods are employed as the compliant joints of continuum robots.
Because of the elastic property, they can be buckled if overloaded. However,
this has not been seen from the existing researches. Hence, the max buckling
load of compliant joint sought to be studied. Further, stiffness of the new
constructions was needed to be introduced for guiding the design of the

hardware.

8.2. Academic findings and engineering validations

A new approach of in-situ repair for gas turbine engine has been developed by
employing continuum robots to deliver machining tools and vision system to desired
places, which cannot be reached by conventional tools or human being without
disassembling the engines, bringing the benefits on decreasing repair time and cost

significantly.

In the following the main achievements of the PhD research have been summarized.
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8.2.1. Unique designs of continuum robots
With regard to the identified limitations, two families of unique continuum robot
design concepts have been proposed for structuring a *slender” continuum robot with

appropriate stiffness and flexibility.

One employs two compliant joints connected in series in a segment (double-pivot
compliant joint) and a single section consists of multiple segments for enabling high

bending capability (Chapter 3.2).

The other, more advanced concept that has been materialised in two working
prototypes, utilizes two orthogonal groups of twin paralel elastic rods/sheets, which
are connected in series, as compliant joints (twin-pivot compliant joint) in a segment

and couples of segments are built into a single section (Chapter 3.2).

These two families of concepts bring various options for continuum robot designs,

which have the following advantages:

e Unlike the existing designs (“pure” continuum backbone/ continuum arm with
segmented backbone), the designs enable the robot to have high flexibility
(great bend capability: 90° per section), small diameter/length ratio (two full
length continuum robots' average diameter/length ratios are 0.02 and 0.023,
respectively; the smallest diameter/length ratio of the existing long continuum
robots is 0.03 [33]) and an appropriate stiffness simultaneously (the deflection
of the final full length prototype is less than 5.4mm when carrying an end load
(50g)). Compared with the existing solutions, the continuum robots devel oped
in this PhD research (with 200g loading capability for 1.2m long) represent a
step-change in the development of the families of such system.

e The twisting angle along the longitudinal direction can be decreased by both
of the concepts significantly; this allows a dender continuum robot have a
precise position control, when bending in the horizontal plane (for example,

comparing with one of conventional designs continuum robot with segmented
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single backbone pivot), the twisting angles of double and twin-pivot
compliant joint concepts are decreased by 67% and 98.6%, respectively. See
chapter 7 for details). These results proved not only a significant advancement
in the field but also a critical enabler for improving the positioning accuracy
especially when dealing with a long continuum robots (that are likely to be
needed for “far away” invasive interventions such as those within gas turbine
engines).

Based on the cable tension analysis, both concepts of continuum arm design
enable two pairs of cables employed in one single section with constant
tension force at any arbitrary configuration, giving the opportunity to
minimise the size and weight of actuation pack (at least 95% of original
tension force is able to be maintained at arbitrary configuration (Chapter 4.1
& 4.2)). Up to now, most of continuum robots have been using linear
actuators (to minimise the slippages in spools) or simple spooling systems
with tensioning mechanism that resulted in significantly bulky constructions.
With a smart spooling design, the present research work proved that the
actuation pack can be so compact (275mm in diameter; 25 motors packed in it)
that is can be a truly portable robotic system; no similar achievements have

been reported.

Based on these new concepts, three demonstrators (i.e. a three-section continuum

robot with twin-pivot backbone - 300 mm in length) and two full length ones with

double and twin-pivot backbone (no less than 1.2m in length), respectively) were

designed and built (Chapter 6).

According to the preliminary experiments, it was found that twin-pivot compliant joint

structure can provide better stiffness and minimise the twisting angle (twisting angle is

decreased by 95.9%), comparing with double-pivot compliant joint structure. Hence,

the concept of twin-pivot compliant joint was selected for building the finial prototype.
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In the machining trails, it has been proven that the three-section continuum robot with
twin-pivot backbone can provide an appropriate stiffness (the deflection of the arm is
less than 0.5mm when carrying 50g end load, which is heavier than the end effector
using on this demonstrator), control accuracy (£ 1mm error for sweeping in any + 5°
area in the work volume) and repeatability (£ 0.5 mm error in the whole work volume),
enabling the system to blend metal materials stably, e.g. aluminium and titanium,

which are the materials widely employed in the aerospace industry (Chapter 7.3).

Accessing in gas turbine engines has been realised by the final full length continuum
robot (1266mm). It has been proven that the system has an appropriate control
accuracy to be navigated to reach the first stage of LPC (low pressure compressor) of
a gas turbine engine (Rolls-Royce XWB) by following a pre-planned path, since HLC
via vision is still under development by a project partner (Chapter 7.4). Further, a
machining trial will be demonstrated on this full length continuum robot in the near
future (the machining code is being prepared). According to the test, TRL of the final

full length continuum robot can be defined as Level 4.

8.2.2. Modelling of continuum robots

In this thesis, several fundamental analyses were achieved, e.g. kinematics, buckling
analysis of compliant joint, actuation force and stiffness. As aforementioned, there
were two families of novel continuum robot constructions proposed in this research,
thus new kinematics models were needed to be developed for in order to precisely

control them (Chapter 4).

e Based on an agebra approach, a straightforward kinematic model for the
family of double-pivot compliant joint concepts (flexible cable actuated
mechanism) was presented in this thesis. Unlike the conventional approach
making a projection on section's bending plane which transfers the 3D
problem to 2D, the new method directly projects cables on the backbone and

remarkably simplifies the derivation. In this model, compliant joint was
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assumed as a virtua universal joint, which aso can ssimplify the calculation.
Further, a simulation model was built in ANSY'S for cross-validation, which
proves the kinematics model able to provide a small position (max 0.017 mm)
and angular error (max 1.04x10~*in radian), comparing with the simulation
results (Chapter 4.1);

Regarding the concept of twin-pivot compliant joint (flexible cable actuated
mechanism), a new kinematic model was aso developed based on a
combination of D-H method and geometry approach. In this model, the short
compliant joint was assumed as a virtual conventional revolute joint, which
simplified the analysis (Chapter 4.2). Two sub-bending plane was utilised for
deriving forward kinematics, since the conventional geometry approach
cannot be deployed here by projecting on section’s overall bending plane, due
to the construction. Further, the kinematics challenge of inverse kinematics
(Chapter 3.1) has been corrected by an iterative approach based on forward
kinematics in this model. According to the trial results of the three-section
demonstrator, the position control error of single section islessthan £1 mm in
tranglation for sweeping in any + 5° operation area in the work volume. The
max error of single section repeatability is less than £0.5mm in the work
volume (Chapter 7.3) that fulfils the requirements of machining in a confined
space. It can be applied to a wider range of continuum robots, if the flexible
rod is built in the model.

A method for calculating work volume of multiple-section continuum robots
has been developed by considering the geometry of the robot and the material
property of compliant joints (Chapter 4.3). Because the design employed
elastic material as compliant joints which needed to be bent to a small bending
radius for generating an appropriate bending angle during the operation.

However, this factor was neglected in the existing researches. The model was
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based on forward kinematics with a search procedure to find out the location
of the section tip against different bending angles.

Unlike the previous researches employing principle of virtual work, a static
method was developed for calculating actuation forces of a continuum robot
developed on the concepts proposed in this thesis (Chapter 5.1), which built
the static equilibrium by considering end load, weight of robot, cable tension,
force for bending flexible backbone and the interaction from distal sections
cables. It alows designers to calculate the actuation force of an arbitrary
section of a multiple-section continuum robot for any bending angle in the
work volume. An interface was built in MATLAB, which is able to compute
actuation force based on the parameters of a robot (e.g. section diameter,
length, weight, compliant joint size and bending angles, etc.).

Since compliant joint is relatively flexible comparing with conventional rigid
joint, the joint can be buckled if overloaded, which can cause poor control
accuracy and even physicaly fail the whole system. Therefore, buckling
analysis of compliant joint was introduced for providing designers with a
methodology to calculate the max load which a joint can withstand (Chapter
5.2); and it can also provide the dimensions of the compliant joint (e.g. length
and diameter) when the load along the backbone is given. It was utilised in
designing the compliant joints of the demonstrators and the experiments
proven the joint designs are reasonable.

Stiffness matrix of a single multi-compliant section was achieved. In this
model, actuation cables and compliant joint were considered as the
compliance resource. Jacobian matrix of a single section was aso analysed for
supporting the derivation of stiffness matrix. Finally, the analysis has been
validated by simulations in ANSY S with max 7% error in the whole work

volume of asingle section (Chapter 5.3 & 5.4).
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8.2.3. An unique design of variable stiffness system as ancillary for
continuum robots

In this thesis, a concept of unique variable stiffness system was developed for
enhancing the stiffness of a continuum robot when it activates machining tasks and
being flexible enough to allow the robot move freely when navigating into target areas.
By employing a thermoplastic materia to fill the space for the joint movement, the
system can be switched into a soft state at a low temperature (60°C) by applying an
electrical current via a heating element (NiCr wire) for melting the bespoken material

and get rigid by air when the electrical power is switched off.

Based on this idea, a two-section stiffness-controllable system was built, which aso
employed twin-pivot compliant joint structure and the space between adjacent disks
are filled with polymorph (melting temperature is 60°C). It was able to be mounted on
the outside of the three-section continuum robot as a sleeve, which can significantly
decrease the deflection caused by end loads (Chapter 6.3). Specifically, the system can
get flexible in 3 minutes by applying a 2A current viaa NiCr wire (0.4mm in diameter)
and get rigid in 20 minutes after turning off the power of the heating element. It was
found that the deflection of the arm TCP in rigid state can be decreased by up to 69%,
comparing with that in soft state, which proves the stiffness was increased
dramatically by the variable stiffness system; the continuum robot was also flexible

enough to move in a soft state (Chapter 7.3).

8.3. Futurework

The proposed design concepts and modelling of continuum robots has been validated
based on both ssimulations and physical demonstrators in this thesis. However, some
further challenges that could be materialised in future research directions have been

identified and are discussed per separate topics in the following.
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8.3.1. Towards next-generation design of continuum robots

According to the literature review, it can be found that there is a trend for
taking flexible rods as the actuation media for continuum robots, especially
for the system used in MIS. One advantage of rod actuation is that it can push
and pull, thus the backbone takes less compressive load compared with wire-
actuation system, so it does not suffer buckling problem. The other one is rod
can give the construction better stiffness. However, up to now, rod-actuation
continuum robots have been built with max three sections [169, 170], which
limit it to be utilised in large highly confined space. One possible reason is
that the shape of a proximal section is depended on the overal stiffness of
rods running through this section [135], thus it makes more difficult to bend a
proximal section if there are more actuation rods of distal sections passing
through it. Therefore, it is valuable to compare between different actuation
methods (i.e. cable and flexible rod) for structuring a small diameter and long
continuum robot, in terms of bending capability/section, stiffness and control
accuracy.

The size of the work volume is a critica parameter for continuum robot
design. To date, the researchesin this area focused on the design of symmetric
continuum robots which have symmetric work space. However, for some
application cases, the workspace of the system does not need necessarily to be
symmetric in all directions. In some applications, e.g. machining, inspecting
and surgery operations, the objective only appears on one side of the system,
so that one side of the work volume needs to be increased and the other side
does not really help on the operation, so it could be decreased. Likewise, the
stiffness of the continuum robot also can be asymmetric, thus it can provide
the advantage of higher stiffness in desired directions. Therefore, the design

solutions need to be searched in the future studies.
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8.3.2. Modelling

e According to the experiments, it was found that shape of a single section
affected by the frictions between actuation cables and guide holes. A trail is
required for comparing the kinematics differences against different amounts
of friction, in order to identify how the friction affects the kinematics
performance. In order to minimise this influence, a mechanical approach is
probably needed to be found for reducing the friction in the future;

¢ Inthisthesis, an approach for calculating the critical buckling load of single
compliant joint was introduced and validated by both simulation and physical
test (Chapter 5&6). However, the equations for obtaining critical buckling
loads of single and multiple sections were not achieved, but valuable to be
investigated, which may include other elements of the system, e.g. cables and
disks. Because the buckling problem affects the straight configuration of the
robot, generally utilised as the initial position for calibrating continuum robots,
which inevitably affects the position control. Further, the critical buckling
load of compliant jointsin bent configurationsis also worth to be investigated,
since the flexible structure maybe even more likely to be buckled in curved
shapes, which has not been studied.

e In this thesis, a 2D stiffness matrix was obtained, which can calculate the
deflection in 2 DoFs directions when a torque is applied. However, a 6D
stiffness matrix and deflection compensation approach needs to be developed
for the proposed designs, since end effector/reaction force/torque cause a
deflection of a continuum robot, which can affect the position control
accuracy. Further, the stiffness of the variable-stiffness mechanism also needs
to be investigated, so it can provide the deflection in both soft and stiff states

for evaluating it when designing the hardware.
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8.3.3. Control and calibration

Furthermore, in order to minimize the control error, a shape sensor may need
to be integrated into the continuum arm which can feed back the actual shape
of the system. Alternatively, the actual lengths of all the cables can be
measured in real time, and calculate the TCP of each section from the
proximal to distal accordingly by forward kinematics.

A method for calibrating the continuum robot (e.g. initial configurations,

including bending and direction angles of each section; tension force of cables)
needs to be developed. There are various ways can be utilised, e.g. optical

camera, strain gauge and fibre optic techniques (see: http://lunainc.comy).
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