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Abstract

This thesis presents a number of advances in the area of manufacturing engineering,

specifically in the topic of robotics and automation, and more specifically still in the

subject of feedback and control; applied to the special example of slender and compliant

machining instruments for in-situ repair of gas turbines and industrial assets. A

thorough literature search of in-situ repair robots, such as continuum and conventional

robotic arms with material removal or non-destructive testing end effectors, is compiled

and presented with particular attention to the applicability of past architectures,

technologies, control methods and sensors to “industrial minimally invasive surgery”

carried out via a borescope port. A novel robot for localised grinding of aeroengine

compressor blades (boreblending) is described and analysed as a case study in-situ

repair robot - an example lacking advanced position and force feedback methods and

therefore limited in its capabilities and scalability. The slender probe (less than 10mm

diameter and more than 100mm in length) includes a number of short continuum

segments as well as rotary and prismatic stages. Following an open loop control scheme

with tendon stretch compensation, the maximum position error at full deflection is 8.5%

of the continuum length. Areas for improvement in position feedback, force feedback

and control strategies are identified.

A novel method to obtain position feedback and hence improve position accuracy, is

described in the form of a shape sensor. Tubular ionic liquid stretch sensors are used as

hyper-elastic strain gauges and applied as skin sensors to continuum-style robots such as

those used for in-situ repair; the sensors are characterised and employed as feedback for

closed-loop position control of a complex continuum arm. Closed loop trials on a

complex continuum manipulator yield errors equivalent to 2.3% of continuum length,

demonstrating a substantial improvement over open-loop methods.

A novel method to obtain force feedback in the form of airborne sound features from a

grinding end effector is then described. Calibration and signal processing of two

microphone voltage lines returns a value of contact force between instrument and

workpiece based on sound features such as dominant frequency and sound intensity; this

force feedback is employed for closed-loop force control of a conventional robotic arm

during machining. Results from the test rigs and robot arm show that such a

sound-based control approach can achieve consistent cutting forces with an accuracy of
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0.08N . The robot arm is shown to be capable of grinding features of consistent depth

(to within 0.05mm) on beams with unknown topology.

Finally, a simultaneous position-force controller is devised to make use of tubular ionic

liquid stretch sensors position feedback and audible sound features force feedback to

accurately machine an aeroengine compressor blade using a slender continuum arm. The

parallel controller separates the task space into reactive and non-reactive directions

based on the orientation of the end effector and imposes a force hierarchy and position

completion threshold. The results show 80% improvement in machining time over

manual methods and 33% improvement over open loop control methods.
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Chapter 1

Introduction

1.1 Background

From stone-tip spears to metal axes to horse-drawn ploughs, humans have always sought

to create tools that make life easier and improve living conditions. The availability of

iron and the spread of steam power in the late eighteenth century helped bring about

the industrial revolution which in turn resulted in unprecedented population growth and

quality of life [1]. Innovations in manufacturing, materials and the advent of electrical

power started a technological revolution [2] that accelerated innovation and the spread

of ideas. The twentieth century saw the invention of the semiconductor transistor – the

fundamental building block of all modern electronic devices – as well as the start of the

computer age and the birth of the field of robotics. The twenty-first century has seen

great leaps in the field of robotics and greatly advanced the variety and function of tools

at mankind’s disposal.

According to the International Federation of Robotics (IFR), the field of service

robotics is experiencing an unprecedented annual growth of 32% per year on average

based on statistics up to 2018, and this value is expected to increase to 39% as the data

comes in for the period 2019 to 2020. This would mean a value of around 27 billion U.S.

dollars for the industry as a whole [3]. According to IFR’s Martin Hägele, “The growing

interest in service robotics is partly due to the variety and number of new start-ups

which currently account for 29% of all robot companies”.
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Service robots assist humans with dangerous, inaccessible and sometimes repetitive

or dull tasks [4]. In industries such as aerospace and energy, such tasks could include

inspection, cleaning, non-destructive testing and material removal operations on high-

value industrial installations. It is often desirable to carry out these tasks in-situ due to

the costs associated with disassembly and transport of industrial equipment as well as

the impact of downtime on related systems. The desire to keep installations assembled

results in challenging tortuous access routes to target components, which in turn leads to

maintenance robots that are designed to be long and slender [5].

Conventional robotic manipulators consist of a number of actuated joints arranged

in series. These are usually revolving joints (articulations that turn around a pivot),

prismatic joints (components that change in length such as pistons) or combinations of

the two. Conventional joints have the advantage of being easy to operate accurately using

rotary or linear encoders, load and torque sensors and closed loop controllers. However,

in situations where space is restricted, large actuators and joint assemblies pose a critical

design obstacle.

Unlike conventional robots with revolving and prismatic joints, continuum robots

have a compliant backbone capable of flexing under the influence of an actuation force.

While their construction and actuation method can vary from one instance to another,

continuum robots by definition assume curved shapes when flexed. Robots made up of a

number of continuum segments in series, referred to as serpentine, tentacle and elephant

trunk robots, have the advantage of being able to traverse cavernous environments and

be inserted through a relatively small access. Depending on the number of of

individually flexible segments, continuum arms may also be hyper-redundant, meaning

that a single end effector position may be achieved by a large number of different

actuator configurations.

In general, continuum robots are made up of an actuation pack and a number of

continuum segments. Continuum segments can have a flexible backbone and rigid cable

guides (called serpentine robots for the parallels to a spine and its vertebra) or they can

be made entirely of flexible materials that change volume by hydraulic or pneumatic
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action (called tentacle or elephant trunk robots due to their soft nature). The actuation

pack contains the actuators, speed controllers, pressure regulators, and other hardware

necessary to move the continuum segments, and any other electronic, mechanical,

pneumatic or hydraulic equipment necessary to operate the end effector.

Continuum robots have limitations that arise from requirements imposed by

applications that demand remote dexterity in tight spaces. The growing need for more

slender serpentine robots for minimally invasive surgery [6, 7] and inspection and repair

of industrial components [5] means that the space must be used efficiently by the

actuation tendons and any mechanical or electrical connection to the end effector. The

constrained space in the slender continuum sections means that a lot of the sensing for

feedback is carried out in the actuation pack away from the end-effector [8]. This means

that the accuracy of the end effector position and force control currently depends on an

accurate model of the system that incorporates not only the deformation of the

backbone, but also the elongation of the tendons and the friction between cables and

vertebra. Hence, accurate automatic position and force control of continuum robots is

challenging and computationally expensive.

The ability to reach remote areas within industrial equipment through narrow ports

of access and address repair tasks such as material removal in affected components is a key

driver of in-situ robotics technology development. The requirement for accurate position

and force control methods becomes even more important in slender and compliant robots

equipped with machining end effectors such as grinding burrs or cutting tools, as the

reaction forces directly influence the speed and quality of machining tasks.

This work explores new approaches to the problems of position and force control of

slender and compliant robots for in-situ machining.

1.2 Problem definition

The goal of this work is to identify novel solutions for sensing, modelling, actuating

and controlling slender and compliant robots to enhance the accuracy of positioning and

the repeatability of operations when applying forces to the environment. However, it
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is essential that any findings of this thesis be applicable to service continuum robots

for in-situ repair, meaning that approaches that cannot practically be used outside of a

laboratory must be considered only as partial fulfilment of the criteria.

In this context, a slender manipulator is defined as having a length to width ratio

(or length to diameter ratio) greater than 10, and a compliant manipulator is defined

as having sufficiently low stiffness to cause significant deflections (greater than 5%) in its

own structure by movements of its own actuators and interactions with its environment.

The following list describes the individual challenges addressed in this work:

1. Design and implementation of a teleoperated in-situ machining robot:

Aeroengine compressor and turbine blades are sometimes damaged by foreign

object debris, leading to sharp kinks and stress-concentrating features that could

result in cracks and component failures. The repair of blades in-situ, a procedure

referred to as boreblending, is presently carried out using manual tools to

abrasively remove the damaged material and leave a smooth profile, but recent

interest from industrial partners has led to the development of a slender and

compliant robotic probe. This work presents the progress towards a

remote-controllable boreblending robot without distal position and force feedback.

2. Position control of slender and compliant in-situ machining robots: The

majority of tendon and fluid-driven continuum robots rely on open loop control

where, based on knowledge of a model of the system, the actuators are commanded

to move to a position that is expected to result in the desired end effector position.

Despite the fact that actuators may be controlled accurately and with closed loop

controllers, it is risky to assume that the continuum robot will behave exactly as

predicted by a model. While continuum robot shape sensing has been achieved and

described in existing literature (such as using electromagnetic position and attitude

sensors, cameras, and motion capture systems) [9, 10] and has been used for direct

closed loop control, no solutions have been identified that achieve intrinsic (i.e built-

in and without peripheral sensors) closed loop capabilities with a high degree of

repeatability.
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3. Force control of slender and compliant in-situ machining robots: Current

methods of closed loop force control for in-situ instruments are generally reliant on

direct feedback from sensors such as load cells and strain gauges. For example,

in [11], load cells mounted on cables in the actuation pack are used to measure

forces acting on the end effector. Other cable-driven manipulators such as those

used for minimally invasive surgery have also been fitted with similar sensors for

force measurement and control [12, 13]. However, these methods rely on accurate

knowledge of the instantaneous configuration and geometry of the instrument

which, like the position control problem, relies on an accurate model of the system.

Moreover, methods that employ tendon tension sensors mounted near the

actuators must make assumptions about the hysteresis, friction losses and tendon

elasticity along the continuum arm, making them variable in performance. While

it is possible to mount accurate force sensors on the end effector itself, this

presents other problems when striving for miniaturisation of continuum robots for

in-situ repair, as well as resulting in a loss of available space within the robot

central passage.

4. Simultaneous position-force control of slender and compliant in-situ

machining robots: Position and force influence each other, as driving an effector

into an obstacle results in an increase of reaction forces. A controller that

combines both forms of feedback must be capable of assigning hierarchy or

authority to the different control loops. Parallel or hybrid position/force control

allow a manipulator to interact with the environment with precise motion and

applying precise forces, which is essential for machining manipulators - particularly

manipulators that are slender and compliant. While simultaneous controllers have

been described in great depth in the literature, the specific combination of novel

sensors and continuum robots addressed in this work has not been attempted.

The resolution of these problems would help to achieve fine control and automation of

machining operations in confined environments using continuum robots of slender

construction.
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1.3 Objectives of this study

The recent demonstration of a novel instrument for remote-controlled on-wing repair

(described in detail in Chapter 3) has served to highlight that further development of

the position and force control capabilities of such robots will multiply the possibilities of

applications for the technology, and may even allow for previously impossible repair tasks

to be addressed by highly sophisticated slender and compliant robot arms. Hence, the

objectives of this work are to:

� Present an in-depth case study of an in-situ machining instrument optimised to its

full potential with the available sensors, and identify the shortcomings of existing

open-loop control methods and opportunities for improvement in position and force

control.

� Develop a method for closed-loop shape and position control of slender and

compliant robots which results in demonstrable improvement over open-loop

model-based approaches both in terms of precision and repeatability, and to

demonstrate the capabilities of the closed-loop shape and position control method

on a representative continuum robot;

� Develop a method for closed-loop reaction force control of an active process end

effector that is applicable to slender and compliant robots and results in

demonstrable improvement over open-loop methods both in terms of precision and

repeatability, and to demonstrate the capabilities of the above closed-loop reaction

force control method using an appropriate end effector representative of industrial

needs and an adequate actuation method;

� Identify appropriate hybrid position-force control strategies and apply them to the

above method for closed-loop shape and position control of slender and compliant

robots in conjunction with the above closed-loop reaction force control method.
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1.4 Structure of the thesis

Chapter 2 provides a review of existing literature on in-situ repair instruments,

continuum robots, position control methods for revolute-jointed robots, position control

methods for slender and compliant robots, force control methods for revolute-jointed

robots, and force control methods for slender and compliant robots. This chapter cites a

wide range of publications that address the key elements necessary to develop control

methods applicable to slender and compliant robots, including continuum robot designs,

kinematic modelling approaches, sensor designs, and control strategies. The strengths

and weaknesses of the previous literature are discussed in the context of the objectives

of this study.

Chapter 3 presents a case study for in-situ repair in the form of a remotely

controllable boreblending robot. This chapter gives details on the design, kinematics

and control of an instrument that is equipped only with actuation pack sensors for

position and force. A detailed description of the modes of operation is presented and a

description of the validation and demonstration tests is given. This chapter is intended

to shed light on the areas of required improvement for position and force control,

particularly in ways that are applicable to highly constrained, miniaturised, slender and

compliant robots for in-situ machining.

Chapter 4 presents advances in position control for slender and compliant in-situ

machining robots and introduces the concept solution of tubular ionic liquid stretch

sensors. This chapter outlines the decision process that led to the development of a

highly elastic polymer strain sensor based on ionic liquids. A detailed description of the

design process, calibration and testing methodology for the stretch sensors is presented.

The design process for experiments and test equipment used for various stages of control

demonstration is documented in this section. Finally, the proposed closed-loop position

control method is demonstrated on a multi-section continuum manipulator equipped

with tubular ionic liquid resistive stretch sensors and the results are compared with

open-loop position control of the same arm.

Chapter 5 presents advances in force control for slender and compliant in-situ
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machining robots and introduces the solution of using audible machining sounds from

the end effector process to inform a controller on the contact force of the tool. This

chapter outlines the decision process that led to the development of a force controller

that uses airborne sound signals from the machining tool to infer forces rather than

directly measuring contact forces. The chapter presents the design of testing apparatus

for identification of useful sound features during grinding with high speed turbine tools.

The sound signals at various cutting forces are analysed and used to calibrate a

remotely mounted microphone sensor and signal processing control unit. The design of a

novel control method is described and validated using a robotic arm to machine beams

with unknown surface topology.

Chapter 6 introduces a parallel controller for simultaneous position and force

control using the sensors developed in Chapters 3 and 4. Different control strategies for

multiple input and multiple output systems are discussed and the selection of a nested

architecture with constrained outer force loop and unconstrained inner position loop is

justified. The implementation of a force threshold for completion is presented and a test

rig is developed for the simultaneous testing of force and position control using a slender

and compliant machining robot. The results are presented and discussed in contrast to

open loop methods.

Chapter 7 presents the conclusions of this research work, emphasising the

contributions of this thesis and future work required in this field.

1.5 Contributions

1.5.1 New concepts for specialist in-situ machining robotics

1. Remote boreblending robot: novel design (led by Dr Adam Nagy-Sochacki and

assisted by Dr Amir Rabani, Prof. Dragos Axinte and the present author) of a 5

degrees-of-freedom robot capable of machining aeroengine compressor blades

through an access hole with diameter 8.5mm. The working envelope and degrees

of freedom are based on an analysis of manual boreblending tools. Motion control
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and peripheral hardware was developed and assembled by the present author.

Boreblending robot was assembled and commissioned by the present author.

2. Compliant joint buckling study: details of the continuum portion of the robot were

based on an analysis of the buckling behaviour of Nitinol rods under axial

compression. The iterative approach optimises the range and stability of the

robot’s flexible joints.

3. Data packets and self sufficiency for latency-invariant remote control: A

high-latency internet-based remote control protocol and strategy (led by Dr Bilal

Nasser and assisted by the present author) uses measurements taken by local

inspection instruments and transferred to a remote machine to define a set of

commands for the Low-Level Controller to carry out. The LLC is self-sufficient

enough to detect faults and alert the operator regardless of internet latency. Open

loop motion control and tension force monitoring software were developed and

implemented by the present author.

1.5.2 New concepts for position control of continuum robots

1. Tubular ionic liquid stretch sensors principle: Mathematical modelling and

characterisation of resistive sensors for feedback control of actuated systems.

Using stretch sensors to quantify the deflection of the backbone can help reduce

the computational load of position control by giving the user information about

the true shape of the robot section. Stretch sensors placed on the outside of a

serpentine robotic actuator provide feedback about the curvature achieved by the

segment in question.

2. Tubular ionic liquid stretch sensor engineering: Study of sensor and conductor

material compatibility and manufacturing methodology of a cylindrical

construction, chosen to make sensors compatible with the existing architecture of

serpentine continuum robots (as the sensors can be fed through unused cable

guides).
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3. Demonstration continuum robots: Two continuum robots were constructed for the

demonstration of tubular ionic liquid stretch sensors. A first robot consisting of

a single planar continuum stage was used to validate control models. A second

robot consisting of two dual axis continuum segments was used to demonstrate four

sensors simultaneously on a complex manipulator.

1.5.3 New concepts for force control of continuum robots

1. Audible sound features for force control of in-situ machining robots: while sound

features have been used extensively in machining for condition monitoring, this

application of signal processing is new to the field of robotics. The use of sound

signals as an input to a closed loop robot velocity control has not been attempted

before. The sensor was demonstrated to have sufficient accuracy to perform

machining operations on aerospace super-alloy blades.

2. Airborne sound features calibration rig: The calibration device consists of a pivoting

mount for an air-driven grinding tool and allows measurement of machining forces

and airborne sound at known force intervals or with an actuator stage.

3. Controller design for extracting grinding force from airborne sound features: The

controller uses intensity of sound to mitigate the effects of resonance with workpiece

natural frequencies while controlling the spindle velocity of the tool based on the

dominant audible frequency. The performance of the controller is validated using a

representative test rig and demonstrated using a robotic arm to machine thin Ni-Cr-

Co alloy cantilever beams with a miniature air-driven grinding tool. Results from

the test rig show that such a sound-based control approach can achieve consistent

cutting forces.

1.5.4 Publication summary

1. D. Alatorre, A. Rabani, D. Axinte and D.T. Branson III. Closed loop force control

of in-situ machining robots using audible sound features. Mechanical Systems and
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Signal Processing, 136:106-517, 2019

Abstract: Detecting, measuring and controlling the forces between cutting tools and machined components is

essential in circumstances where direct position control (e.g. depth of cut, feed speed, etc.) is inaccurate and/or

impossible. This paper explores the use of airborne sound signals that result from the machining process to control

the cutting force in closed loop for generating accurate machined features when performing in-situ robotic repair

of complex installations. The sound signals during indentation at various cutting forces are analysed and used to

calibrate a remotely mounted microphone sensor and signal processing control system. The power spectral density of

the audible sound is used to estimate tool cutting force and the sound intensity used in turn to estimate the resulting

process energy. The described controller uses intensity of sound to mitigate the effects of resonance with workpiece

natural frequencies while controlling the spindle velocity of the tool based on the dominant audible frequency. The

performance of the controller is validated using a representative test rig and demonstrated using a robotic arm to

machine thin Ni-Cr-Co alloy cantilever beams with a miniature air-driven grinding tool. Results from the test rig

show that such a sound-based control approach can achieve consistent cutting forces with an accuracy of 0.08 N.

The robot arm is shown to be capable of grinding features of consistent depth (to within 0.05 mm) on beams with

surface defects of undefined shape using only the sound of the process for closed loop force control.

2. D. Alatorre, B. Nasser, A. Rabani, A. Nagy-Sochacki, X. Dong, D. Axinte, J. Kell.

Robotic boreblending: the future of in-situ gas turbine repair. 2018 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS), Vols 1-10, pp.

1401-1406, 2018

Abstract: Automation of inspection and repair tasks on complex installations is gaining attention from industries

with high-value assets such as aerospace, nuclear and marine. This paper reports on a five degrees of freedom

robotic system capable of performing accurate and repeatable repair procedures through a narrow inspection port,

which minimizes the cost and downtime associated with unscheduled maintenance. Careful study of the target

working volume and repair process informed the design of a robotic probe capable of replicating the operation.

Kinematic analysis of the robot’s flexible, prismatic and rotary joints was used to define accurate machining paths

in 3D space, and the results were verified using an optical motion capture system (accuracy of 0.25 mm). After

comprehensive verifications of the constitutive elements, the robotic system was successfully demonstrated for repair

of a high-pressure compressor aerofoil in a gas turbine. The results not only proves the ability of the system to

address such difficult repair scenarios but also highlights a domain of opportunities in developing specialist robotics

for repair of high-value assets, which is a subject to growing global demand.

3. D. Alatorre, B. Nasser, A. Rabani, A. Nagy-Sochacki, X. Dong, D. Axinte, J. Kell.

Teleoperated in-situ repair of an aeroengine. IEEE Robotics & Automation

Magazine, Vol 26, pp. 10-20, 2019

Abstract: This work outlines the design and remote-control strategy for a novel robotic system to carry out repairs

on aeroengine compressors in situ via the Internet. A high-level control computer serves as an interface with the

skilled operator. A low-level controller (LLC) receives instruction packets from the high-level controller (HLC) via

the Internet and uses them to determine the necessary movements to carry out a machining operation. The robot,

comprising a combination of rotary, prismatic, and flexible (continuum) joints, was designed to replicate the degrees

of freedom (DoF) of handheld tools. Sensors and encoders on the robot enabled the LLC to independently detect

faults and stop all motion despite the high latency of Internet communications.
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4. M.F. Wang, D. Palmer, X. Dong, D. Alatorre, D. Axinte, A. Norton. Design and

development of a slender dual-structure continuum robot for in-situ aeroengine

repair. 2018 IEEE/RSJ International Conference on Intelligent Robots and

Systems (IROS), Vols 1-10, pp. 5648-5653, 2018

Abstract: In-situ aeroengine maintenance works (e.g. inspection, repair) are highly beneficial as it can significantly

reduce currently accepted maintenance cycle which is extensive and costly due to the need to remove engines from

the wing of an aircraft. However, feeding in/out via inspection ports and performing a multi-axis movement of an

end-effector in a very constrained environment such as aeroengine combustion chamber is a fairly challenging task.

This paper presents the design and development of a highly slender (i.e., low diameter-to-length ratio) dual-structure

continuum robot with 16 degrees of freedom (DoFs) to provide the feeding motion needed to navigate into confined

environments and then perform a required configuration shape for further repair operation. This continuum robot

is a compact system and presents a set of innovative mechatronic solutions such as: (i) two-stage tendon-driven

structure with bevelled disk design to perform required configuration shape and to provide selective stiffness for

the ability of taking high payloads; (ii) various compliant joints to enable different flexibility requirement in each

stage; (iii) three commanding cables for each 2-DoF section to minimise the number of actuators with a precise

actuation. To be able to achieve the desired configuration shape, a kinematic model has been established and the

configuration-cable kinematics has been implemented. Finally, the continuum robot has been built and tested for

performing the predefined configuration shape.

5. H.Habibi, P. Land, M.J. Ball, D. Alatorre, D.T. Branson III. Optimal integration of

pneumatic artificial muscles with vacuum-jammed surfaces to characterise a novel

reconfigurable moulding system. Journal of Manufacturing Processes, Vol 32, pp.

241-253, 2018

Abstract: Producing mould tooling systems is a considerable proportion of manufacturing cost and time, especially

for low volume productions. Producing a reconfigurable mould to shape surfaces into complex geometries with

multiple curvatures would obviate the need to design and fabricate individual moulds for different products. Current

reconfigurable mould tooling systems are mainly variations on a ’bed of pins’ design through differing patterns of

actuated pins. These systems are heavy, mechanically complex and expensive to manufacture. Soft pneumatic

actuators such as Mckibben muscles, also known as pneumatic artificial muscles (PAMs) are recognised for their

high strength to weight ratio, ease of manufacture and low cost. In this work, PAMs are used to influence a soft

elastomeric surface, allowing the formation of spatial curved profiles. This thin, hollow surface is packed with a

granular medium that exhibits jamming under the negative pressure of a vacuum. This allows the flexible surface

to transform to a rigid surface of greatly increased stiffness with a specific geometry for moulding purposes. This

paper presents the design, experimental development and experimental performance of two sample prototypes to

actualizes the idea of such adaptable moulding tools. The prototypes contain different actuator arrangements to

form jamming surfaces into diverse, simple-to-complex 3D profiles. In addition, the kinematic performance for one

of the prototypes is shown by a numerical model. Future work on this system will tailor it for production of fibre

carbon composites.
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Chapter 2

Literature Review

2.1 Introduction

In today’s climate of accelerating advances in technology, robotics is making a substantial

impact on the field of in-situ maintenance for industries such as aerospace, oil, gas, nuclear

power, marine power and other sectors. While each application in a specific sector may

require a unique robotic system, there are parallels in constraints that often result in

similarly constructed robots. One such parallel is the requirement to access the working

space through small openings or inlets: in aerospace the access to gas turbine components

is often through small inspection ports; in oil and gas the access to pressure vessels is often

through small valves or pipes; in nuclear power plants the access to reactor components is

often through highly shielded ports and airlocks. Robots designed for these tasks therefore

share a requirement for long and slender construction.

Commercially available devices are currently intended for use in large installations and

are therefore limited by their relatively large diameter and high stiffness. Few solutions

exist for in-situ repair tasks in restricted spaces like gas turbines, where the allowable

access space is in the order of millimetres in diameter. The field of minimally invasive

surgery (MIS), however, shares these requirements of small access and dexterity (indeed,

minimally invasive surgery may be called a type of in-situ repair). Continuum robots

have been a focus of MIS research for decades, and this construction shows great promise

in the area of industrial asset maintenance.
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There are, however, crucial challenges when employing continuum robots for

physical interventions. Position and force control accuracy can define the suitability of

this architecture for applications such as machining of difficult-to-access components. In

this chapter, a number of publications on the topics of in-situ maintenance robots and

specifically continuum robots is analysed to identify the challenges of developing reliable

robots for in-situ repair. Further, existing methods of position control and force control

are evaluated and discussed in the context of continuum robots for in-situ repair.

Finally, existing methods of simultaneous, parallel or hybrid position and force control

of robotic manipulators are presented and discussed in the context of slender and

compliant machining robots.

2.2 Review of continuum robots

Continuum robots have several advantages which make them well suited for challenging

environments. A long and slender shape allows them to access areas through small

openings; redundancy in actuation allows them to assume complex shapes and navigate

through tortuous passages; flexible joints and their inherent ability to absorb shock

make them safe to use near humans and delicate components. These advantages make

continuum robots particularly useful in the fields of industrial inspection and repair as

well as minimally invasive surgery.

2.2.1 Continuum robots for industrial applications

Serpentine robots have been investigated by various researchers for industrial applications

[8,14,15] to exploit their dexterity and slender shape. In the paper titled Nuclear snake-

arm robots, Buckingham and Graham describe the use of two serpentine robots that were

commissioned to address inspection and welding repairs in an otherwise inaccessible area

of a nuclear power plant. One robot carries cameras for stereoscopic view of the area. This

robot consists of a succession of 40mm diameter discs controlled in groups or segments,

allowing a total of 20 DoF along its 800mm length. The second robot carries various
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components that are used to aid a cutting and welding procedure. This robot consists of

a succession of 60mm diameter discs along a 600mm length, with 8 DoF. Wile the cutting

and welding operations were carried out from inside the pipe using other instruments, the

continuum robots have enough dexterity and stiffness to hold replacement pipe sections

in place. Figure 2.1 shows the small inspection snake arm in-situ gaining access through

the bottom of the installation.

Figure 2.1: Continuum robot for in-situ inspection and repair of nuclear installations
developed by Rob Buckingham and Andrew Graham [14] and consisting of a number of
40mm diameter discs with 20 flexible degrees of freedom.

Despite its dexterity, even the smaller 40mm diameter snake arm is too big for

aerospace applications, where target environments have cavities smaller than 20mm and

access ports have diameters smaller than 10mm.

Figure 2.2: Detail of the principle of operation of a twin compliant backbone continuum
robot segment with alternating bend direction for dual direction bend [8]

Dong et al. developed a continuum robotic system for inspection and repair of gas

turbines with a variable diameter ranging from 40mm at its base to 13mm at its tip [16].

15



Their robot consists of 12 independently actuated segments giving it a total of 24 DoF

along 1270mm. Each segment consists of a number of vertebrae connected by twin nitinol

backbones (i.e. two flexible elements at opposite sides of the disc), giving it moderate

torsional rigidity and space for a central passage of 7.5mm. The direction of bend of the

dual backbone alternates with every disc to achieve two DoF in segments consisting of at

least two vertebrae and two sets of flexible backbones (Figure 2.2). This instrument was

designed to address a repair on the the second rotor stage of the intermediate pressure

compressor (IPC) of a gas turbine. It enters the engine through the gap between fan

blades instead of through inspection ports due to its large base vertebral disc diameter

as seen in Figure 2.3. Long hyper-redundant manipulators such as this have low stiffness

and high control friction. The design presented in this work does not include any form

of position feedback from the tip, and relies on encoder information from the spools that

drive each pair of cables. However, sophisticated control schemes could be used to improve

such robots for in-situ repair applications.

Figure 2.3: Continuum robot for in-situ repair of gas turbine IPC stages showing simulated
kinematics (a), experimental validation (b) and close-up of end effector (c) [16]. Robot
employs twin compliant backbones and vertebral discs of incrementing size to achieve 24
degrees of freedom.

In their paper titled Kinematics and the implementation of an elephant’s trunk

manipulator and other continuum style robots, Hannan and Walker describe an eight

DoF continuum robot made up of spring-loaded universal joints in series [17] as shown

in Figure 2.4. Some of the applications described in this and other publications by

Walker et al. [18–20] include grasping irregular large objects, exploring pipes and holes,

recovering loose objects and inspecting inaccessible areas. Universal joints have the
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benefit of being capable of transferring torque, making continuum robots constructed in

this way torsionally stiff. Figure 2.5 shows detail of the series universal joints with

spring elements. Continuum robots that employ conventional universal joints often have

the major disadvantage of lacking an internal channel that may be used as an umbilical

passage to deliver services to the distal end. The ability to deliver complex devices such

as cameras, grippers, tools, fluid pressure and energy to the area of interest is essential

for most in-situ repair applications, particularly in the aerospace field. Another

disadvantage of universal joints is scalability, as the complexity of manufacturing and

assembling smaller joint elements limits them to continuum robots bigger than around

10mm diameter.

Figure 2.4: Elephant trunk manipulator developed by Hannan and Walker using universal
joints in series together with tension springs to provide a restoring force [17].

Figure 2.5: Detail of universal joints in Hannan and Walker’s elephant trunk robot [17]
showing the lack of a central passage to deliver services to an end effector.

The dexterity, flexibility and slenderness of continuum robots make them well suited

for work in hazardous or inaccessible spaces. The versatility offered by an uninterrupted

internal passage makes such deployment instruments particularly useful in industries such

as aerospace and energy, where a variety of measurement, inspection, cleaning, non-

destructive testing and other end effectors are deployed. Despite growing interest in the

application of continuum robotics technology to address specialised tasks in industrial
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assets, challenges in control (accuracy and repeatability) prevent these example systems

from being used outside of a laboratory.

2.2.2 Continuum robots for medical applications

Continuum robotics research is particularly prominent in the field of minimally invasive

surgery [7, 12, 13, 21, 22], as the diameter of the instrument or instruments used for a

procedure affects incision size and patient recovery time [23]. Medical continuum robots

come in a variety of types, lengths and operating principles.

In their paper titled A dexterous system for laryngeal surgery, Simaan et al. describe

a serpentine continuum robot that consists of 2 independently actuated segments [7]. The

actuation method uses concentric Nitinol tubes as secondary backbones and to drive end

discs by pushing and pulling about a central primary backbone, as shown in Figure 2.6.

The use of thin tubes and super-elastic Nitinol ensures that flexibility is maintained, while

the use of concentric and hollow components allows for further services such as electric

cables, mechanical tendons, optical fibres, suction channels, pharmaceuticals and other

fluids to be deployed to the end effector; in this case nitinol wires for a parallel stage wrist

and gripper. The concentric tubes construction enables this design to be scaled down

to diameters of less than 5mm, making it an attractive option for in-situ repair of gas

turbine components through borescope inspection ports. A disadvantage of this design is

that the backbone tube diameter limits the size of the services that can be delivered to

the end effector. Large internal diameter tubes cannot be used as a backbone due to their

buckling load being higher than their bending load, i.e. they pinch at one point rather

than bending uniformly.

Inherently flexible or soft robots provide an alternative to serpentine robots with

vertebral discs. Robots made entirely from soft materials like those described in [24–27]

have multiple advantages including shock absorption and safety around humans. Despite

this, soft robots do suffer from a lack of repeatability, accuracy, torsional rigidity and

payload-carrying capacity [20]. Some groups have researched robots made entirely from

non-soft flexible materials like nitinol [28] that overcome some of these shortfalls while
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Figure 2.6: Construction of Simaan’s laryngeal surgery robot using concentric nitinol
tubes [7]. Concentric tubes allow for pushing and pulling action at intermediate locations
along the continuum length.

maintaining the advantages of soft continuum arms. In their paper titled Design and

kinematic characterisation of a surgical manipulator with a focus on treating osteolysis,

Murphy et al. [28] describe a 1 DoF continuum robot consisting of notched nitinol tubes

(due to the high elastic limit) with cable passages. Murphy’s robot is manufactured by

first cutting axial notches on thin nitinol tubes for tendon channels. A larger nitinol tube

is press-fitted onto the smaller tube with a slight interference fit. Electrical discharge

machining (EDM) wires are then fed through the notches on the first tube and used to

expand the cable channels. Finally, radial notches are carved into both tubes to weaken

the structure strategically to bend in the desired direction (Figure 2.7). This simple design

gives the robot improved torsional rigidity and stiffness but limits motion to one DoF per

section and hence limits its application to environments which only require movement in

a circular envelope - in this case the treatment of osteolysis on on hip implants. A robot

constructed in this way but notched in a way to allow it to bend in two directions could

find more applications for in-situ repair of industrial assets.

A different continuum robot architecture for medical applications is the concentric

needles continuum robot [29–34]. Two or more elastic (typically nitinol) tubes with pre-

existing curvatures are nested and actuated relative to each other. The arrangement

usually includes an outermost needle that is left straight or only minimally curved. The

stiffness of the outermost needle overpowers the internal needles making its curvature (or

lack thereof) dominate. Extending an internal needle past the end of a larger layer allows
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Figure 2.7: Nitinol notched tubes continuum robot by [28] flexed to its mechanical limits.
The notched tubes architecture provides flexibility while maximising available central
passage space.

it to start deforming to assume its natural pre-bent shape. Rotating the needle allows

for orientation of the direction of bend. Further layers can then be extended and allowed

to bend in different directions. An example of an extended concentric needles robot is

shown in Figure 2.8. This construction allows for the delivery of pharmaceuticals or small

instruments to the tip through access holes as small as 2mm via the smallest needle, but

the reach, dexterity and payload-carrying ability are limited by the length and number of

needles used.

Figure 2.8: Nitinol concentric tubes continuum robot by [32]. Relative rotation and
translation of pre-bent needles allows for steering of the needle tip, which may in turn
deliver an end effector through a small access.

In their conference paper titled Highly articulated robotic probe for minimally invasive

surgery, Degani et al. [21] describe a snake-like robot that is not a continuum robot.

Instead, this robot uses selectively rigidisable concentric snakes and a steerable outer snake

to percussively advance into an environment following a shape that does not change over
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time. Any joints behind the head cannot be changed from the position defined when the

head moved past that point in the environment. Figure 2.9 shows a typical gait sequence

for this type of snake robot. While this construction has various limitations, it shows

an alternative construction and navigation method for long and slender instruments with

high levels of articulation.

Figure 2.9: Gait sequence for percussively actuated non-continuum snake robot [21].
Selective rigidisation of two concentric “snakes” allows the tip to follow complex
trajectories.

Flexibility, small diameter and the ability to deliver pharmaceuticals, tools, cameras

and instruments through narrow incisions makes continuum robots an obvious choice for

minimally invasive surgery. Decades of research and development has resulted in a variety

of architectures, control methods and applications for continuum robots in the medical

field. Despite this, most surgical instruments have and will likely continue to have a

human in the control loop.

Inherently flexible robots present clear opportunities for applications in diverse fields,

from medicine to aerospace technology and manufacturing engineering. The advantages

of hyper-redundant robots come at a cost, however, as their unconventional joints and

slender shape makes them significantly more challenging to control than revolute-jointed

machines. Improvements to position and force control of such instruments, particularly

for the industrial application of in-situ repair of gas turbines, is the focus of this work.
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2.3 Challenges in position control methods of

continuum robots

Position control of continuum robots to the level of accuracy required for in-situ repair

of aerospace assets presents a number of technological challenges, especially when the

robotic systems in question operate in challenging environments and have strict size

limitations. The use of accurate kinematic models and unobtrusive sensing methods is

essential. This review of literature aims to explore the current state of the art of

continuum robot navigation.

2.3.1 Continuum robot kinematics modelling

The under-actuation of individual flexible segments presents a critical challenge when

modelling the kinematics of continuum robots, as assumptions have to be made about the

nature of the shape of the bend and distribution of forces. In a paper titled Kinematics and

the Implementation of an Elephant Trunk Manipulator and Other Continuum Style Robots

[17], Hannan and Walker describe the kinematic model of an elephant trunk continuum

robot manipulator. The approach assumes constant curvature throughout the actuated

elements, i.e. circular bends along the segments. The Dennavit-Hartenberg parameters

assume two revolute joints either side of the circular arc and are used to find the position

and velocity transformation matrices. These matrices are directly transferable to other

continuum robots if the same assumptions are deemed acceptable. The kinematics are

verified experimentally and put to the test with line-following and collision avoidance

tasks. The kinematic model used is simple and fast to calculate, making it scalable (in

terms of computational efficiency) for a higher number of continuum segments. This

method assumes that the straight line d between two points of an arc of length a at angle

θ is given by:

d =

√
2a2 (1− cos (θ))

θ2
(2.1)
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with the special case of d = a when θ = 0. At this bend angle, a continuum robot

(Figure 2.10) with effective tendon offset b (distance between the backbone plane and the

tendon, calculated from the cable Pitch Circle Diameter (PCD) and the angular position

of the cable guide) requires the pulling cable to be drawn by

lin = a−

√(
2a2

θ2
− 4ab

θ
+ b2

)
(1− cos (θ)) (2.2)

and the slack cable to be released by

lout = a−

√(
2a2

θ2
+

4ab

θ
+ b2

)
(1− cos (θ)) (2.3)

Figure 2.10: Flexed continuum segment with constant radius of curvature in flexible
segment of length a. Tendons are assumed to follow straight lines between holes in
adjacent vertebrae.

This approach does not take into account the material non-linearities of flexible

elements such as Nitinol wires which are present in most robots’ backbones developed

for in-situ repair. The method also ignores the presence of external forces such as

gravity and the effect of friction and stretch on the tendons, which are likely to play an

important role in manipulators with higher payload capacity.

Efforts have been made to model the configuration of continuum and flexible robots

in a robust way, such as that by Jeon et al. [35] where the authors discuss the application

of a method to model the configuration of an elastic wire. The wire is discretised into
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a number of rigid links with double revolute joints, allowing for gravity and differences

in stiffness along the beam to be considered, as shown in Figure 2.11. Minimising the

stored potential energy in imaginary torsion springs in the joints optimises the process.

The model was validated experimentally using two magnetic tracking sensors. The paper

focuses on very long wires with linear bending behaviour, but hyper-elastic NiTi wires

have non-linear flexural rigidity when bent past a certain bend angle. Improvement could

incorporate an elastic behaviour that changes as a function of bend angle and not just

along the length of the arm.

Figure 2.11: Demonstration of the revolute joint discretisation model by Jeon et al. [35]
showing the model without (a) and with the effect of gravity (b).

Hasanzadeh and Janabi-Sharifi [36] describe a new method to model the statics of a

continuum robot by discretising the length of the continuum segment into a number of

elastic arcs of varying rigidity. The statics of the system are calculated using

Euler-Bernoulli beam equations iteratively and compared to standard models such as

the Elastica theory model that assumes a single section bending like a beam. A

comparison of the models can be seen in Figure 2.12. The results are validated

experimentally using a coordinate-measuring machine (CMM) and are found to be

effective in calculating the position based on the cable tension force and externally

applied loads. Like Jeon et al., this method allows for varying stiffness along the length

but uses linear material behaviours. However, beam equations can easily be modified to

include the nonlinearities if it is deemed necessary. This paper only describes the
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method applied to one bending direction in planar space, making it quite limited in

scope. The experimental setup used also relies on manual inspection which can be a

significant source of error.

Figure 2.12: Comparison of two approaches for modelling continuum segments. Elastica
and discretised arcs iterative approach [36]. While both arrive at accurate shape
estimations, the iterative beam bending approach is more versatile when it comes to
the exact shape of the bends.

In their paper Dynamic Model of a Multibending Soft Robot Arm Driven by Cables,

Renda et al. describe a method for characterising the shape of the soft material using

Cosserat rod theory based on the tension of the cables [25]. Their method incorporates

the effect of gravity and external loads, and the axial and radial forces created by the

cables are quantified to predict the deformation of the soft robot material around the

tendons. The method used in this paper to calculate the forces exerted by the tendons

can be used to quantify the friction along the length of a rigid disc-segmented continuum

arm.

Kinematic models are essential for calculating the actuator-space configuration

required for a given end effector position and orientation. Models that can accurately

represent the deflection of flexible segments and take into consideration external forces

acting on the robot make it possible to calculate positions accurately and control robots

in open loop. Any model-based open-loop control method is limited by the susceptibility

to unknown contacts with the environment and non-linearities in cable friction and
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elongation. The only way to overcome these obstacles is by using some sort of feedback

for closed-loop control.

2.3.2 Extrinsic position measurement methods

Measuring the position and shape of continuum robots presents a number of challenges on

its own, as it is impractical to track every individual point along the curve. It is important

to be able to describe the robot’s shape to validate kinematic models and eventually

control continuum robots in closed loop. Extrinsic methods use equipment mounted

externally to the robot to measure its shape, position, orientation or a combination of

these attributes. Multiple researchers [9, 37–39] have used electromagnetic trackers to

measure the shape of continuum robots. Electromagnetic tracking systems consist of an

emitter base unit that transmits electromagnetic waves with known properties and one or

more sensors that measure the local field to calculate their position and attitude relative

to the emitter.

Figure 2.13: Configuration of magnetic sensors for shape tracking by Song et al. [9].
Magnetic sensors require an emitter unit to calculate their relative position and are
susceptible to interference from even small metallic objects.

Song et al. [9] describe a continuum arm with three sensors placed at the joints between

segments and at the tip of the arm (Figure 2.13). The position and orientation are used

to create a smooth Bezier curve of best fit to predict the position of the snake arm. The

real position of the points between the sensors is validated experimentally using computer
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vision and compared by simulation to a physical model, with accuracy within 3.2 mm.

The position of the middle sections (control points) of the Bezier curve are not used in

this paper, instead the orientation of the intermediate points is used to deduce a position

that meets the physical constraints of the robot. Electromagnetic trackers have a key

disadvantage in industrial fields, as interference from metal objects makes measurements

unreliable. Using electromagnetic sensors inside a completely metallic object such as a

gas turbine is impossible with current technology.

Figure 2.14: Shape tracking using computer vision by Mahl et al. [10]. Optical
motion tracking requires externally-mounted cameras with line-of-sight to trackers on
the continuum robot, making them suitable only for laboratory environments and tasks
in controlled spaces.

Computer vision can also be used for 3-dimensional tracking [10, 40] and applied to

continuum robots, as demonstrated by Mahl et al. [10] using the Festo Bionic Handling

Assistant. Reflective markers were positioned at the ends of the segments to track the

configuration of the arm (Figure 2.14). This method is useful for validation of kinematic

models, but is not applicable in confined spaces where it is impossible to insert cameras.

A review of the state of the art shows that externally mounted sensors, cameras

and vision systems can be used for closed loop position control of continuum robots.

However, magnetic tracking sensors are inadequate in metal environments and large,

static camera arrays are impractical or impossible for in-situ repair applications. Hence,

intrinsic methods for position measurement must be explored for tracking the position of

continuum robot segments and for closed loop control.
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2.3.3 Intrinsic position measurement methods

Intrinsic methods use equipment mounted internally to the robot to measure its shape,

position, orientation or a combination of these attributes. A large number of continuum

robots in literature rely on encoders positioned at the proximal actuation end to infer

the end effector position by means of a kinematic model [10, 23, 35, 41–43]. This reliance

on inverse kinematics and lack of distally mounted sensors results in relatively large

inaccuracies and vulnerability to external forces and disturbances. Built-in distal strain

or shape sensors come with a penalty in available space for services, but they can

dramatically improve performance by allowing for closed loop position control.

In their paper Shape Tracking of Planar Hyper-Flexible Beams via Embedded PVDF

Deflection Sensors, Shapiro et al. [44] discuss the use of piezoelectric sensors to measure

the deflection of flexible segments of structure in continuum robots. The deflection

information is compared to data obtained visually and matches to within 3%. The

entire continuum surface does not need to be covered to achieve this result; only 4 short

sensors were used at strategic locations along the length of the arm (as shown in

Figure 2.15). Despite the success, the sensors used in this work effectively measure

backbone flexural strain, meaning that the flexible elements and sensors must be placed

near the centre of the continuum robot, which limits their application to robots where

the central passage can be utilised for sensing. In addition to this, architectures such as

serpentine robots often alternate the direction of bend of adjacent vertebra (such

as [45]), which leaves only the interval between two vertebrae to use for 1D sensing.

Figure 2.15: Pneumatic bellows continuum actuator with four PVDF sensors by Shapiro
et al [44]. While such sensors may be used to measure curvature directly, they must be
mounted close to the neutral axis of the robot, reducing the available space for services.
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Optical fibres with Bragg gratings (FBG) can be used to measure the shape of

complex curved components. FBGs are strain sensors that work by measuring changes

in the frequency of reflected light caused by the distortion under strain of etched

gratings on the fibre [46]. Gratings can be positioned in specific sections of fibre to

measure local strains or they can be distributed along the entire length of fibre to

measure strain distribution throughout. FBGs are currently used to measure surface

strain, for example by embedding them in fibre composites [47–50] and some

elastomers [51]. In their paper titled Instrumentation of integrally stiffened composite

panel with fiber Bragg grating sensors for vibration measurements, Oman et al. describe

a method for acquiring the shape and the modes of vibration of a carbon fibre panel

using FBGs with discrete gratings in strategic locations [52].

Recently, FBGs have been used for curvature measurement in continuum

robots [53]. Using a single grated fibre near an inextensible bending plane gives one DoF

of curvature measurement [54–56]. In their paper titled Large-deflection FBG bending

sensor for SMA bending modules for steerable surgical robots, Sheng et al. [57]

investigate the use of opposed fibres with FBG sensors for bend measurement of a one

segment, one DoF flexible backbone, serpentine continuum robot with shape memory

alloy (SMA) actuation (Figure 2.16). Their results show that, despite a level of

hysteresis and sensitivity to temperature, FBG sensors can measure the large strains

associated with continuum arms.

Single fibres can also be used in such a way as to provide 2-dimensional measurement.

Feng et al. [58] demonstrate that using orthogonal angled gratings within the same fibre

can be used to measure bend in orthogonal directions. Wang et al. [59] demonstrate that

a single fibre can be rotated inside a curved vessel to obtain curvature and direction of

bend. While such methods increase the complexity of the fibre and measurement system,

they present an opportunity to reduce the diameter penalty within the umbilical passage,

allowing more space for services to be delivered to an end effector.

Multi-core FBGs can be used to measure strain in 2 directions of bend [53, 60–62].

Shape reconstruction of flexible bodies such as demonstrated by [53] can be adapted and
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Figure 2.16: SMA bending module integrated with SMA sensor (a), and detail of the
FBG bending sensor (b) [57]. Like PVDF sensors, fibre sensors with Bragg gratings must
be located near the central axis of the continuum robot.

used for closed loop control of active flexible structures such as continuum robots. Using

redundant fibres also allows for temperature compensation and elongation

measurement [63].

Despite their undeniable advantages, fibre Bragg sensors and the required

interrogators and software are prohibitively expensive and therefore not suitable for

production devices at the present time.

A number of authors have researched the use of resistive and capacitive sensors for

large deflection strain sensing and shape reconstruction in continuum robots [64, 65].

Resistive sensors are frequently constructed out of elastic materials that are made

conductive by the inclusion or by layers of low-dimensional carbons (carbon

nanotubes [66–68], graphene [69, 70] and carbon black [71, 72]) metal nanowires [73–75]

and nanoparticles [76]. Sensors are also often composed of electrically insulating and

elastic vessels, membranes or media coupled with electrically conductive fluids (such as

eutectic Gallium Indium alloy - EGaIn - [77, 78] and ionic liquids [79–81]), gels [82] or

elastomer films [83]. When stretched, the conductive layer with resistivity P changes

length L and cross-sectional area A, resulting in a change in resistance given by

R = PL/A.
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In their paper titled Multi-task sensorization of soft actuators using prior knowledge,

Wall and Brock [77] describe a pneumatic actuator containing 16 eutectic Gallium Indium

(EGaIn) resistive strain sensors in a multi-layer construction (Figure 2.17). The sensors

consist of elastomer microchannels moulded into sheets of silicone and filled with the

liquid metal.

Figure 2.17: Two segment pneumatic actuator equipped with 16 eutectic Gallium Indium
resistive strain sensors [77]. Various orientations and a number of redundant sensors allow
for monitoring of parameters such as contact with objects and internal pressure.

Resistive stretch sensors have been used in physical therapy and wearable technology

research due to their inherent bio-compatibility. In their communication titled Volume-

Invariant Ionic Liquid Microbands as Highly Durable Wearable Biomedical Sensors [80],

Wang et al. describe the manufacture of a stretchable sensor with rectangular cross section

capable of detecting strains from 0.1% to 100% at frequencies up to 7 Hz with high signal-

to-noise ratio. Crucially, the hysteresis time was observed to be as low as 0.027 seconds,

suggesting such a sensor could be used at even higher frequencies. In their tests, they

used printed moulds to manufacture silicone sensors containing a layer of ionic liquid only

0.5mm thick. The stretch sensor was applied to participants skin in different locations on

the body to detect movements and gestures to a high degree of repeatability. Similarly,

Noda et al. describe a sensor containing stretchable elastomer sections encapsulating

conductive liquids [84]. The impedance of the stretch sensor was observed to vary linearly

with strains up to 30%, with an alternating current (AC) voltage of 1V (peak to peak) at

250 kHz going through the conductive liquid. The depth of the conductor channel used
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in this work is also 0.5mm.

In their paper titled Soft and stretchable sensor using biocompatible electrodes and

liquid for medical applications, Russo et al. Describe an elastomer sensor with a channel

containing dissolved sodium chloride for biocompatibility [85]. The design includes a

novel stretchable electrode made by coating the elastomer substrate in a thin sputtering

of gold (100µm thick), also chosen for biocompatibility. Test results show repeatable

behaviour in agreement with theoretical predictions based on predicted sensor

deformation. However, the questionable long-term stability of saline solutions and the

likely challenges of miniaturising the gold sputtering process makes this type of sensor

less well suited for repair applications, particularly as there is no need for

biocompatibility.

Resistive macro-strain sensors offer a cost-effective solution to closed-loop position

control by allowing for direct curvature measurement of continuum sections or curved

bodies. The variety of possible shapes and sizes also allows for continuum robots to be

retro-fitted with sensors and closed-loop controllers. However, any sensor that relies on

the resistivity of conductive materials is likely to be highly susceptible to temperature

changes and will require temperature compensation to operate correctly in a mature

implementation.

Capacitive stretch sensors are similar in construction and operation to resistive

sensors, but make use of two conductors running parallel to each other and separated by

an elastic membrane. Conductive layers may employ elements such as metal nanowires

and carbon nanotubes suspended in a stretchable matrix, or they may be composed of

inherently conductive flexible materials such as carbon-black infused rubber, or they

may use conductive fluids contained in a flexible vessel. Sensors are commonly

constructed with rectangular cross-sections to allow for larger capacitive surfaces. When

a sensor is stretched, the surface area of the conductive layers increases and the distance

between the layers decreases, resulting in a larger capacitance at higher strains. In their

paper titled Super-stretchable, transparent carbon nanotube-based capacitive strain

sensors for human motion detection, Cai et al. [86] report on the realisation of soft
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sensors capable of measuring strains up to 300% using a silicone sensor with carbon

nanotubes conductive layers (Figure 2.18).

Figure 2.18: Capacitive strain sensor principle of operation: stretching the elastic element
reduces the size of the gap between conductive layers and increases the conductive layer
surface area [86].

While capacitive sensors have an excellent signal-to-noise ratio and good durability,

the complex AC instrumentation required to interrogate the sensors and their rectangular

cross-section make them less well suited for in-situ repair continuum robots. Capacitive

sensors require a precise source of alternating current and an instrument such as an

electrical impedence spectroscopy system (EIS) [87] or a capacitive Wheatstone bridge

with digital potentiometer [88]. This increases the cost and complexity of the system

compared to equivalent resistive sensors. While resistive sensors may be constructed in

a way to allow them to follow disused cylindrical tendon conduits, the dual surfaces of

capacitive sensors mean that they require specialised channels to be built into a continuum

joint.

A group of researchers investigated the use of Hall effect magnetic sensors mounted

on flexible structures to measure strain on highly elastic continuum robots [89–92]. A

magnetic sensor is attached to the flexible substrate and a permanent magnet is

attached to the same flexible material some distance up the arm in the direction of

stretch or bend (as seen in Figure 2.19), hence the distance and attitude of the magnet

as measured by the Hall effect integrated circuit gives an indication of the curvature and

shape of the continuum segment. The RMS error of the signal between the actual and
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reference curvature was found to be 0.0239cm−1, which is comparable to the more

accurate embodiments of capacitive and resistive stretch sensors.

Figure 2.19: Hall effect magnetic sensor attached to flexible substrate to measure
curvature [91]. Hall effect sensors can detect small changes in magnetic fields but require
bulky integrated circuits and magnets.

Another example of an elastic stretch sensor is the optoelectronic sensor such as that

described in [93–95] and [96]. An elastic transparent waveguide mounted in the exterior of

a prosthetic hand in one case and a walking octopod in the other changes transmissivity

according to deformation. An infrared light-emitting diode (LED) at one end of the

lightguide acts as a light source, while a phototransistor detects light intensity at the other.

As the sensor stretches, the intensity of light transmitted drops in a repeatable way. Other

methods for position measurement on continuum robots that use optoelectronic sensors,

such as the one described in [97], use cables as mechanical links between the moving end

of the robot segment and a number of reflective surfaces which can be used to calculate

tip position. Optoelectronic sensors such as these have not been used in multi-degree-of-

freedom continuum robots, probably because of the need to mount emitters and detectors

along the robot or the need to route optical fibres through a central passage.

Despite the large variety of strain sensors described in the literature, none have

successfully been demonstrated on a multiple DoF continuum robot. Although

Bragg-grated glass fibre sensors show great promise in this field, their high cost and

complexity makes them an unlikely option for repair in hazardous environments. Of the
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surface strain sensors researched, resistive sensors show the most promise for adaptation

to continuum robot shapes, due to their variable cross-section and ease of design.

Using sensors such as resistive surface stretch sensors for shape feedback can

dramatically improve the position controllability of continuum robots, providing for the

first time closed loop control of the backbone curvature with built-in sensors. This will

be the focus of the work presented in this thesis towards the advancement of position

control of slender and compliant in-situ machining robots.

2.4 Review of robot force control methods for in-situ

machining

Controlling the interaction of a machining or abrasive tool with the workpiece is essential

to guarantee that the continuum robot can perform high quality machining operations.

When the tool is in contact with the workpiece, its motion is constrained by the shape

of the environment and appropriate reactions by the robot are required to accommodate

the interaction. The review of literature aims to explore the current state of the art in

force measurement in conventional jointed robots and continuum robots, and particularly

robots with intrinsic cable tension sensors or extrinsic, remotely mounted sensors.

Control schemes used to convert the measured torques and forces into usable control

commands fall broadly into stiffness control and impedance control. Stiffness control

treats the joint as a spring (whether or not a phisical spring is present) and the system is

tuned to achieve a desired static behaviour. Impedance control treats the joint as a mass-

spring-damper system and the robot is tuned to achieve a desired dynamic behaviour [98].

2.4.1 Force sensing in conventional jointed robots

Conventional joints allow for forces acting on an end effector to be measured directly:

Torques acting on individual rotary joints can be measured directly using dedicated torque

sensors, such as those described in [99], or indirectly using actuation parameters such

as current [100] or back electromotive force (BEMF) from joint motors such as in [101].
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Modifying conventional joints by adding elastic elements in series (series elastic actuators)

also allows for force measurement based on a well-defined model of the robot’s joints

[102–105]. Other methods such as using load cells on prismatic joints or indeed directly

on the end effector [98] lend themselves well to conventional jointed robots and are widely

used for force control.

Torque sensors are often used for control of rotary articulations, both in position [106]

and in reaction force [99]. Measuring joint torque directly is a simple way to provide force

feedback and allow for closed loop control of the reaction between parts of the robot and

its environment.

Motor current and BEMF methods of force calculation and control are widely used

due to the ability to retrofit such a control scheme on a manipulator that does not have

intrinsic (and often expensive) force or torque sensors. In their paper titled External

torque estimation for an industrial robot arm using joint torsion and motor current

measurements, Gold et al. [107] demonstrate the use of motor current for estimating

internal joint torques in contrast to (and in conjunction with) an approach that relies on

subtle deformations of the robot structure. Other authors have used this approach to

achieve force control in the context of robotic assembly and human-safe

robots [100, 108–110]. Using current and motor state to estimate torques and reaction

forces with the environment stops being suitable when gearboxes, belts, tendons or other

drive transmission elements separate the motor from the load-bearing joint. Friction

forces and environmental effects on transmission efficiency make current measurements

unreliable for complex robots such as slender and compliant manipulators.

Series-elastic actuators have received considerable attention lately for their versatility

and safety, in areas such as rehabilitation robotics and automated assembly [104]. In

SEAs, a flexible element is intentionally introduced in the transmission between motor

and joint (Figure 2.20). The stiffness and dynamics of the elastic element being known,

it is possible to model the joint as a mass-spring-damper and control the torque of the

rotary or prismatic joint with high accuracy. Furthermore, the stiffness and dynamics of

the elastic element being tuned correctly, it is possible to make the joint behave as a fully

36



back-drivable actuator regardless of details of the rest of the transmission.

Figure 2.20: A prototype rotary series-elastic actuator presented by [104]. The torsion
accumulated in a spring can be used to control joint torque.

Wrist force sensors (such as the example shown in Figure 2.21) are also widely used

to measure interactions between the robot end effector and environment [111–113].

Despite the obvious advantage of measuring forces directly hence negating the need to

calculate wrenches, wrist sensors are difficult to miniaturise and can only detect

reactions downstream of the wrist, making them unsuitable for robots operating in

unpredictable environments where the body might contact surfaces at points other than

the wrist, or for robots that operate in conjunction or close proximity to humans.

Tactile and skin sensors for robotic manipulators have been described by multiple

researchers [114–117] and applied to various types of robots. In their paper titled Design

and characterisation of a three-axis Hall effect-based soft skin sensor, Tomo et al. [118]
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Figure 2.21: A wrist force sensor mounted on a robot arm, presented by [111]. Six-axis
load cells can be used to obtain detailed measurements of reaction forces at the end
effector but are difficult to miniaturise.

describe a construction that places a small magnet in close proximity to a Hall effect sensor

and suspended in an elastomer. Forces acting on the membrane at or near the magnet can

be measured with the sensor integrated circuit. While the specific construction of tactile

sensors described in the literature is not applicable to machining robots, the approach

could be modified to measure forces acting on a robot wrist or joint by introducing a

flexible layer and strategically placed magnets and sensors.

The solutions to robotic force control described so far have their application in

relatively large robots with conventional rotary or prismatic joints. Load cells, torque

sensors and elastic joint elements present a sizeable challenge of miniaturisation to make

them suitable for slender in-situ machining instruments. The following section explores

force control strategies specific to continuum robots with low stiffness.
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2.4.2 Force sensing in continuum flexible robots

Force control of continuum robots is a growing area of research, as the versatility and

inherent safety to humans of flexible and slender robots makes them popular for tasks

such as minimally invasive surgery, search and rescue and in-situ repair of industrial assets.

In a paper titled Multi-axis force/torque sensor based on simply-supported beam and

optoelectronics, Noh et al. present a versatile wrist-style sensor that is compatible with

continuum robots [119]. A cylindrical chassis with selectively weakened structure is

designed to flex under the influence of axial forces and radial moments, moving a distal

end relative to a proximal end and affecting the returned signal from three

optoelectronic sensors (consisting of co-planar LED and photo transistor pairs and a

parallel mirror) mounted inside the cylinder as seen in Figure 2.22. In their work the

authors describe the construction of a multi-segment continuum robot equipped with

one such force/torque sensor at the end of every segment, endowing the manipulator

with comprehensive proprioception (referring to the ability to sense a body’s own

position and movement). Despite the clear advantages of a low-cost continuum

wrist-style force sensor, the ability to miniaturise this particular design in a practical

way below a diameter of 10mm is called into question.

Figure 2.22: A wrist-style force sensor of cylindrical construction using three
optoelectronic sensors and three mirrors, as presented by [119].

A related approach is presented in [120, 121], where the optoelectronics are not
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mounted on the wrist sensor and are instead located outside the continuum section

altogether. A light is emitted by a source, transmitted through the continuum robot

using an optical fibre and reflected back into the fibre by a mirror mounted on the

mobile part of a flexible wrist component. Flex of the wrist caused by external forces

changes the relative angle of the mirror and the fibre, modulating the intensity of

reflected light which can be measured by a photodiode. The approach was miniaturised

to fit within a 4mm maximum diameter catheter, however it required contextual

knowledge from additional sensors (such as X-ray and magnetic resonance imaging) to

differentiate between axial and radial forces. While it may be possible to use a plurality

of fibres in strategic arrangements to measure axial forces and radial moments acting on

the wrist, this increases the number of required fibres and mirrors further impinging on

the available central passage space.

Xu and Simaan [11] have explored the ability of continuum robots to be used for force

sensing by means of monitoring the tension in the actuation cables. The method they use

is to decompose the Jacobian - a matrix that maps the partial derivatives that describe

the effects of each degree of freedom on each point of interest or end effector - to obtain

the expected tensions from the actuation pack and hence be able to calculate the external

forces. Screw theory is used to create a mapping between the configuration space and

the twist space (forces and moments). The process is validated experimentally by using a

continuum arm fitted with tension sensors and an optical motion capture system to track

its shape to detect hard objects buried under a layer of silicone (Figure 2.23). They were

able to measure force to within 0.83 grams. For this paper, the radius of curvature of the

NiTi backbone is assumed to be constant, which it is unlikely to be. For multi-segment

robots where the displacement of each wire is minimal this assumption might hold, but

for machines with greater displacement this will not be enough. This method uses optical

motion capture to deduce the twist space. This approach is unsuitable for in-situ repair

operations as it is impossible to have cameras pointing at the continuum arm during

machining in a confined space.

In their paper Compliant Motion Control for Multisegment Continuum Robots with
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Figure 2.23: Cable tension sensors enable continuum robots to measure force and detect
hard objects embedded in a silicone matrix from Xu and Simaan [11].

Actuation Force Sensing [122], Goldman et al. propose a method to control a compliant

continuum robot subjected to unknown contacts with the environment. The measured

cable tensions are compared to the forces that are expected from a model of the

unperturbed generalised system. The paper describes a method to turn cable tensions

into a matrix of unexpected forces (i.e forces that cannot be attributed to the

unperturbed model) that can be used to compute a response. The correction is

calculated using a support vector machine, which uses machine learning to generate an

output. This is a compact method that can be used during live motion. The objective of

this paper is to minimise the forces acting on the continuum arm and it is tested by

inserting the robot into a cavernous passage. The robot reacts to the cavernous

environment and moves accordingly.

The experimental setup uses force gauges to measure the cable tension and EM

tracking sensors in conjunction with video gauges to track the position of the robot.

The method for obtaining the matrix of unexpected forces can be applied to control the
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amount of cutting force transferred to the cutting tool.

Bajo and Simaan [123] described the use of screw theory to detect collisions on any

segment of a continuum arm as well as to detect complete constriction of the arm. The

algorithm compares instantaneous screw axes created using a model of the unperturbed

system and created from the sensory data of the segment position using EM tracking.

Deviation in the motion of the screw axes can be translated into strength and location

of contact; hence the algorithm can detect collisions in any number of segments. This

was validated by touching against different joints and holding the arm to constrict it

(Figure 2.24). In the context of in-situ repair applications, contact detection is only useful

if it can be done without the use of electromagnetic tracking or other extrinsic position

feedback methods. If an instantaneous screw axis could be obtained from tension sensor

data instead of EM tracker data then this approach could be employed for force control

during machining.

Figure 2.24: Location and magnitude of contact is detected using knowledge of cable
tension and position of the arm [123]. The method relies heavily on external measurement
methods (electromagnetic trackers).

In [124], Bajo and Simaan describe the modelling and control of a family of continuum

robots with intrinsic force sensing capabilities for force control. They make the assumption

that the segments bend in circular arcs and that the only point of contact between the

robot and the environment is at the operational point. This paper shows the ability to

use intrinsic force sensing with tendon tension to accurately control the contact force at

the interaction point with the environment, which will allow machining to be carried out

safely and efficiently. The method is validated using a two segment continuum arm to
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touch a surface with known defects and equipped with a force sensor. Their continuum

robot was able to regulate the contact to within 1.5 grams of force for high angles of

incidence, but the method is less effective when the contact occurs at shallow angles.

A review of literature concerning physical reaction sensing in continuum robots has

shown that it is possible to use cable tension information to deduce the forces acting on

a continuum segment. However, these methods rely on a thorough model of the system

kinematics and an accurate knowledge of the position of the actuator (often done with

cameras and other extrinsic position feedback methods in previous work). Hence, work in

this area will focus on developing methods to directly measure contact forces for slender

and compliant in-situ machining robots to make measurement and control more robust

and reliable.

2.4.3 Process force control using remote sensors

Current methods of closed loop control using force signals for in-situ instruments are

generally reliant on direct feedback from sensors (e.g. load cells, strain gauges). These

methods rely on accurate knowledge of the instantaneous configuration and geometry

of the instrument, which is a difficult task considering the possible deflection of slender

robots. In addition to the limitations of force sensing via tendons on long robots, the

approach cannot be used on a sensorless robot without modifying it by adding load cells

or other such hardware.

In the case of robots equipped with machining end effectors, an alternative method

could be to use Acoustic Emission (AE) to monitor machining parameters due to its

high signal-to-noise ratio. In [125], AE is used to monitor surface quality during

machining of nickel-based superalloys. In [126], AE is used to detect dullness of grinding

wheels. Other authors have also demonstrated the use of AE to monitor different

machining parameters [127–132]. Similarly, vibration signals measured with an

accelerometer and amplified with a vibrometer were used to monitor parameters during

grinding in [133]. However, despite its numerous advantages, the AE sensor or

accelerometer needs to be mounted directly on the surface where the waves are to be
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captured, which is impossible when remote workspaces are accessed for performing

in-situ material removal interventions.

Audible sound features have also been used to monitor or predict various parameters

of machining processes and machine tools performance. In [127], airborne sound is used

to identify appropriate abrasive densities during honing. Rubio et al. [134] used frequency

signatures of audible sound to identify cutting parameters during milling, such as rotation

speed and depth of cut. Other authors have used sound signal-processing methods —

RMS of pressure, intensity and frequency spectrum of the signals — to monitor or predict

different quality parameters (e.g. surface roughness, chatter) during band sawing [135,

136]. However, no attempt is made to control the machining parameters in closed loop

using the airborne sound features.

In their paper titled Acoustic sensing for soft pneumatic actuators, Zöller et al. [137]

present a method for determining the location and strength of contacts on a pneumatic

actuator by positioning a microphone within the air chamber. The amplitude spectrum

of a sound signal from the microphone from various events is used to train a machine

learning algorithm (support vector machine) to recognise and classify the sounds. Labels

include discrete positions such as “tip”, “middle”, “base” and discrete force levels of

“light”, “middle” and “strong”. While this use of airborne sound shows promise in the

area of contact detection for manipulators and grasping robots, it is unlikely to provide

sufficient signal strength for closed loop control of contact forces, particularly as it relies

on identification of percussive force events.

Robben et al. [138] described a method for determining tool settings and predicting

the material composition of concrete (i.e. rocks, inclusions and cement content) during

disc cut-off grinding with diamond wheels using airborne sound features, and were able

to create a map of the hardness and compositions of the concrete slabs (Figure 2.25.

Khan et al. [139] use sound features (such as RMS of microphone voltage and cumulative

amplitudes of dominant frequencies) to determine wear damage in mechanical components

with multiple contact points under load. These reports show extensive efforts on the use

of features of sound signals for process monitoring but, it seems, no examples of employing
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sound signals to control the material removal processes in closed loop have been reported.

Figure 2.25: RMS signal level in specific wave bands for two different types of concrete
(E30 and A30) as obtained by airborne sound signal detection in [138].

While airborne sound signals are more susceptible to distortion and noise, the sensors

can be placed some distance away from the machining operation making them more

suitable for an in-situ repair application. This work seeks to identify a method for closed

loop force control that is applicable to sensorless robots and useful for repair of difficult-

to-access industrial assets.

In this context, a robotic tool equipped with a method for online process monitoring

using sound signals derived from the machining operation can be highly efficient for closed

loop control of different operations (e.g. grinding, milling) in inaccessible and especially

in blind workspaces. With such facilities in place, automated in-situ repair applications

could be performed with precision and reliability.

Real manipulation and machining tasks involve interactions between the robot and its

environment. There is a substantial volume of research into the details of force control in

robotics and, while many of the approaches for continuum robots may have applications
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in the area of in-situ repair, it is likely that remote force sensors will prove most useful if

incorporated together with a reliable position control scheme.

2.5 Review of simultaneous position and force

controllers

Controlling position and force simultaneously is essential for robots that contact and

affect their immediate environment; this is true for most practical manipulatory tasks but

becomes particularly evident when the environment is variable and unknown. Position

control alone risks damage to the robot or its surroundings by collision or over-exertion

if a nearby object constrains its motion. Force control alone leaves the robot without

a reference to its surroundings and hence unable to achieve particularly useful tasks.

Precise interactions with nearby objects requires a combination of two conflicting control

strategies which often leads to hierarchical algorithms, i.e., dominance of the force control

action. The challenge presented in this work is one where the shape and surface quality

of the machining output are determined by tool trajectory and contact force respectively,

requiring some form of multiple-input-multiple-output control.

2.5.1 Simultaneous position and force control of conventional

robots

As mentioned above, most practical applications of force control in manipulators include

some form of simultaneous position control. Multiple simultaneous control strategies have

been explored for robot arms and other conventional jointed manipulators.

In multiloop control, each manipulated variable depends only on a single controlled

variable. In the context of manipulator robot control, this means that position and force

would be controlled independently with their own feedback loop. This simplistic approach

is common in industry, as it makes troubleshooting and tuning easier. However, problems

may arise if the outcome of one loop has an effect on the others, as this can result in more

difficult tuning and even in the closed loop system becoming unstable [140].
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Figure 2.26: Two parallel and independent control loops, where Ysp is the set point for
the variable, Y is the output, Gc is the controller transfer function and Gp is the process
transfer function [141].

The idealised scenario in Figure 2.26 shows two loops controlling two aspects Y1 and

Y2 of the same system completely independently. However, in reality there are always

process interactions that induce relations between the control loops. In the case of most

robots (and particularly compliant robots), movement of actuators changes the state of

both variables, which introduces strong interactions between motion and force control.

This is shown in a simplified form in Figure 2.27.

Figure 2.27: Block diagram for multi-loop control with controller interactions [141]. The
coupled controllers can result in positive feedback and pose challenges for control.
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Applying some realistic transfer functions to the case where the two loops are position

and force, the resulting control structure can be rearranged to resemble two nested loops

due to the causality of force feedback (Figure 2.28). In practice, an inner position loop

and an outer force loop that modifies the position setpoint appear as a consequence of the

physics of manipulators. This direct force control by nested loops has been extensively

investigated in literature [142] with large variability in, among other things, loop hierarchy,

impedance versus stiffness force control and position versus velocity motion control.

Figure 2.28: Block diagram for multiloop control specific to position and force feedback
from a manipulator. The interaction between two loops is expected and inevitable.

Another approach to simultaneous control is to separate the task into elements that

require position control and tasks that require force control. This is described by Khatib

in the paper titled A unified approach for motion and force control of robot manipulators

- the operational space formulation [143], where evaluation of the current parameters

returns a task specification that assigns the required weights and directions to the different

control variables. An accurate model of the environment is used to give the system a

sort of situation awareness that allows it to transition from, for example, positioning a

screwdriver to tightening the screw; from placing a gripper over an object to gripping

said object; from positioning a component to press-fitting said component. In all of these

examples, the context of the task instructs the force controller to act only in the relevant

degrees of freedom and can therefore be separated from position constraints altogether. By
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removing conflicting control loops and the necessary hierarchy, the force control becomes

more predictable and fine-adjustable.

The clear disadvantage of hybrid position-force control as described by Khatib and

others [140,144] is that a detailed model of the environment is necessary to return a task

specification. If an unknown object were to come into contact with the manipulator in

an unexpected place or from an unexpected direction, the manipulator would continue to

operate in position control. This is unacceptable in any scenario where the environment

may change and objects may move unintentionally, as is often the case for in-situ repair

(if everything was as expected a repair should not be needed). Another disadvantage is

that changing between control schemes results in discontinuities unless every interaction

is as predicted and every motion carried out with high precision. The consequence of this

is an overall inability to respond to errors in these critical transitional moments.

In their paper titled The parallel approach to force/position control of robotic

manipulators, Chiaverini and Sciavicco [145] present a simultaneous position and force

controller (Figure 2.29). In their words, “a position feedback loop acts in parallel to a

force feedback loop. Dominance of the force control action ensures force regulation along

the constrained task-space directions, while the position control action can be designed

to achieve either regulation or tracking of the end-effector position along the

unconstrained task-space directions” [98]. The subtle difference from the nested control

loops approach is therefore mostly in the nature of the hierarchy definitions and in the

increased versatility of each of the control loops.

When it comes to assigning a hierarchy, this is usually achieved by selecting

strategically weighted controllers. In the case of Chiaverini’s parallel controller (and

indeed often in nested-loop simultaneous controllers), these are a

proportional + integral (PI) controller for force and a proportional + derivative

controller for position. The inclusion of an integral term makes the force controller

dominate, as it is guaranteed to overpower the position loop in a conflict of inputs.

While the theory of simultaneous position and force control has been well studied for

robots with conventional joints and robots equipped with wrist sensors and other direct
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Figure 2.29: Block diagram for Chiaverini’s parallel force/position controller. C is the
Controller, M is the Manipulator, E is the Environment, f is force and p is position [145].

feedback sources, the relatively new field of continuum and soft robotics presents a number

of unique control challenges.

2.5.2 Simultaneous position and force control of continuum

robots

In their paper titled Hybrid motion/force control of multi-backbone continuum robots,

Bajo and Simaan [124] demonstrate an example control architecture for multiple input

multiple output systems. In this paper, the challenge is not accessibility but rather

the need to adhere to strict sterilisation guidelines in the field of minimally invasive

surgery robots, making it impossible to use force sensors at the end effector. The authors

describe an approach that uses knowledge of the tension on the tendons to predict the

external forces acting on the continuum robot. While their method relies on assumptions

of the kinetostatic model of the bend of the robot (a model where forces are at static

equilibrium), they were able to show experimentally that the cable tension can be used

to measure and control contact forces at the operational point. Figure 2.30 illustrates the

strategy employed by Bajo and Simaan for merging force and motion control.

It can be seen that Bajo and Simaan’s simultaneous controller is fundamentally similar

to Chiaverini’s parallel controller (Figure 2.29), but with the added layers of complexity
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Figure 2.30: Motion/force control strategy for continuum robots from Bajo and Simaan
[124], ωm and ωf are projection matrices, Jxψ is the Jacobian matrix, Kψ is the
configuration-space stiffness matrix, ψ is the configuration space vector, Ka is the joint-
space stiffness matrix.

introduced by tendon friction losses, complex statics and kinematics. In Figure 2.30, tref

is the desired twist and wref is the desired wrench, where the wrench describes a system of

forces reduced to a point with an axis and a pitch, and the twist describes the translation

and rotation of the object that is affected by said wrench. Hence in simplified terms, t is

the desired end effector configuration and w is the desired force interaction between the

end effector and its surroundings. As above, a PI force control scheme is used to assign a

hierarchy.

In Bajo and Simaan’s control strategy a motion controller and a force controller work

independently and contribute different amounts to the output. The motion controller

compares the reference twist vector to an estimate of the real position of the end effector,

a vector based on the kinematic model of the system and the actuator positions. The

force controller compares the reference wrench to an estimate of the real wrench based,

again, on kinematic and static models of the system which are a function of the assumed

position of the robot and the information from the tendon tension sensors. Hence, this

method relies on a thorough and accurate model of the system and extrinsic position

sensors; without force feedback from the end effector, is vulnerable to compounded errors

and unexpected non-linearities.

The success of this method in the context described in Bajo and Simaan’s paper
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[124] can be attributed to the relative simplicity and safety of the one-degree-of-freedom

continuum robot used. However, due to the reliance on exact models, the scalability of

this approach without closed feedback loops to continuum robots with more degrees of

freedom can be called into question.

In the paper titled Stiffness control of surgical continuum manipulators, Mahvash and

Dupont [146] explore stiffness and force control for continuum robots not equipped with

force sensing by using a detailed model of the kinematic and static forces of the instrument.

An extrinsic electromagnetic position sensor (3D guidance Trak STAR electromagnetic

tracker from Ascension Tech. Corp.) is used to provide feedback real-time feedback and

serves as the basis of the force controller for a concentric needles continuum robot (Figure

2.31). The simultaneous control method used is a nested loop control approach, where the

position setpoint is modified along the constrained direction to a point that is expected

to achieve the desired force based on the modelled statics and dynamics, but there is no

force feedback for true stiffness control.

Figure 2.31: Stiffness control manual experiment by Mahvash and Dupont using position-
only feedback [146]. The method relies on position feedback from actuators and from an
electromagnetic tracking sensors mounted on the end effector.

Recently, other approaches such as model-less controllers [147] have been explored

for simultaneous position/force control of a one-segment serpentine continuum robot

equipped with tendon load cells, where the controller learns the robot’s Jacobian in

real-time allowing it to adapt to new constraints in the environment. Like Mahvash’s
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stiffness control however, this method relies heavily on accurate knowledge of the robot

tip position (using trackers and a camera).

It can be seen that, despite recent advances towards practical simultaneous force

and position control of continuum robots, the solutions are limited by their need for

accurate position and force feedback sources which are incompatible with in-situ repair

of industrial assets with challenging access. Hence, a versatile and easy to tune scheme

such as nested loops or parallel position/force control applied to a continuum robot with

novel shape sensors and remote force sensors may prove to be a suitable solution for an

in-situ machining robot.

2.6 Research gaps for potential future investigation

The last half century has seen a large volume of research and innovation in the area of

robot control, which has resulted in unprecedented capabilities for automation and

remote operation of complex machines. However, specialist disciplines of robotics such

as miniaturised industrial serpentine in-situ repair instruments still present mostly

unexplored domains. As previously discussed, this work explores new approaches to the

problems of position and force control of serpentine robots for in-situ repair. In light of

the existing literature presented above, the following opportunities for contribution have

been identified:

1. Scalable sensors for shape feedback

Of the wide variety of position feedback methods discussed in past research, fibre

Bragg grated sensors are clearly best suited for continuum robot control and for

control of slender instruments of any length. Their versatility is unparalleled and

they present a new area of research for closed loop position control of continuum

or soft robots. However, the high cost and delicate nature of grated fibres and

interrogators makes them unlikely options for instruments that are to be widely

deployed in industry (and unlikely options given the funding available in this

doctorate research). Another area of unexplored territory is the application of
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resistive stretch sensors - such as those used for detection of human motion and

soft tentacles - to closed loop shape control of miniature serpentine continuum

robots or other slender and compliant instruments. While other curvature and

shape sensing options such as capacitive, optoelectronic and magnetic may also

present opportunities for further investigation, resistive sensors have the most

potential for miniaturisation and are therefore the logical direction of this

research. The following specific gaps in knowledge remain:

� Construction and characterisation of cylindrical resistive shape sensors for their

application in vertebral discs with existing circular actuation holes,

� Application of resistive strain sensors as skin curvature measurement devices

for rigid-construction serpentine robots,

� Design and validation of closed loop control schemes for multi-section, high-

degree-of-freedom slender and compliant robots equipped with resistive shape

sensors and capable of three-dimensional end effector positioning.

2. Remote sensors for force feedback

Existing methods of force control for slender robots rely largely on detailed

models, accurate knowledge of the robot configuration and often tendon load cells

susceptible to friction and non-linearitites. This is because the low stiffness of

slender and compliant robots renders accurate control from the proximal or

actuation side impossible. However, the possibility of using remote signals such as

airborne sound to serve as feedback for a machining force controller is an

encouraging area of research. While previous work has used airborne sound to

monitor machining processes, there has not been to the author’s knowledge an

application of a feedback control loop using such signals. The following specific

gaps in knowledge remain:

� Characterisation of remote signals from in-situ machining instruments at

various cutting forces,
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� Design of a closed loop force control strategy that utilises the characteristics

of the specific remote signals as feedback,

� Application of a closed loop force control scheme using remote signals on a

robot equipped with in-situ machining tools.

3. Simultaneous position-force controller for in-situ repair

The topic of simultaneous position/force control is already well understood, but

the specialised application of a slender and compliant machining robot presents

challenges that have not been addressed in past literature, such as the need to

achieve accurate machined shapes. The novelty therefore lies in the application of

specialised sensors for a specific application:

� A highly elastic resistive shape sensor for closed loop curvature and shape

control of a high-degree-of-freedom continuum robot, and

� A remote machining force sensor based on signal processing of remote signal

features from an in-situ machining end effector.

Each of these factors presents an opportunity for research, all within the context of in-situ

repair using slender, compliant, in-situ machining robotic instruments.
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Chapter 3

Case study of a slender robot for

in-situ machining to identify

challenges in position and force

control

Repair tasks in complex installations such as gas turbines often require expert technicians

with very specific sets of skills travelling around the world to address these maintenance

needs. One such repair task is the in-situ removal of stress concentrating defects on gas

turbine compressor blades that could be caused by foreign object damage. This repair is

currently carried out using slender grinding and polishing tools that are manually inserted

into the compressor though inspection ports to remove material and smooth the damaged

blade edge profile. While it is possible to make a robot with the necessary degrees of

freedom to replicate the movements of the technician, it is essential that such a robot be

controlled by a person with the required skill and experience. The ability to carry out

these operations remotely would significantly reduce downtime, but worldwide remote

control comes with a number of challenges. To address this gap in capabilities, this

chapter presents a novel system architecture for remotely repairing high-value industrial

assets such as aeroengine compressor blades.
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In-situ maintenance technicians currently employ a complex customised set of

tooling for successive tasks, from visualisation and measurement to surface preparation

and material removal. The variety of interventions that need to be performed often

results in a significant volume of customized tooling. These operations are currently

performed manually, and therefore lack repeatability and precision. Hence, it follows

that a robotic solution for such inspection and repair tasks would be a breakthrough for

high-value asset industries with worldwide operations (e.g. aerospace and energy). A

robotic approach would offer the possibility for some level of automation of these

interventions, eliminating the human errors during manipulation of tools. Adding to this

the ability to control such an instrument remotely under the supervision of a trained

expert would dramatically reduce the time taken to address complex tasks, from several

days to a few hours.

The case study presented in this chapter is the culmination of a collective effort

between five parties including the present author. The remote boreblending robot was

part of a SAMULET II project funded by the Aerospace Technology Institute (ATI)

titled Remote Inspection and Engine Repair (ReInER). The University of Nottingham

deliverables were managed by Dr Amir Rabani and Prof. Dragos Axinte. Dr Adam Nagy-

Sochacki led the mechanical design aspects, Dr Bilal Nasser led the software design aspects

and the present author led the electronics and hardware aspects of the project. However,

all areas of the project were influenced and contributed to by all parties. Further details

about the specific contributions by the author of this thesis can be found in Section 1.5.1.

3.1 Background

The use of robots to automate high-skill tasks in inaccessible or inhospitable environments

and reduce downtime is growing year on year. In [16], Dong et al. demonstrate the use

of a long hyper-redundant continuum robot to address in-situ inspection and repair tasks

on the intermediate pressure compression stages of an aeroengine. In [148] and [149],

the authors demonstrate the use of a track-based robot to address in-situ a number of

processes on hydropower equipment, from post-weld heat treatment to grinding. Robotic
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instruments are also being deployed for applications such as minimally invasive surgery

[13,21,23], where precision, repeatability and smoothness are essential for success.

Tele-operation of in-situ robotic systems has been explored extensively in the field of

minimally invasive surgery. Robots with high precision and flexible articulation [13,21,23]

are used to operate on patients through a single point of access, reducing the recovery

time and allowing for potential remote operation by an expert surgeon anywhere in the

world. A well-known, currently in-use system in robotic surgery named DaVinci [150]

consists of multiple surgical arms with cutting, grasping and observation end effectors.

This device relies on a direct wired connection with the operator-level control system to

ensure near-synchronous movement between the surgeon’s hand and the robot arm.

The application considered here is the realization of a stress relief feature on a gas

turbine compressor blade via a successive set of tasks: navigation into the compressor via a

borescope inspection port, positioning of sensors in the required position for measurement

of defects, analysis of measurement data, and machining passes to remove the required

material as a stress relief feature on a dented blade (a procedure known as boreblending).

Currently, in-situ boreblending is carried out using manual tools and instruments: a

flexible or rigid boroscope such as the ones described in [151] is used to identify the

affected area; borescopes with structured light phase measurement [152] or stereo vision

point cloud [153] capabilities are used to measure the dimensions of the defect; a slender,

belt-driven grinding tool with an articulated tip (Figure 3.1) is used to machine a smooth

scallop over the defect. Multiple measurements are taken throughout the procedure to

ensure that the stress relief reaches the shape required by the aerospace safety standards,

meaning that this procedure can take as much as 3 hours to complete.

This section presents a novel robotic system which combines continuum type joints [45]

with rotary and prismatic stages to replicate the movement of a manual tool, navigate

inside a gas turbine and deliver measurement instruments and a grinding end effector to

a damaged compressor blade.
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Figure 3.1: Conventional boreblending tool for gas turbines (Richard Wolf blending scope
[154]) consists of a long and slender insertion tube with a belt-driven machining end
effector. An endoscope window allows the operator to see the grinding or polishing tools
as they contact compressor and turbine blades.

3.2 Degree of freedom study for in-situ boreblending

To assess the degree of freedom (DoF) required to perform an automated blending

operation, the motion of current manual tools was studied and a computer model of an

agreed set of stages within a gas turbine compressor was evaluated as an example

environment. The stage of compression, i.e. the location and function of the specific

ring of compressor blades within the engine, was chosen as a worst case scenario with

reduced space for manoeuvring.

Manipulation of existing manual blending tools from outside the casing provides 6

degrees of freedom (Figure 3.2). That being said, some of these allowable motions (X0,

Y0, A0, B0) are substantially restricted due to collisions with the environment, as discussed

later. The articulation of the tip represents an additional DoF. The pivot joint at the end

of the scope is set to 90◦ after insertion but, due to the nature of the tool drive shaft,

cannot be articulated during operation. The length of the tool and the shape of the cutter

are also variable and are therefore relevant to the required DoF for completing abrasion

of defects on the compressor blades.

In addition to the movements of the tool there is one degree of freedom associated

with the environment, and this is the rotation of the rotor. This DoF can be controlled

using a turning tool (seen in Figure 3.4), a powerful stepper motor that is connected to
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Figure 3.2: Cross section of gas turbine borescope port showing degrees of freedom
of manual probe (simplified as a cylindrical rod) and rotor blade positions. On some
aeroengine compression stages, multiple layers of casing material make access more
restricted.

the turbine gearbox. Because of the location of the turning tool, the backlash and friction

of this DoF make it difficult to control the rotor with accuracy and repeatability. It is

therefore assumed that once the rotor has been moved to an appropriate position it will

not be moved again during operation.

Considering a simplified system (i.e. a blade oriented and fixtured as in a machine

tool) an approximation of a perpendicular blend can be achieved with only two degrees

of freedom. Setting a plane approximately sectioning the target site (X0 − Z0 plane)

allows movement of a tool in X0 and Z0 to produce a cut (Figure 3.3). The movement

in X0 could also be approximated by rotation in C0, at the expense of squareness of

the cut. However, due to the curvature of compressor blades and the varying angle of

attack of the tool (Φ in Figure 3.3), some independent articulation in C0 is desirable

to maintain perpendicularity in this axis. Finally, to maintain perpendicularity to the

aerofoil curvature running vertically, some deliberate motion inA0 is also desirable. Hence,
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Figure 3.3: Simplified system with compressor rotor blade fixed relative to machine tool.
Z0 marks the axis of the borescope port and Φ indicates the necessary angular offset for
perpendicular machining.

the required DoFs for full perpendicularity are X0, Z0, A0 and C0.

Access into the compressor is through a series of narrow concentric holes, usually

smaller than 10mm, in the inner and outer engine casings as seen in Figure 3.2, the first

and last of which limit the motion of the tool. Current hand-held boreblending tools,

for example, have a maximum linear movement in X0 or Y0 of 1.2 mm and a maximum

rotation in A0 and B0 of 2.22◦. This shows that, even in a scenario where the robotic

boreblending tool is as slender as existing tools, translation and rotation in these DoFs are

of limited usefulness. Hence, the required degrees of freedom must come from translation

in Z0, rotation in C0 and strategic articulation near the tip. A single DoF of articulation in

A0 could achieve blends of the required shape but sacrifice perpendicularity of the cut to

the blade plane. Two or more orthogonal articulation DoFs at the tip could theoretically

achieve the same shape and perpendicularity as a manual tool including accounting for

Φ. A multiple articulation approach has the added benefit of being able to use the entire

diameter of access space, not requiring gaps for pitch, roll and lateral translation.

The distance between the axis of the borescope holes and the edges of the adjacent

compressor blades λ depends on the position of the rotor, the angles of the nearby stator

blade surfaces and the dimensions of the blades themselves. For the stage under

consideration this is between 21.5 mm and 26.7 mm when the rotor edges are positioned

half-way between stator blades (Figure 3.2). This defines the space available for

articulation of the tip and end effector.
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Based on this analysis of the required degree of freedom and dimensions, the robotic

system was developed and is presented in the section that follows.

3.3 In-situ boreblending robot hardware

3.3.1 Mechanical system architecture

The design solution that was chosen (overseen by Dr Adam Nagy-Sochacki with assistance

from the present author in the areas of tendon re-direction and attachment among others)

consists of a hybrid robotic system that makes use of linear and rotary actuators for motion

in Z0 and C0, as well as three tendon-driven flexible joints that articulate the tip within

the gas turbine in A0 and to some extent in B0 and C0 (Figure 3.4).

The robot presented in Fig. 3.4 is composed of a cylindrical outer frame that houses

actuators, sensors and a 8.5mm diameter insertion tube and grinding end effector with

five degrees of freedom. The outer frame (2) is rigidly attached to the gas turbine casing

for the repair intervention. An FHA-8C-50 rotary servo motor (1) (Harmonic Drive,

encoder resolution of 6, 553, 600 points per revolution) mounted to the outer frame turns

an inner frame (blue in Figure 3.4) about the axis C0 of the borescope port. The inner

frame (3) consists of three linear rails and a L-220.50SG linear actuator (Physik

Instrumente, 0.022µm design resolution, 0.1µm minimum increment) that slides the

insertion tube and relevant actuators (yellow in Figure 3.4) along the inspection port

axis Z0. Six L-220.20SG linear actuators (Physik Instrumente, 0.022µm design

resolution, 0.1µm minimum increment) (4) are used to drive stainless steel tendons that

bend a flexible actuated tip (two tendons for each of θ2, θ3 and θ4 in Fig. 3.11) and tilt

the end effector; six LCM201 load cells (5) (Omega Engineering, ±100N) monitor cable

tensions. A summary of all equipment used in this chapter can be found in Appendix A.

The 8.5 mm diameter insertion tube (7) houses six tendons (6), an air conduit and

a Mentor Visual iQ Video Borescope stereo camera (Waygate Technologies) (8) with

a 440, 000 pixels sensor capable of taking 3D measurements of the affected area. The

camera is rigidly attached to the insertion tube. Hence, the orientation is determined by

62



Figure 3.4: Mechanical architecture of boreblending robot including installation overview,
electromechanical systems and detail of flexible actuated tip.

the rotation stage and any images or measurements are in the reference frame of the robot.

While it is possible for part of the outer enclosure of the air turbine to enter the field of

view of the camera, this only occurs at high bend angles and is therefore not practical

to be used as a means of visual servoing or position control. In addition to this, the

high computational burden of feature recognition would add complication to the low-level

control of the device. A camera mounted on the end effector itself would be better suited

for such methods, but would invariably require sacrifices in diameter and mobility.

The flexible segments (shown in Figure 3.5) make use of hyper-elastic NiTi backbones

that constrain the bend in particular directions, with the added advantage of providing a
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central umbilical passage for driving of the rotary tool. Due to the high forces required

to achieve a 90 degree bend, the articulation in A0 was split into two independently

controllable flexible joints, each capable of bend angles of 50◦. A smaller orthogonal

flexible joint was placed between the other two, allowing for 22.5◦ of bend (in C0 and/or

B0 depending on inclination) in each direction to achieve perpendicularity at the edge of

the blade.

Figure 3.5: Detail of measurement probe, flexible articulation and end effector. The stereo
camera is used for measurement of the affected target, but cannot be used to oversee the
machining operation due to its position on the insertion tube.

The end effector (10) consists of a miniature air-driven spindle that has been

incorporated into the last stage of the flexible segment. This miniature spindle can hold

friction grip tools of 1.6 mm shaft diameter (such as a 1.8mm diameter cylindrical

electroplated diamond grinding burr, 118 µm grit) and achieve speeds of over 250, 000

RPM.

The high speed and low torque nature of miniature air-driven spindles means that

the contact forces between the end effector and the target blade never exceed 1.5 N (stall

observed at forces around 1.3 N). The low reaction force during grinding means that it is

appropriate to use tendon-driven flexible structures, as the tension in the tendons is more

than enough to achieve sufficient stiffness and stability.

The robot is controlled using a EMP373 (ACME Portable) ruggedised PC that

interfaces with the following modules (Figure 3.6):
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Figure 3.6: Hardware schematic for boreblending robot, including details of the
communication methods used throughout.

� A turning tool controller (Olympus) that provides positioning of the compressor

blade under repair

� Two C-843 (P.I.) precision linear actuator controllers that drive robot’s seven linear

actuators

� A Gold DC Whistle (ELMO Motion Control) servo drive controller that drives the

robot’s C0 rotation stage

� A microprocessor (Arduino Pro Mini 328) that controls a pneumatic valve that

drives the robot’s air spindle tool

� A M V-iQ stereo vision measurement system (GE) that uses optical metrology to

produce a point cloud of the area of interest

� An iNET-400 data acquisition system (Omega Engineering) that monitors the cable

tensions for the flexible joints
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3.3.2 Compliant joint buckling study

The flexible segments of the robot were designed to achieve the necessary number of

degrees of freedom and to reach the required positions in the compressor. Two main

factors, flexibility and buckling, were considered. Flexibility is the maximum bending

capability of the flexible segments, which affects the working volume of the end effector.

Buckling is the unwanted collapse of the backbone elements, and is one of the major

considerations when designing flexible structures [16,155]. In the design, the total flexible

joint length (i.e. the sum of the length of each individual joint) is required to be large

enough to allow a sufficient bending angle, but the length of each individual joint must

not exceed the buckling threshold since the critical buckling load is inversely proportional

to the length of the flexible structure. The critical buckling load is the maximum force

that can be applied along the axial direction of the flexible structure before it reaches the

stability boundary of its shape.

Three key parameters can be changed to adjust the flexibility and buckling: the

backbone diameter Da, the total length L of the flexible segment and the number of

discrete flexible backbone elements n, each of length a. The following design process was

developed to determine Da, L and n:

First, a maximum bending angle of 100◦ in the direction of articulation iii was

defined based on the compressor geometry to cover the whole possible repair area.

Super-elastic Nitinol rods were selected for the backbone (based on previous experience

with the material [16]), and different diameters (0.8mm, 1.0mm and 1.2mm) were

considered for the design with a target to keep the strain below 8% (to prevent plastic

deformation). To avoid buckling, the flexible joint is divided into multiple shorter

segments (Fig. 3.7A). Given that the total tension of the cables is expected to be around

180N (based on initial worst-case-scenario calculations), each flexible joint was analysed

to be able to withstand no less than 200N in the axial direction before buckling.

Finally, the length of all the flexible segments are required to be less than 15mm, due to

the geometry constraints of the working environment in the engine.

The critical buckling load Fcr can be calculated using the Euler buckling theory:
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Figure 3.7: Illustration (A) and design process (B) for determining the key parameters of
the flexible actuated segments to prevent joints from buckling under compression.

Fcr =
π2EI
(Kaf )2 (3.1)

where E is the Young’s modulus of the material (41GPa for Nitinol), I is the second

moment of area, af is the flexible rod length and K is an effective length factor which

depends on the conditions of end support of the rod (in continuum segments it is assumed

to be K = 2 as a worst-case scenario).

Hence, two flexible segments were employed in the direction of articulation A0 (each

with flexible joint length 4mm and joint diameter 0.8mm) and one segment in the

orthogonal direction (flexible joint length 1.2mm and joint diameter 0.8mm) as shown

in Fig.3.4. Each of the flex degrees of freedom is actuated by two opposed tendons,

which are loaded with as much as 180 N when fully flexed.

67



3.3.3 Tensile characterisation of driving tendons

The boreblending instrument is controlled using linear actuators with integrated force

sensors attached to the robot tendons. The tendons used are 0.45mm stainless steel 7

core twisted wire rope with a quoted tensile strength of 55lbs (244N). A spot weld on the

distal end of the cable (Figure 3.8a) acts as an anchor for the cables to be fed through

holes in the discs. The cables are then attached to the force sensors using a custom

made conical collet (Figure 3.8b). The distance between the spot welds and the collets is

180mm.

Figure 3.8: Spot weld (a) and collet (b) used to fix tendons to the robot end effector and
linear actuator respectively.

To control the position of the end effector with accuracy and precision, it is important

to be able to quantify the elongation of the cables. This becomes especially important for

distal segments where the cables are longer, as a small elongation of 1mm could translate

to an error of over 20◦ in the position of the end effector. The twisted construction of

the cables makes it difficult to model accurately the stretch of the cables under load,

making experimental tests desirable. It is also important to have an accurate measure of

real ultimate tensile load (UTL), especially because the spot welds at the distal end are

likely to have a heat-affected-zone (HAZ) which may compromise their strength. Under

high loads, it is also possible for the cable to slip out of the collet, compromising the end

effector. By measuring the UTL of a number of cables it is possible to give the robot a

safe working envelope to prevent tendons from snapping or collets from slipping.

Tests were set up to determine whether:
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� The cables are linearly elastic and have consistent elasticity.

� If the cable is loaded axially, there will be a measurable elongation due to the twisted

structure.

� If there is a HAZ near the spot weld, there will be a drop in UTL from the

manufacturers’ specifications.

� If the collet has inadequate grip, the cable will slip before breaking.

A rig was designed to hold the cable with a 0.6mm hole on one fixture (weld side) and

a collet on the other (Figure 3.9a) 180mm apart. The cable was mounted to a vertical

tensile testing machine with a video gauge (IMETRUM) for measuring elongation. The

video gauge uses a high resolution camera to track a black and white pattern painted on

the aluminium plates as shown in Figure 3.9b. Using a video gauge ensures that any slip

between the fixture and the test machine is not recorded as cable strain in the results.

However, slip occurring between the collet and the fixture or between the collet and the

cable is recorded as elongation, as this is representative of the real system.

Figure 3.9: Fixtures for tensile tests of twisted cables (a) and black and white pattern for
video gauge calibration and measurement (b).

Two cable diameters and constructions were tested. The first is the cable used in the

current prototype, the second is a candidate tendon for a future design:

1. 0.45mm 7-core Stainless steel, 244 N UTL
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2. 0.39mm 3-core Stainless steel, 178 N UTL

Five samples of each diameter were tested, for a total of 10 observations.

Cable tension (from instrument load cells) and cable elongation (from the video gauge)

were recorded at increments of 0.1 seconds during the trials.

The cable was tensioned at a rate of 1mm/min. The collet was tightened using a

torque wrench to 1.5 Nm on all samples. The threaded brass fixtures were screwed into

the test machine to the same depth, but without tightening so as to make it possible to

orient the target plates towards the camera. The spot welds were produced by a single

technician using the same tool settings as the ones mounted on the boreblending robot.

Figure 3.10 show the stress-elongation curve of the 10 trials. With the exception of

trial 7, every cable tested failed at the weld, confirming the presence of a heat affected

zone (HAZ). The mode of failure of the cables is brittle, as can be seen by the sudden

transition between the elastic region and the fracture, with minimal plateau. The step

failures observed in trials 1 and 3 were attributed to asynchronous fracture of the wires

in the 7-core cable, where 2 of the wires broke at different points and hence presumably

at different times.

Figure 3.10: Tensile test results for representative tendons. Plots show ten destructive
trials of two types of twisted stainless steel cables. Results show consistent ultimate tensile
strength for like tendons and only one collet slip (trial 7).

During trial 7 the cable slipped from the collet. While it is difficult to verify the exact

cause, it is likely to be a result of human error when inserting the cable into the mouth

of the collet. Inserting it at a slight angle or with a slight twist could have led to the
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strands untwisting and the cable becoming loose. Whatever the cause, the resulting drop

in failure load shows a vulnerability of the collet system that will inform future designs

and assembly strategies.

The elasticity of the samples in N/mm can be obtained by calculating the slope of the

linear region of the plot of each sample. In the case of trials 1 to 5 the elastic region was

observed to be from the start of the test to the point where it crossed 0.08kN. In trials 6

to 10 the limit is 0.045kN (in trial 7 the linear region ends before the slip at 0.013kN).

Table 3.1 shows a summary of the UTL and elasticity of the samples studied (where

applicable).

Table 3.1: Summary of tensile test results for 0.45 and 0.39mm diameter twisted cables

Trial Cable Spec. Ultimate tensile Elasticity

load (N) (N/mm)

1 0.45 x 7 97.77 88.29

2 0.45 x 7 97.04 81.55

3 0.45 x 7 94.13 97.12

4 0.45 x 7 97.92 88.29

5 0.45 x 7 98.44 84.90

Mean 0.45 x 7 97.06 88.03

Std. Dev. 1.53 5.19

1 0.39 x 3 54.04 55.36

2 0.39 x 3 N/A 66.66

3 0.39 x 3 54.74 55.37

4 0.39 x 3 55.75 54.74

5 0.39 x 3 52.13 50.16

Mean 0.45 x 7 54.16 56.46

Std. Dev. 1.32 5.46

The ultimate tensile load of the 9 trials that failed at the weld varied only slightly

between samples of the same diameter, with standard deviations of under 2N for both

diameters. This suggests that the welds had a uniform effect on all the samples and the

manufacturing method has high repeatability.

All the samples that fractured failed due to a HAZ that changes the metallic structure
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resulting in embrittlement. On average, the 0.45mm diameter cables had a 60.2% drop

in UTL from the quoted value due to the heat effect of the welds. The 0.39mm diameter

cables had a 69.6% drop in maximum tensile strength.

Table 3.1 shows only a small variance in the elasticity of similar cables. This allows

for more accurate navigation control of the robot end effector by predicting the stretch

caused by the tension on the cables. In light of this, a tension compensation algorithm

was added to the robot’s controller taking into account the static forces exerted by the

compliant joints and the reaction forces of the opposing driving tendons. The load cells

on the tendon linear stages were not used to control the tension in closed loop or to

calculate the elongation compensation, as the feed-forward loop resulted in instability

without suitable simultaneous motion/force control schemes. Instead, the load cells were

used to monitor tension to prevent the cables from being overloaded and breaking.

3.4 Robot kinematics

The kinematics is divided into forward and inverse kinematics: the former adapts the

Denavit-Hartenberg (D-H) convention mechanism to find the angular and displacement

values, and the latter uses the pseudo-inverse Jacobian functions method to find the

optimal solutions for the rigid and flexible (non-linear) joints values to reach the end-

effector target with sufficient accuracy.

3.4.1 Forward Kinematics

It is assumed that the backbone bends into a circular arc when loaded. Finite element

analysis (FEA) of the non-linear hyper-elastic backbone rods suggests that in reality the

backbone assumes a tighter bend closer to the ends than in the middle but, due to the

dimensions of the components, the assumption only results in an error of 0.16◦ or 56 µm

at the end effector which is within the acceptable tolerance of the cut shape. Like in [17],

each backbone is described as two revolving joints in the D-H matrix, linked by a rod of

varying length. It can be shown that the straight-line distance d between the two ends of
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an arc of length a (a curved backbone) at flex angle θ is given by:

d =

√
2a2 (1− cos (θ))

θ2
(3.2)

with the special case of d = a when θ = 0. The two revolving joints either side of each

flexible rod share the angle θ as shown in Figure 3.11. The D-H parameters of the robot

are listed in Table 3.2.

Figure 3.11: Denavit-Hartenberg convention diagram for remote boreblending robot.
Continuum degrees of freedom are modelled as two revolving joints either side of a link
with variable length.

where a1 . . . a7 are the lengths of the respective sections and L is the travel of the
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Table 3.2: Hybrid robot Denavit-Hartenberg convention parameters.

Joint θ α (◦) d r

1 θ1 90 a1 + L 0

2 θ2
2

0 0
√

2a22(1−cos(θ2))

θ22

3 θ2
2

90 0 a3

4 θ3
2

0 0
√

2a24(1−cos(θ3))

θ23

5 θ3
2

-90 0 a5

6 θ4
2

0 0
√

2a26(1−cos(θ4))

θ24

7 θ4
2

0 0 a7

insertion linear actuator along Z0. The robot’s forward transformation matrix T can be

calculated using

T =0 T1 ×1 T2 ×2 T3 ×3 T4 ×4 T5 ×5 T6 ×6 T7 (3.3)

where, using cθ and sθ to signify cos (θ) and sin (θ),

0T1 =



cθ1 0 sθ1 0

sθ1 0 −cθ1 0

0 1 0 a1 + L

0 0 0 1


(3.4)

1T2 =



c θ2
2
−s θ2

2
0 c θ2

2

√
2a22(1−cθ2)

θ22

s θ2
2

c θ2
2

0 s θ2
2

√
2a22(1−cθ2)

θ22

0 0 1 0

0 0 0 1


(3.5)

...

6T7 =



c θ4
2
−s θ4

2
0 c θ4

2
a7

s θ4
2

c θ4
2

0 s θ4
2
a7

0 0 1 0

0 0 0 1


(3.6)
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The cable displacement calculations assume a straight line between guide hole centres in

the bent configuration.

3.4.2 Inverse Kinematics

The inverse kinematics uses the Jacobian pseudo-inverse method [156] to find the

optimal solution for each joint in multiple iterations. The presence of three consecutive

continuum joints makes it impossible to arrive at an analytical inverse kinematics

solution, as redundant solutions are guaranteed for a large portion of the working

volume. While it may be possible to use a simplified analytical solution to reduce the

computational load of the calculation, it was found that the relatively small Jacobian for

the present construction (7 × 3) was fast enough to process as to make the gains

negligible. However, for efficiency, an initial guess is made based on the general direction

of the desired position. An average of 25 iterations is expected to arrive at an

appropriate solution with error E < 0.1µm (smaller than the effective resolution of the

actuators), and therefore a limit is set at 100 attempts before the desired position is

deemed out of reach.

It is assumed that the intermediate flexible joint angle (for perpendicularity) is defined

based on the geometry at the start of the process and remains constant for a given

machining operation. The iterative procedure (illustrated in Figure 3.12) is as follows:

1. The initial iteration counter is defined as j = 0

2. The robot’s degrees of freedom are annotated as q = [q1, q2, . . . , qn]>, where n is the

total number of DoF

3. To avoid local minima there are four initial guesses defined as

q(0) → {1q
(0),2 q

(0),3 q
(0),4 q

(0)}. These initial guesses were defined based on the
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Figure 3.12: Inverse kinematics calculation flowchart using iterative Jacobian pseudo-
inverse method.

geometry and reach of the robot:



θ2 = 45, θ4 = 45 if y ≥ 20

θ2 = 22.5, θ4 = 22.5 if 0 ≤ y < 20

θ2 = −22.5, θ4 = −22.5 if − 20 < y < 0

θ2 = −45, θ4 = −45 if y ≤ −20

(3.7)

4. To calculate q(j+1), the remainder can be found using:

δw
(
q(j)
)

= J
(
q(j)
)
δq(j) = w

(
q(0)
)
−w

(
q(j)
)

(3.8)

and w, the configuration vector, can be defined as:

w
(
q(j)
)

=

[
pi

ai ∗ e
qn
π

]
(3.9)
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where pi = [T (1, 4), T (2, 4), T (3, 4)]> (from 3.3) and

ai = [T (1, 3), T (2, 2), T (3, 2)]> [156]

5. The initial 4x6 Jacobian matrix used to calculate the joint values can be derived by

differentiating w
(
q(j)
)
, hence:

J
(
q(j)
)

=
δw
(
q(j)
)

δq(j)
(3.10)

Solving J
(
q(j)
)

is a matter of using the pseudo-inverse method to calculate J+
(
q(j)
)

6. q(j+1) is then calculated using:

q(j+1) = q(j) + J+
(
q(j)
)
δw
(
q(j)
)

(3.11)

7. The last step to find a suitable solution is to set a tolerance value ε close to zero

and to check whether the new joint coordinate values are within ε of the target:


Solution is found if q(j+1) − q(j) < E

j = j + 1, repeat from 4) otherwise

(3.12)

The kinematic model was validated using an optical motion capture system (Vicon

Motion Systems Ltd) to track the 3D motion of the robot’s end effector. The system

consists of four high-resolution Vantage 16 cameras and five retro-reflective passive

markers positioned on a surface attached to the end effector of the robot (Figure 3.13).

The robot was commanded to follow a pre-defined arc with the end effector on the

Y0 − Z0 plane such that, at any point, the unique solution has the distal and proximal

flexible segments bent equally. Discrete measurements were taken at 5 degree intervals.

The results (Figure 3.13) show high correlation between the expected angular motion of

the robot’s individual joints and the actual movement with an average standard deviation

of 0.94◦ or 0.26 mm at the tip of the air spindle housing. The maximum error occurs

at full deflection and has a magnitude of 0.82mm to 0.85mm, equivalent to 8.5% of the
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Figure 3.13: Kinematics validation experiment setup (top) and position results (bottom)
using optical motion capture system. Error bars visible in expanded view show typical
standard deviation.

continuum length. It is assumed that the errors in position were caused by insufficient or

asymmetric pre-tension on the tendons, as well as small errors in compensating for the

elasticity of the cables under load as discussed in previous sections. Despite these errors,

the results confirm the validity of the kinematic model.

3.5 In-situ boreblending robot software

3.5.1 Remote Control System Architecture

The proposed overall system architecture (overseen by Dr Bilal Nasser with assistance

from the present author in the areas of motion control and pneumatic system operation)

consists of a high-level controller (HLC) with a versatile user interface, a secure network

communication protocol, and a self-sufficient and fail-safe low-level controller (LLC) for

commanding the robot’s mechatronics.

78



The network communication is managed using a dedicated protocol developed in this

work, named compact-RUDP (reliable user datagram protocol). This combines data and

live video transfer across the global network and ensures that data transfer is reliable,

secure and with priority given to the data control packets. It uses the real-time transport

protocol (RTP) to establish the data communication on the web and the session initiation

(SIP)/ user datagram protocol (UDP) for registering and identifying the transmitter and

receiver transport. An application called OnSight Connect (developed by Librestream

[157]) is used to manage the data communication and video/picture streaming at both

ends.

Depending on the distance and internet service quality, round trip delays in network

communications are often greater than 50ms [158] and can, in extreme cases, exceed

350ms [159]. While delays of 50ms may seem appropriately small when compared to

human reaction times, the cumulative nature of the latency means that during a chain

of commands, the effective round trip delay between operator action and feedback may

exceed the practical limits of remote control. For example, the mean round trip time for

two computers running OnSight Connect, one connected to a fibre optic broadband

provider (UK-based) and the other connected to the 3G mobile network (UK-based),

was measured to be 74ms (standard deviation of 9ms), but after the necessary

sequences of automated interactions (e.g. handshakes, DNS look-ups), the effective time

between operator action and feedback was measured to be 968ms (standard deviation of

57ms). Thus it is reasonable to expect that this would increase significantly across

greater distances on a global scale. Hence, ”direct” remote control where the operator

commands the position of the various degrees of freedom of the robot and closes the

control loop is not a viable option with the current setup.

Thus the proposed solution is to use a HLC to define a machining path using operator

inputs, and to send a list of end effector position commands to a LLC for execution, with

the ability to request interruptions and further measurements. The LLC interprets the

task-space position commands and calculates the required actuator positions using the

inverse kinematics of the robotic system. Awareness of the status of the robot, the state
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of the sensors and the network connection allows the LLC to autonomously send the HLC

error notifications, status updates and, in the case of loss of signal, retreat the robot into

a safe position and await further instructions. By separating the path generation tasks

from the low-level control signals, the latency can be arbitrarily high without impairing

the performance of the robot.

Figure 3.14: Skilled technician remotely operating boreblending robot from high-level
control computer.

The proposed HLC is a Seahawk 100 ruggedised computer (ACME Portable)

(Fig. 3.14) in a remote location from the site of the repair and connected to the internet.

The purpose of the HLC is to serve as a high-level user interface for the expert operator.

Hence, all the information that would be available to the operator if they were carrying

out the repair in person must be represented in this interface. A number of windows

across a few monitors are used to display information relating to the in-situ repair

performed by the robot according to the stage in the work flow. For the boreblending

application (Fig. 3.15), these include:

� Live video stream from external cameras mounted at the site of the repair. This

stream allows the operator to oversee installation of the robotic instrument on the

engine inspection port and see the repair environment.

� Live video stream from robot’s on-board cameras (B). Once the robot is installed,

this stream is used to oversee the tip navigation and aid in positioning the rotor

correctly to acquire measurements of the affected area.
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Figure 3.15: User interface for boreblending robot, including A) point cloud map of
affected area, B) video stream from on-board stereo camera, C) machining path generation
console and D) real-time simulator.

� Console for commanding the robot to move to inspection, measurement and repair

positions. A similar interface can be used to remotely control the engine turning

tool and move the rotor until the target blade is in the desired position.

� 3D point cloud display of the affected area (A). This console allows the operator

to view and re-orient the object, select key measurements and obtain information

about the size and shape of the defect. This display is also used to select the points

marking the bounds of the defect used to generate the machining path – in the

Fig. 3.15 example, the two points where the defect meets the blade edge and the

81



deepest part of the defect (red dots on A).

� Console for machining path generation (C). This allows the operator to define the

geometry (e.g. aspect ratio, size and shape) of the stress relief feature depending

on the level of damage on the blade.

� Console for inquiring on the status of the robot’s subsystems, network connection

and actuators. This allows the operator to verify that all motors and sensors are

working correctly before starting the repair task.

� Live simulation of the robot and the repair site environment (D). A rendered 3D

model of the environment and the robot’s live position gives the operator an internal

view that would otherwise be impossible, allowing them to safely navigate the robot.

� Display of the current machining operation. This console shows the progress and

current status of the machining task and allows the operator to interrupt the blend

and take new measurements to verify the robot is performing adequately and the

rotor blade has not moved away from the grinding tool.

� Live sound from repair site. The operator can communicate with on-site ground crew

and hear the grinding tool as it removes material, allowing them to sense changes

in machining parameters, tool wear and stalling. Microphones can be mounted on

the actuation pack and worn by the technical staff.

The software running on the HLC (Fig. 3.16) interprets the operator instructions and

converts them into data packets containing information about the size, shape and position

of the tool path, as well as machining parameters such as depth of cut and surface finish

requirements. The data packets are then sent to the LLC to process the operation.

The proposed LLC is a portable computer with internet access located at the site of

the repair and connected to the boreblending robot and other hardware required for the

repair operation. The LLC has a minimalistic user interface with a console for inquiring

about the status of the robot’s subsystems, network connection and actuators similar to

the one on the HLC. The LLC interfaces with the following hardware modules:
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Figure 3.16: System software architecture diagram showing two separate, network-
connected computers for high-level control and low-level control.

� A turning tool controller (Olympus) that provides positioning of the compressor

rotor

� Two C-843 (P.I.) precision linear actuator controllers that drive the robot’s tendon

stages and insertion actuator

� A Gold DC Whistle (ELMO Motion Control) servo drive controller that drives the

robot’s rotation stage

� A M V-iQ stereo vision measurement system (Waygate Technologies) that uses

optical metrology to produce a point cloud of the area of interest

� An iNET-400 data acquisition system (Omega Engineering) that monitors the cable

tensions for the flexible joints

� A micro controller (Arduino Pro Mini 328) that operates a pneumatic valve to

supply the air-spindle-driven grinding tool
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� An external camera for visualisation of the repair environment

The software running on the LLC (Fig. 3.16) receives the size, shape, position and

depth of cut parameters from the HLC and calculates the necessary actuator positions

using the Jacobian pseudo-inverse method [156] for inverse kinematics. The trajectory is

offset by the tool diameter (similar to the calculation of g-code) and discretised to a list

of positions with increments of length 10µm. The inverse kinematics calculations return a

joint-space configuration that can be converted into tendon actuator displacement using

a modified version of (3.2). The LLC can navigate the robot to the correct inspection,

measurement and machining positions using stored safe-approach trajectories based on

the environment geometry.

The LLC is intended to be self-diagnosing and self-protecting. Information from the

load cells on tendon stages is used to detect unplanned collisions with the environment

(abnormally large loads) or tendon failures (abnormally low loads) and report these back

to the operator via the HLC computer. Should a collision occur, the LLC commands

the actuators to retreat to the previous safe position and informs the operator. Should

an unexpected tendon failure occur, the LLC commands the other tendons and stages to

return to a known safe position (assuming the damaged stage is at angle 0◦) to prevent a

chain reaction failure. Communication failure with sensors, valves or actuators is informed

to the HLC and addressed on a case by case basis. Finally in the event of a network failure,

the LLC saves the last position and action in memory and retreats to a position that is safe

to allow withdrawal of the robot from the engine; if connection is restored the operator

can choose to continue the blend.

3.5.2 Proposed System Workflow

The remote boreblending process (Fig. 3.17) starts by initializing the communication

between the HLC and LLC using the Onsight Connect application. Using voice

communication and site cameras, the operator instructs technical staff on site to mount

the robot to the appropriate inspection port and attach the engine turning tool to the

gearbox. It should be noted that features such as the spacing and angle of bolts that
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attach the robot to the engine (the bolts used to plug the borescope access port during

flight) are unique for specific ports. Concentric locating features on the robot ensure

alignment with the port. It is therefore impossible to accidentally attach the instrument

to the incorrect port or in the wrong direction.

Figure 3.17: Proposed remote control workflow for routine robotic boreblending operation
from establishing network connection to completing a machining operation.

Once the robot is attached, the operator can instruct it to move to an inspection

position (with the on-board camera within the gas stream) and use the turning tool

console to move the engine shaft until the defective blade is in the correct position in

the field of view. The stereo vision measurement system is then commanded to take a

measurement of the defect and generate a point cloud, which is used by the operator to
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define the shape, size and position of the cut.

The robot is then sent the machining data and instructions over the internet to start

removing material in small increments. The operator oversees the process in real time

(with some latency) using the simulator screen on the HLC to reproduce the movement of

the robot, and listens to the grinding tool with the audio stream. Any problems with the

robot’s tendons or hardware connections are independently handled and reported to the

HLC. After some initial time, the operator can pause the operation and instruct the robot

to take another measurement, ensuring no tool problems or unexpected misalignment

have occurred. Misalignment can be a result of environmental factors such as wind and

temperature changes moving the rotors and blades, or it could be caused to a smaller

extent by the contact and vibration of the grinding tool. Misalignment can be identified

by overlaying consecutive images from the on-board cameras. If a problem is identified,

the operator can make corrections to the desired path based on the new point cloud and

send new instructions to the LLC. If, based on experience, the operator identifies issues

with surface quality or tool wear, the depth of cut can be modified for each pass to cut

more or less aggressively.

Once the blending operation is complete, the robot automatically moves to the

inspection position to measure the repair for approval. If satisfied, the operator orders

the robot to retract from the compressor and communicates with ground staff to remove

it from the engine.

3.6 Robotic boreblending demonstration

The robotic boreblending system was demonstrated first using a representative test rig in

a lab environment and then on an appropriate gas turbine compressor.

3.6.1 Laboratory demonstration of machining capabilities

To study the repeatability of the system, eleven compressor blades were intentionally

damaged on the leading edge with similar defects (1.5 mm wide, 800µm deep) on a mock-
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up compressor stage (Figure 3.18). The robot was inserted into the borescope port and

the defects were scanned using the embedded stereo measurement camera to identify the

target area from the point cloud. Key elements of each point cloud were selected in the

HLC user interface to generate a machining path with a pre-defined aspect ratio and

shape. The start point of the machining path was defined based on the height of the

measurement camera above the tool bending plane. To prevent the air turbine tool from

stalling upon contacting the blade, the machining operation was broken up into thirty

passes with a maximum depth of cut of 30.7µm.

Figure 3.18: Experimental setup (top) and results (bottom) of repeatability study on
compressor test rig. Top figure shows the boreblending robot attached to a Trent XWB
aeroengine compressor mock-up with the insertion tube inserted such that the end effector
is line with the compressor blades (yellow). Bottom left plot shows completed cut on a
metal blade, bottom right shows experimental point cloud data of blade (obtained using
a 3D scanner) compared to expected tool path (red).
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Once the blends were completed, each blade was scanned using a structured light 3D

scanner (Artec Spider) with a quoted accuracy of 0.05 mm. The scans were conducted

by attaching the blade to an elevated fixture and moving the Artec device free-hand

around it to build a fine tessellation output. The point clouds were compared to nominal

simulated machining curves using the iterative closest point registration method. The

results show strong correlation between the point clouds and the nominal curves, with a

median RMSE of 64µm and a standard deviation between blades of 32 µm (Figure 3.19).

Consistent dimensions were observed along all eleven blades, confirming the repeatability

of measurement, manual point selection and machining. The average cut duration was 45

minutes, demonstrating a substantial improvement over the manual method (2 to 3 hours).

This duration corresponds to a material removal rate of approximately 0.075mm3/min.

Figure 3.19: Root mean square error for each of the eleven compressor blade machining
operations, shown in red. Each result was obtained from the point cloud data obtained
using a 3D scanner.

3.6.2 In situ demonstration on Trent XWB aeroengine

The system’s capabilities were demonstrated on a production aeroengine (Fig. 3.20) with a

previously identified defect. The HLC was connected to the internet using a WiFi router,

while the LLC was connected using a 3G mobile network device (A). This configuration

of internet devices was chosen as a realistic scenario with high likelihood of inconsistent

network delay and command latency.
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Figure 3.20: Remote boreblending demonstration carried out on a training aeroengine:
A) setup and establishing of internet connection, B) ground support attaching robot to
aeroengine, C) robot machining compressor blade and D) finished stress relief cut (in-
engine images captured with separate camera, not built-in measurement camera).

The robot was inserted through a borescope port (B) and manoeuvred for inspection;

measurements of the defect were made using the built-in probe (an example capture is

shown in Figure 3.15) and the point cloud was analysed to fit the correct scallop curve.

The robot successfully machined the blade (C) over 54 minutes (more passes were used

than during the lab tests as the defect was larger), demonstrating that despite the likely

variability between the rotor position in a lab setting and a real scenario, the point cloud

selection methodology accurately aligns the curve with the blade edge. The robot was then

retracted to the borescope port to be removed from the engine. After inspection (using a

separate borescope with a high-resolution monocular camera from Waygate Technologies)

by a trained professional, the shape, size and finish of the scallop (D) were deemed

adequate for aerospace standards (the accuracy of the cut shape was comparable to that
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observed during the lab trials), demonstrating the practical application of remote robotic

boreblending.

While the example scenario chosen for demonstration is fairly specific, the approach is

scalable to other in-situ repair tasks usually carried out manually, through narrow passages

and by highly specialised technicians, and could be adapted to suit the maintenance needs

of industrial assets such as turbines and compressors or key parts of hazardous hardware

such as nuclear reactors.

3.7 Conclusions of case study and areas of

improvement in position and force control

The degree of freedom of current manual boreblending tools was analysed and the results

were used to inform the design of a 5 degree of freedom robotic probe fitted with 3D

measurement instrumentation and an air-driven grinding tool for machining. The robot

moves using a combination of rotary, prismatic and continuum joints for a novel hybrid

architecture well suited for work in confined spaces.

The forward and inverse kinematics of this hybrid design were derived using the

Denavit-Hartenberg convention and the Jacobian pseudo-inverse method and tested

experimentally to be capable of navigating its flexible joints with 0.26 mm accuracy

(standard deviation of position) and a maximum position error at full deflection of

0.85mm.

A high level control computer displays the necessary information to a skilled operator

and sends commands to a self-sufficient low level control computer connected to the robot.

An operator can use the HLC to view video streams from the repair site, to identify the

defect that needs to be repaired on a point cloud, to oversee the repair operation with

a rendered simulation of the environment and verify the status of various subsystems.

The LLC receives position and machining commands and independently carries out the

repair. The LLC uses sensors to identify unexpected problems and retreat to a safe

location before alerting the operator, making the system impervious to latency. The
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network communication uses a custom protocol named compact-RUDP that combines

reliable data and media transfer.

The system was put to the test by machining a number of stress relief scallops on

compressor blades with a shape RMS error of 0.064 mm, and was demonstrated by

removing a defect on a gas turbine compressor blade. The target defect was manually

selected from point cloud data on the HLC and the shape, size and position of the blend

was streamed to the LLC for machining. The demonstration showed the ability of the

remote control system to produce consistent results despite human influence when

defining the cut. The demonstration showed the ability of the system to reduce the time

taken for the operation and improve the repeatability.

The following opportunities for future improvement were identified:

1. Despite efforts to achieve consistent tendon pre-tension and compensate for cable

elongation, position control of the continuum segments is not optimal as it lacks

a source of position feedback. The open-loop approach that was implemented in

this case study made the assumptions that: 1) the loading and unloading of the

tendons follows a linear force trajectory, 2) the slender instrument upstream of

the continuum segments has high stiffness and does not deform under load and

3) friction losses through the tendon holes are negligible. These assumptions can

be circumvented altogether by introducing a form of position feedback such as a

resistive stretch sensor in each of the continuum degrees of freedom.

2. The instrument lacks a source of end-effector physical reaction feedback for

machining. The open-loop approach that was implemented in this case study

assigned a fixed depth of cut and tool feed speed without a way to react to

unexpected forces. In a case where the defect protrudes more than the controller is

expecting, the grinding end effector would certainly stall and the operation would

fail. A method for using tendon load cells or remote sensors to measure grinding

force directly would allow for the interaction between tool and compressor blade to

be better understood and yield superior performance.
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3. The cautious approach to machining path planning resulted in unnecessarily long

machining times. Regardless of the fact that the machine time was an

improvement over manual methods, it is certain that, by optimising the cutting

trajectory and cutting force, the cutting time could be reduced significantly more,

adding more value to a remote boreblending instrument. This can be achieved by

using a simultaneous position/force controller to achieve the desired shape while

optimising the cutting force to maximise material removal rate.

The following sections will aim to address these improvements to in-situ repair robot

control technology.
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Chapter 4

New methods of position control for

slender and compliant in-situ

machining robots

Proprioception, or the ability to sense a body’s position and movement, is a valuable trait

in complex robotic systems. Unlike conventional robots with revolving and prismatic

joints, continuum robots have a compliant structure (or backbone) capable of flexing

under the influence of an actuation force (such as fluid pressure or tendon tension) [20].

While their construction and actuation method can vary from one instance to another,

continuum robots by definition assume curved shapes when flexed. Slender continuum

robots (with length to diameter ratios greater than ≈ 10) have the advantage of being

able to traverse complex environments and be inserted through a relatively small access

points. These features make them well suited for extreme applications including inspection

and maintenance of industrial assets such as gas turbines [16] and nuclear reactors [14],

minimally invasive surgery [7], search and rescue and marine inspection. The ability to

deliver services (e.g. cameras, sensors, machining tools and others) to an end effector

through a hollow central passage further adds to the potential use cases for slender and

compliant manipulators [8].

Intrinsic proprioception, or built-in position sensory feedback, has been described in
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prior work on continuum and soft robots, although not in a way compatible with in-situ

repair of complex machinery. Ionic liquid stretch sensors have been identified as a possible

method for closed loop position control of continuum robots due to their portability and

ability to measure large strains while still allowing use of a hollow central passage. Existing

literature on ionic liquid sensors shows that they have been used for displacement sensing

in human body parts and robot revolute joints, but have not been applied for position

control of continuum robots.

This chapter presents a novel tubular resistive stretch sensor with ionic liquid

conductors to enable closed loop position control continuum robots. The following

sections describe a methodology for sensor characterisation and calibration drawing

from a model of their behaviour under strain, allowing the application of four stretch

sensors as proprioceptive feedback for motion control of a four-axis slender continuum

manipulator. Experiments described herein demonstrate a substantial (≈ 65%)

improvement in position control accuracy and repeatability over open-loop methods,

and show a promising step towards low-cost, scalable position feedback for slender

continuum robots.

The restricted space in continuum sections with diameters below 15mm means that

a lot of the sensing for position feedback (such as by means of position encoders and flow

regulators) is often residing outside continuum sections and carried out in an actuation

pack where more space is available [23, 35, 41, 42]. This means that the accuracy of the

end effector navigation depends on a model of the mechanical system that incorporates

not only the backbone deformation, but also the elongation of tendons, distortion of soft

bodies, compressibility of fluids, tendon friction, external disturbances and many other

variables. Low cost or low-accuracy manipulators (such as 3D printed continuum robots,

pneumatic soft robots and others) are particularly susceptible to such sources of position

error. One way to eliminate the compounded effect of these uncertainties is to have

closed loop position control through a single source of proprioceptive feedback per degree

of freedom; this can be achieved by direct measurement of the shape of the backbone.

The objective of this work is to demonstrate the application of a novel, minimalistic
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sensor for intrinsic closed loop control of continuum robots. A method for constructing,

characterising, calibrating and operating ionic liquid stretch sensors is described, the

sensors are applied to a closed loop system and the performance of the system is compared

to open loop methods.

4.1 Background

Position control of continuum joints is more challenging than for regular prismatic joints

due to the fact that bending the backbone changes the shape of the entire arm.

Measuring the position and shape of continuum robots presents a substantial challenge

as it is impractical to attempt to track the infinite number of points along its curvature.

Instead, most methods aim to measure the position and/or attitude of the endpoints of

independently drivable continuum segments or the curvature of points within a segment.

As discussed in detail in Chapter 2, extrinsic and intrinsic sensors can be used to

measure the shape, curvature and position of slender and compliant robots. Extrinsic

methods (such as electromagnetic trackers [37, 38] and optical motion capture

systems [10, 40] are not well suited for closed loop position control in applications

outside strictly controlled environments, as they require previously installed equipment.

Intrinsic methods (such as Hall effect sensors [90–92], optoelectronic sensors [95, 96],

optical fibre sensors [97], piezoelectric sensors [44] and fibre Bragg grating (FBG)

sensors [53, 55, 56, 61, 63] require difficult to miniaturise electronics and often impinge on

the available central passage space.

Another intrinsic curvature measurement approach is to use resistive sensors for

large deflection strain sensing [65, 160]. Resistive sensors are frequently constructed out

of elastic materials that are made conductive by the inclusion or by layers conductive

materials [77–82, 84, 85]. When stretched, the conductive layer changes length and

cross-sectional area, resulting in a change in resistance.

Using stretch sensors to quantify the deflection of the backbone can help reduce the

computational load of position control by giving the system information about the true

shape of the robot section. Stretch sensors placed on the outside of a serpentine robotic
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actuator provide feedback about the curvature achieved by the segment in question. For

a sensor mounted on a continuum segment at a distance b from the bending plane, the

stretch δL of the sensor at a given bend angle θ can be described as the difference between

the length of the circular arc described by the sensor and the length of the segment when

straight. For an angle in radians this reduces to:

δL = bθ (4.1)

Soft continuum robots such as those made up of elastomer bladders that extend or retract

using fluid pressure [161,162] can also change length by compressing or extending multiple

bladders in a single segment at the same time. Stretch sensors can be used to quantify

the length of each bladder to accurately predict the end effector position.

Ionic liquids can be described as compounds composed entirely of combinations of

anions and cations that are liquid at temperatures less than 100◦C [163]. Ionic liquids

exhibit conductive properties that make them attractive for numerous applications in

electrochemistry such as electrodeposition, energy storage, catalysis and synthesis of other

compounds. Their conductivity can also be exploited to construct electronic circuits with

transparent and fully compliant conductors, which has led to the development of flexible

stretch sensors.

In addition to measuring flex, stretch sensors may be applied to continuum robots to

measure and counteract undesirable twist movements. Torsion of the continuum robot

along the principal axis is an inevitable side effect of long thin structures arising from

asymmetric cable tensions and torques acting on the end effector. The effect becomes

more noticeable for longer continuum robots and there is no existing intrinsic way to

measure the magnitude of this twist. Mounting stretch sensors in counter-rotating helices

up the circumference of the continuum arm provides a method of directly measuring the

torsion of the structure.

This work introduces a novel low cost tubular-construction resistive stretch sensor

with ionic liquid conductor as curvature feedback for closed loop control of slender

continuum robots with hollow central passages. A scalable construction methodology is
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described, a theoretical model based on the sensor’s mechanical properties is developed

and used to establish a control strategy for continuum robots and a calibration

procedure is outlined. Continuum robot proprioception is demonstrated on a 3D printed

(low cost) four-axis tendon-driven serpentine manipulator equipped with tubular ionic

liquid stretch sensors (TILSS) and controlled in closed loop with shape feedback.

4.2 Resistive proprioception concept and sensor

characterisation

The proposed method for continuum robot proprioception places tubular resistive

sensors some distance away from the robot’s neutral axis and bending plane

(Figure 4.1), resulting in a strain measurement linked to backbone curvature. The robot

construction used in this paper is a dual-flexible-backbone, rigid vertebrae,

tendon-driven serpentine continuum robot with alternating bend directions similar to

that described in [8], but the methodology can be applied to any continuum robot or

soft actuator.

4.2.1 Tubular resistive sensor concept

Tubular ionic liquid stretch sensors consist of an elastomeric membrane filled with a

viscous room-temperature-liquid salt. However, for the purpose of modelling their

behaviour, it is assumed that sensors behave as single-material cylinders which are

electrically conductive, linearly elastic and anisotropic at large strains.

The material deformation ratio ξ of a sensor stretched along z axis and contracting

along x and y axes is given by

ξ = −dεx
dεz

(4.2)

and is analogous to Poisson’s ratio in isotropic materials. It follows that for small strains

the diametric compression along x or y can be described as
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Figure 4.1: Concept for dual-backbone continuum robot proprioception with resistive
stretch sensor. Curvature is calculated by measuring the resistance of a stretch sensor
capable of large deflections and positioned some distance from the bending plane in
question.
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which can be integrated to give the stretched conditions.
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given that L = L0 + ∆L and D = D0 −∆D.

The electrical resistance R of the stretched cylinder is given by

R = R0 + ∆R = ρ
L

π
(
D
2

)2 (4.7)
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L0
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Substituting Equation 4.6 into Equation 4.9 gives the resistance in terms of the elongation

and the instantaneous deformation ratio:

R0 + ∆R = R0

(
1 +

∆L

L0

)2ξ+1

(4.10)

Hence, normalised resistance Rnorm can be given in terms of strain εL as

Rnorm = (1 + εL)2ξ+1 − 1 (4.11)

where Rnorm = ∆R
R0

and εL = ∆L
L0

.

The deformation ratio of the sensors is anisotropic due to the viscous ionic liquid in

the conductive cavity. Dissolved air bubbles (observed to occur in the ionic liquids under

investigation) change volume with sensor elongation due to the negative pressure that

results from the elastic extension of the membrane. Assuming isothermal expansion, the

diameter of dissolved bubbles DB is proportional to the change in length of the sensor

∆L.

It has also been shown [164] that in viscoelastic materials with dissolved particles,

shear modulus G increases with emulsion size. If the sensor as a whole behaves as a

homogeneous viscoelastic material, it follows that the growing dissolved bubbles also

influence the deformation ratio in the same way as the Poisson’s ratio of any homogeneous

material:

G =
E

2 (1 + ξ)
∝ DB ∝ ∆L (4.12)

where E is the Young’s modulus of the material.

Given that changes in both dissolved air volume and shear modulus have linear effects

on the deformation ratio, each sensor ξ can be described in terms of strain by a second-

order polynomial of the form
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ξ = αε2 + βε+ γ (4.13)

where α, β and γ are constant for a given sensor and are obtained experimentally (at

sensor strains ε > 0, i.e. sensor never fully relaxed). Sensor constants for TILSS with

varying degrees of degassing are presented in further sections.

4.2.2 Continuum robot proprioception

For multi-axis continuum robot proprioception, two stretch sensors mounted at orthogonal

(or other non-opposing) positions on the circumference of the continuum segment can be

used to measure the magnitude and x-y direction of bend. Figure 4.2 illustrates the

vertebra configuration of a dual backbone segment that bends along x by θx and along y

by θy, with two sensors mounted at a distance b from the bending origin and at angular

offsets φ and φ+
π

2
from x.

Figure 4.2: Schematic of the construction of a single continuum segment equipped with
stretch sensors (S1 and S2) for bi-directional feedback and tendons (T1, T2 and T3) for
motion.

For this robot construction, the desired length L of each sensor can be calculated

from the desired bend angles (θx and θy) using a constant curvature approximation:

LS1 = La + b (θx cos (φ) + θy sin (φ)) (4.14)
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LS2 = La + b
(
θx cos

(
φ+

π

2

)
+ θy sin

(
φ+

π

2

))
(4.15)

where La is the rest (straight) length or neutral axis length of the robot segment with

La > L0.

Feedback control then uses the error in sensor lengths to calculate the desired

corrective velocity along θx and θy and the required velocity component of each of the

tendons T1,2,3, based on their offset ψ from the x bending axis. The movement of each

tendon can be defined by the sum of the contributions from θx cos(ψ − φ) and

θy sin(ψ − φ) for each of T1,2,3.

4.3 Sensor and manipulator construction

methodology

As mentioned in previous chapters, resistive stretch sensors that use liquid conductors are

constructed using an elastomer body. Authors such as [80,84] use casting silicone rubbers

in additive manufactured moulds to create rectangular section sensors with an internal

rectangular section liquid channel. Other authors such as [77] assemble the eutectic

Gallium-Indium liquid metal sensors at temperatures below the melting point of the

conductive material and embed them as solids before allowing them to melt. Serpentine

robots present an opportunity to exploit cylindrical construction sensors, as vertebra often

contain a number of holes parallel to the axis to guide tendons and services. This section

covers the construction and characterisation of high-strain ionic liquid resistive stretch

sensors with cylindrical construction. A summary of the equipment used in this chapter

can be found in Appendix A.

4.3.1 Tubular stretch sensor material compatibility

Ionic liquids are salts that are liquid at low (and sometimes ambient) temperatures [79]

and are primarily used as powerful solvents and catalysts for catalytic reactions in

organic synthesis and electrochemistry [165]. These compounds are liquid at low
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temperatures due to the weak interactions between large asymmetric organic cations

and smaller organic or inorganic anions [166]. Ionic liquids present a number of

advantages for their application in soft sensors, including low vapour pressure (low

volatility), nonflammability, large temperature range in liquid phase and a wide

temperature window with stable electrochemical properties [166].

Particularly useful to their application in robotics is the liquid phase temperature

range of ionic liquids (ILs). Typical operating temperature for in-situ repair of industrial

assets is 15◦ to 25◦ but can be as low as 0◦ and as high as 40◦. Many ionic liquids transition

to glass at temperatures of 90◦ to 100◦ (which is low in relation to other solvents used

in catalysis) and would not be suitable as resistive stretch sensors. ILs have a tendency

to crystallize rapidly at the glass transition temperature which could easily result in

catastrophic damage to sensors. For this reason, only ILs with melting point lower than

−10◦C can be used within sensors.

Despite their advantages, ionic liquids present a challenge for robotics applications as

they require long-term compatibility with the encapsulating and electrode materials. It

is therefore essential that an IL is found which is chemically compatible with elastomers

such as silicone rubber and which has a liquid temperature range that is suitable for

in-situ maintenance of industrial assets.

Two candidate ILs were identified from literature for their temperature range:

� 1-Methyl-3-octylimidazolium chloride (1-M-3O C)

C12H23ClN2 (Sigma Aldrich)

� 1-Butyl-3-methylimidazolium trifluoromethanesulfonate (1-B-3M T

C9H15F3N2O3S (Sigma Aldrich)
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Two tests were carried out to assess the chemical compatibility of both liquids with

electrode and elastomer materials. A static corrosion test verified the long-term stability

of the compounds when in contact. A galvanic corrosion test verified the long-term

stability of the compounds when used as immersed electrodes. No such test has been

described in previous published research. The elastomer selected is medical grade silicone

tubing with grey colour. The electrode materials selected are high purity gold (20 carat,

Au83 − 17Zn) and tin-copper solder (Sn99 − 1Cu, to electrically connect electrodes to

sensor cables). Copper electrodes were not used due to their known reactivity with salts

and ionic liquids.

The static corrosion trials consisted of immersing the candidate sensor component in

ILs for 200 hours. The results of the static corrosion trials are shown in Table 4.1. 1-B-

3M T was found to have no effect on any of the sensor components after long-term static

exposure. 1-M-3O C was observed to transition to a more viscous gel when in contact with

silicone rubber, however the resistivity of the IL was unchanged by this effect. Gelling of

the liquid is likely to result in hysteresis due to the viscoelastic behaviour of the material.

1-M-3O C was also found to cause mild surface deterioration on the tin solder - an effect

that is attributed to the chloride reacting with the small amount of alloyed copper. Gold

electrodes were not affected by either IL.

The galvanic corrosion trials consisted of immersing the candidate sensor components,

assembled as electrode pairs, in ILs for 120 hours while subjecting the two electrodes to

an electric potential difference of 12V . The results of the galvanic corrosion trials are

shown in Table 4.2. 1-B-3M T was found to corrode both Sn99− 1Cu and Au83− 17Zn

at the anode. In the case of Sn99− 1Cu the corrosion was catastrophic. 1-B-3M T was

also found to significantly deteriorate (weaken and embrittle) the silicone rubber covering

both anode and cathode regardless of electrode material - an effect that is attributed
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Table 4.1: Long-duration static corrosion tests for Sn99−1Cu, Au83−17Zn and silicone
rubber in 1-M-3O C (C12H23ClN2) and 1-B-3M T (C9H15F3N2O3S).

Ionic Electrode Electrode Silicone

liquid material result result

1-M-3O C Au83− 17Zn

1-M-3O C Sn99− 1Cu

1-B-3M T Au83− 17Zn

1-B-3M T Sn99− 1Cu
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Table 4.2: Long-duration galvanic corrosion tests for Sn99 − 1Cu, Au83 − 17Zn and
silicone rubber in 1-M-3O C (C12H23ClN2) and 1-B-3M T (C9H15F3N2O3S) at 12V .

Ionic Electrode 30 3 120 Anode Cathode

liquid material seconds hours hours result result

1-M-3O C Au83− 17Zn

1-M-3O C Sn99− 1Cu

1-B-3M T Au83− 17Zn

1-B-3M T Sn99− 1Cu
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to the by-products of electrolytic decomposition or galvanic corrosion. 1-M-3O C had a

similar effect on solder (although far less aggressively), with some of the deterioration

also visible in the silicone exposed to the reaction by-products. In the case of 1-M-3O C

with gold electrodes, however, no appreciable corrosion or deterioration was found in any

of the sensor components.

Following these observations, a sensor was designed consisting of a silicone rubber

conduit (of internal diameter 0.7mm and wall thickness 0.5mm) filled with 1-Methyl-3-

octylimidazolium chloride and terminated with two 20 carat gold electrodes with external

electrical connections.

4.3.2 Manufacture and assembly of tubular ionic liquid stretch

sensors (TILSS)

After a study of material compatibility and galvanic corrosion effects of ionic liquids

(1-methyl-3-octylimidazolium chloride, 1-butyl-3-methylimidazolium

trifluoromethanesulfonate) and electrode metals (Sn and Au), miniaturised tubular ionic

liquid stretch sensors were constructed with the most suitable combination as follows:

Figure 4.3: Construction of tubular ionic liquid stretch sensor electrode assemblies
consisting of gold electrode (1), sensor wire (2), electrical joint (3), PVC sleeving (4),
silicone tubing (5), ionic liquid (6) and heat shrink tubing (7).

1. Electrode preparation

Approximately 10mm of 0.8mm diameter 20 carat gold wire was sharpened to a

fine coaxial point (1 in Figure 4.3) and cleaned carefully with isopropyl alcohol. An

electric wire (2) - AWG 30 or similar - was soldered to the blunt end of the gold

wire using appropriate consumer electronics grade tin solder (3). Approximately
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4.0mm of 1.2mm diameter polyvinyl chloride cable sleeving (4) was secured to the

electrode near the tip (leaving approximately 2mm exposed including the tip) using

cyanoacrylate adhesive. This process was repeated for the second electrode.

2. Sensor body preparation

A length of medical grade silicone rubber tubing (5) was stretched (to soften and

temporarily deform the viscoelastic material prior to filling) and cut to a length

equal to 85% of the required sensor rest length (for a pre-stretch in use of 15% to

20%).

3. Ionic liquid degassing

Approximately 0.5ml of 1-Methyl-3-octylimidazolium chloride (6) was vacuum

degassed using a plugged syringe by using the piston to pull a vacuum inside the

chamber and allowing air bubbles to merge and disappear. At least ten degassing

cycles were performed.

4. Sensor filling

The sensor was filled from one end with 1-Methyl-3-octylimidazolium chloride (6)

using a syringe with a 22 gauge blunt tip needle until some liquid was visible on

the open end. Leaving the needle inserted and immobile, excess liquid was cleaned

from the sensor open end taking care not to contaminate the outside of the silicone

tube but leaving the liquid flush with the opening of the silicone tube.

5. First electrode attachment

One of the electrodes was inserted into the silicone tube, displacing liquid until the

PVC sleeve was fully inside the silicone tube and until the silicone tube came into

contact with the gold electrode past the PVC sleeve to serve as a secondary sealing

surface. Approximately 13mm of 3mm diameter 4:1 or greater shrink ratio heat-

shrink tubing (7) was applied over the length of the electrode and to overlap with

the start of the electric cable. A drop of cyanoacrylate adhesive was applied to the

edge of the heat-shrink tubing over the silicone tube to allow capillary action to

suck adhesive into the interface. Heat was applied to the heat-shrink tubing at no
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more than 120◦C using a heat gun or hot iron to apply even pressure on the silicone

tube and seal the liquid in the cavity.

6. Sensor end preparation

Taking great care, the syringe was used to inject enough liquid to displace the

volume of the needle while the needle was pulled out of the sensor and removed. It

is at this point that the sensor would be threaded through any holes too narrow to

fit the electrodes. The sensor was slowly crimped in the middle using tweezers or

needle-nose pliers with width no greater than 2mm to force a drop of liquid out of

the silicone tube, taking care not to damage the silicone. Excess liquid was cleaned

from the sensor open end taking care not to contaminate the outside of the silicone

tube but leaving the liquid flush with the opening of the silicone tubing.

7. Second electrode attachment

The second electrode was inserted into the silicone tube at the same time as the

pressure was released from the tweezers or needle-nose pliers, displacing liquid until

the PVC sleeve was fully inside the silicone tube and until the silicone tube came

into contact with the gold electrode past the PVC sleeve to serve as a secondary

sealing surface. Approximately 13mm of 3mm diameter 4:1 or greater shrink ratio

heat-shrink tubing (7) was applied over the length of the electrode and to overlap

with the start of the electric cable. A drop of cyanoacrylate adhesive was applied to

the edge of the heat-shrink tubing over the silicone tube to allow capillary action to

suck adhesive into the interface. Heat was applied to the heat-shrink tubing at no

more than 120◦C using a heat gun or hot iron to apply even pressure on the silicone

tube and seal the liquid in the cavity.

Two variations of the construction described above were implemented on the four DoF

continuum arm design. These served to minimise the protrusion of the sensors beyond the

vertebral disk, allowing for the continuum joints immediately adjacent to the electrode

vertebra to achieve full mobility. The two variations are described later in this chapter.

Three sensors were constructed and vacuum degassed to varying degrees. Table 4.3
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shows experimentally obtained values of α, β and γ for sensors with varying initial average

bubble diameters and dissolved air concentrations, verifying claims made in Section 4.2.1.

The sensor constants were calculated using second order polynomial regression of ξ with

data from 54 strain cycles.

Table 4.3: Characterisation table for tubular stretch sensors.

Degassing Bubbles Mean Median α β γ R2

cycles per mm2 dia. (µm) dia. (µm)

0 6.3 51.1 16.3 −2.40 −0.25 0.68 0.9991
2 2.9 21.0 9.9 −1.80 −0.36 0.82 0.9987
10 2.1 10.5 6.1 −1.20 −0.20 0.96 0.9929

Figure 4.4: Setup for motion of a linear actuator and characterisation of a tubular ionic
liquid stretch sensor. Reflective markers are used for tracking by the Vicon motion capture
system.

The sensors were mounted on a test rig (Figure 4.4) consisting of two clamps on a

fixture; one attached in a static position and another attached to the moving end of a L12-

50-100-12-P DC geared linear actuator (Actuonix Motion Devices) with potentiometric

position feedback. The linear actuator stretched the sensor from 115mm (100 + 15%) to

165mm. An EMP373 portable computer (ACME) equipped with a PCI-6229 IO board

(16 bit, 250kS/s) and a BNC-2110 BNC breakout board (National Instruments) sent pulse

width modulated signals to an H-bridge connected to the DC motor windings and received
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the analogue input from the feedback potentiometer. A 289/FVF USB multimeter (Fluke)

was used to measure and record the resistance of the sensor. An optical motion capture

system (Vicon Motion Systems Ltd) was used to track the 3D motion of retro-reflective

passive markers positioned on a surface attached to the mobile and static parts of the

linear actuator. The system consists of four high-resolution Vantage 16 cameras.

Figure 4.5: Plot of sensor 1 resistance over time during cyclical loading and unloading,
showing the 10 to 12 minute warm-up time necessary for stable operation.

Figure 4.6: Raw stretch and resistance data from Sensor 2 during characterisation test.

It was soon observed that resistance increases significantly, independently of

elongation, in the minutes following application of current by the multimeter before

settling to a steady value. This warm-up time (measured to be 10 to 12 minutes) is

attributed to a relaxation effect as described by Schmitt et al in their paper titled

Relaxation and electrophoretic effects in polyelectrolyte-plus-salt solutions [167], where
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the potential difference across the sensor (which in this case is high due to the constant

current applied by the multimeter to a highly resistive - MΩs - sensor) creates a field

that forces the long anion molecules into alignment with the smaller cations. This effect

is analogous to having a large array of miniature rechargeable cells in series: as the

molecules are pulled into alignment, the voltage and internal resistance of the ’cells’

increase. 1.8 to 2.4V can be measured across disconnected stretch sensors after their

warm-up period due to this relaxation and “charging” effect. Figure 4.5 shows the

cyclical straining and unloading of a 1-M-3O C resistive sensor for 4000 seconds; the

warming up period is clearly visible. The steady state capacitance of all sensors was

measured to be zero, ruling out capacitive charging as a cause of the settling time.

Figure 4.7: Plot of normalised resistance of three tubular ionic liquid stretch sensors with
varying dissolved air content at strains from ε ≈ 0.15 to ε ≈ 0.48. Black lines show model
using second order polynomial regression of ξ.

Initial tests of the stretch sensors consisted of stretching and relaxing the sensors

after their warm-up period using the linear actuator. The position of the actuator and

the resistance across the stretch sensor were recorded at a rate of 50Hz. The actuator

was moved to follow a triangular wave of amplitude 50mm at a rate of 9mm/s for ten
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minutes (54 cycles). Figure 4.6 shows an example of the raw data from part of one of the

sensor characterisation tests. The variable lag is attributed to the inconsistent acquisition

rate of the multimeter used to collect the resistance data.

Results presented in Figure 4.7 indicate that the presence and size of air bubbles

in solution do indeed influence the deformation ratio, with the effect of amplifying the

quadratic terms of ξ. Table 4.3 shows the sensor characterisation constants α, β and γ for

each of the three sensors tested. The second-order polynomial of best fit is shown for each

sensor as a black line in Figure 4.7. The results also show a high level of repeatability

and low hysteresis, predicting adequate controller feedback.

4.3.3 Construction and characterisation of 1-axis continuum

manipulator

Chapter 3 presented a slender robot that includes conventional and continuum stages.

However, given the small size and the difficulty in making changes to the boreblending

flexible segments, two longer continuum robots were developed for the purpose of

demonstrating the application of a novel stretch sensor – both were designed, built,

assembled and commissioned by the present author. The first of these rigs was designed

as a single-segment, single direction of flex, continuum robot equipped with a

curvature-sensing ionic liquid resistive stretch sensor.

The dual-backbone serpentine section rig (Figure 4.8) consists of 10 resin vertebrae

of diameter 13mm (1). Each vertebra tapers away from the bending plane toward two

tendon through-holes (2) and four sensor through-holes (3). At the bending plane are four

blind backbone holes (4) for the two pairs of super-elastic Nitinol backbone wires (5). A

central passage (6) allows for routing of sensor cables from the distal (furthest from the

base) electrodes.

Two 0.45mm diameter, 7-core braided stainless steel tendons (7 in Figure 4.8) are

fixed to the final vertebra on the distal end and attached to two LCM-201 (Omega

Engineering) load cells (8). The load cells are attached to tendons that are fixed to spools

(9). Two 5350366 stepper motors (10) (RS Pro) move the continuum segment.
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Figure 4.8: Single-segment, single-bend-direction, tendon-driven continuum robot with
ionic liquid resistive stretch sensor for position feedback. Robot consists of vertebral discs
(1) with tendon holes (2), sensor holes (3) and backbone holes (4). Vertebrae are linked
together using super-elastic Nitinol rods (5). A central passage (6) can be used to deliver
services to the robot end. Twisted stainless steel tendons (7) are attached to tension load
cells (8) and driven by pulleys (9) on the shafts of stepper motors (10). Tubular ionic
liquid stretch sensors (11) are used as proprioceptive feedback and are connected to a
data acquisition device (12).

The sensors are vacuum degassed and homogenised 1-M-3O C tubular resistive

stretch sensors (11). Only one sensor was used at any one time. Sensors were inserted

through holes in each of the vertebrae after attachment of the first electrode and prior

to attachment of the second electrode as described in previous sections. Sensor guide

holes in the vertebrae (3) were exactly the same size as the relaxed sensor, resulting in a

secure grip at the point where the sensor bulges around the electrode assembly

(Figure 4.3). The sensors were assembled with a pre-loading exceeding the maximum

possible stretch or compression to ensure complete range of measurement. Electrode

wires connect to the data acquisition device via crocodile clips (12).

Movement of the actuators was calculated using

lin = a−

√(
2a2

θ2
− 4ab

θ
+ b2

)
(1− cos (θ)) (4.16)

for calculation of the correction on the pulling side and
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lout = a−

√(
2a2

θ2
+

4ab

θ
+ b2

)
(1− cos (θ)) (4.17)

for calculation of the correction on the releasing side.

Figure 4.9: Single-segment continuum robot driving electronics including motor driver
(1), micro-controllers (2) and voltage regulator (3).

The stepper motors shown in Figure 4.8 are driven by two L293D

(STMicroelectronics) dual H-bridge motor drivers (1 in Figure 4.9). Each motor driver

is commanded by an ATTiny85 (ATMEL corp.) micro-controller (2) programmed to

receive step and direction commands and convert them into quadrature signals for

half-stepping the motor windings. An LM7805 linear voltage regulator (3) supplies the

micro-controllers with 5V DC.

Figure 4.10: Single-segment continuum control schematic showing mechanical interfaces
and electrical connections.
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The ATTiny85 micro-controllers are commanded using a EMP373 rugged portable

computer (ACME corporation) equipped with a PCI-6229 (National Instruments) input

output board and a BNC-2110 (National Instruments) breakout board. Figure 4.10 shows

the connection schematic for the single-segment continuum robot experimental rig.

The sensor was connected and left to rest for 15 minutes until resistance settled to

a stable state to begin the calibration process. The continuum segment was commanded

to follow a sinusoidal wave with amplitude π/3 and period 5 seconds. The position and

orientation of the tip of the robot was recorded using an optical motion capture system

(Vicon Motion Systems Ltd) consisting of four high-resolution Vantage 16 cameras, with

five retro-reflector markers mounted on a flat surface attached to the tip of the continuum

segment. The resistance of the sensors was recorded using the built-in ADC of the PCI-

6229 board on the control PC. Figure 4.11 shows part of the recorded data used for

calibration of the single segment feedback sensor.

Figure 4.11: Raw bend angle and resistance data from one-segment continuum arm sensor
characterisation tests.

The angle measurements presented in Figure 4.11 show regular disturbances to the

smooth sinusoidal motion around one third of the way through a given sweep. This is

attributed to tendon friction leading to slip-stick behaviour between the steel cable and

resin vertebra. At around 0.2 radians the elastic force of the backbone overcomes the

static friction force of one or more vertebra leading to irregular motion. This highlights

the weakness of open loop continuum section control mentioned above, as the actuators

were following verifiably sinusoidal trajectories.
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Sensor strain, calculated using Equation 4.1, was compared to normalised resistance

as shown in Figure 4.12. The sensor has poor signal-to-noise ratio compared to the results

from the linear actuated single sensors due to the order of magnitude difference in sensor

deformation across experiments. This also has the effect of magnifying the amplitude of

hysteresis to approximately 3.0◦ of bend. The hysteresis is attributed to the viscoelasticity

of the material, as the effect is reduced at lower speeds and almost eliminated in static

measurements. This highlights a potential limitation of the tubular ionic liquid stretch

sensors for applications that require high frequency movements. Despite this, a clear

trend can be established and a characterisation curve fit to the data using second order

polynomial regression.

Figure 4.12: Plot of normalised resistance of single continuum segment ionic liquid stretch
sensor for characterisation. Sub figures show the continuum segment at left and right
limits of bend for the characterisation experiment (but not at mechanical bend limits).
Resistance data shows hysteresis caused by the viscoelasticity of the sensor material.

The redundant sensor mounted on the continuum segment was tested in the same

way to verify the procedure. Table 4.4 shows the sensor constants obtained from the

characterisation tests.
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Table 4.4: Characterisation table for tubular stretch sensors mounted on single-segment
continuum robot.

Sensor α β γ R2

CS1 −1.55 −0.29 1.22 0.9893

CS2 −1.43 −0.32 1.26 0.9817

4.3.4 Construction of 4-axis continuum manipulator

Figure 4.13: Two-segment, 4-axis, tendon-driven continuum robot with tubular ionic
liquid stretch sensor proprioception. Details show distal segment (furthest from the base
and actuators) tendons (I), proximal segment (closest to the base and actuators) tendons
(II), distal segment sensors (III), proximal segment sensors (IV ), flexible backbone (V ),
retroreflective tracking markers (V I), motor drivers (V II), linear actuators (V III) and
continuum robot base component (IX).

The second continuum robot constructed for experimentation with the tubular ionic

liquid stretch sensors is a vertically mounted four-axis manipulator. The low cost,

two-segment, dual backbone serpentine manipulator (Figure 4.13) consists of 16 resin

(Clear V2.0, FormLabs, USA) vertebrae of diameter 13mm and thickness 5.0mm, with

the lower eight vertebrae forming the first (proximal) segment and the upper eight

forming the second (distal) segment. Alternating bend directions at each vertebra give

each manipulator segment two directions of flex. Each vertebra has a top and bottom
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bending plane and corresponding tapers to allow a wider range of motion. One set of

three 0.45mm diameter, 7-core braided stainless steel tendons (I) terminates after the

sixteenth vertebra and drives the distal segment of the manipulator, while a second set

of three tendons (II) terminates at the eighth vertebra and drives the proximal segment.

For this construction, the tendon offset angles are ψP = 75◦ and ψD = 15◦ (for proximal

and distal segments respectively).

One pair of orthogonal through holes in each vertebra houses the distal tubular ionic

liquid stretch sensor (TILSS) (III) while a second pair of orthogonal through holes

houses the proximal TILSS (IV ). The proximal sensors run from the 0th vertebra (the

manipulator base plate IX) to the 8th vertebra, the distal sensors run from the 8th

vertebra to the 16th vertebra. Dual super-elastic Nitinol backbone rods (V ) alternate

bend direction after each vertebra, with a flexible length of 3.125mm each, giving each

segment a length of 65mm and a total manipulator length of 130mm. A central passage

allows for routing of sensor cables from the distal electrodes and power supply for end

effectors. For this construction, the sensor offset angles are φP = 205◦ and φD = 25◦.

Tendons are driven by six 100N-ELA (RS Pro, UK) linear actuators (V III) with

LP3575S unipolar stepper motor drivers (V II). Six pulleys redirect the tendons by 90◦

from the linear actuators to the vertebrae holes. The stepper motor drivers are connected

to the digital output ports of a BNC-2110 breakout board (National Instruments, USA)

and PCI-6229 IO board and the robot is controlled from a EMP373 portable computer

(ACME Portable, USA) at a frequency of 250Hz.

Retro-reflective passive markers were positioned on surfaces attached to the eighth and

sixteenth vertebrae (V I) and an optical motion capture system (Vicon Motion Systems

Ltd) was used to measure the position and orientation of the continuum segment ends.

The sensors are vacuum degassed tubular resistive stretch sensors which were pre-

stretched to allow measurement in both bend directions (i.e. the sensor is under tension

through the entire continuum segment stroke). U and S shaped electrodes were fitted to

the centre and end vertebrae with bends on the gold wire immediately after the silicone

tubing to allow full range of motion for adjacent vertebrae. The sensor cables were
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connected to four isolated voltage dividers and subsequently to the analogue input ports

of the BNC-2110 breakout board (National Instruments, USA) and PCI-6229 IO board

(16 bit, 250kS/s).

The four sensors were connected and left to rest for 15 minutes until their resistance

settled to a stable state to begin the calibration process. Each continuum segment was

commanded to follow a sinusoidal wave with amplitude π/3 and period 5 seconds for 50

consecutive cycles in the x and y directions independently for a total of four calibration

movements. The position and orientation of the tip of the robot was recorded using

an optical motion capture system (Vicon Motion Systems Ltd) consisting of four high-

resolution Vantage 16 cameras. Sensor resistance was recorded using the built-in ADC

of the PCI-6229 board on the control PC.

Figure 4.14: Plot of normalised resistance versus strain of two segment (proximal and
distal), two bend direction (X and Y) continuum robot tubular ionic liquid stretch
sensors for characterisation. Subtle differences in the sensors behaviour arising from
the manufacture and assembly process can be seen as differences in sensor constants
and electrical resistance. Hysteresis is present due to the viscoelasticity of the sensor
material.
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Sensor strain, calculated using the relation L = L0 + bθ, was calibrated against

normalised resistance for each of the four TILSS as shown in Figure 4.14.

Characterisation curves were fit to the data using second order polynomial regression.

Table 4.5 shows the manipulator sensor constants, obtained using second order

polynomial regression of ξ with data from 50 strain cycles (bends from ε = 0.15 to

ε = 0.25).

Table 4.5: Sensor constants for dual-segment, multi directional continuum manipulator.

Sensor α β γ R2

Proximal 1 −1.55 −3.24 1.10 0.978

Proximal 2 −1.53 −3.11 1.35 0.9822

Distal 1 −1.45 −2.50 0.98 0.9913

Distal 2 −1.63 −2.84 0.98 0.9615

The marked difference between the value of β for proximal and distal sensors was

attributed to the difference in length and pre-stretch caused by a thick robot base

component (XI in Figure 4.13), although the exact reason for the causation is outside

the scope of this work.

It was observed that sensor resistance increases independently of elongation in the

minutes following application of current before settling to a steady value. This warm-up

time (measured to be 10 to 12 minutes regardless of sensor length or degree of degassing)

was attributed to a relaxation effect as described in [167], where the potential difference

across the sensor creates a field that forces the long anion molecules into alignment with

the smaller cations.

The temperature sensitivity of Tubular Ionic Liquid Stretch Sensors was observed to

be close to the thermal expansion coefficient of silicone rubber (590 to 790µε/ ◦C [168])

when converted to Ω/ ◦C. While it will likely be desirable to use a third redundant sensor

to compensate for temperature changes in the conditions of use of a continuum robot

in real applications, this was not implemented in this work. Trials were carried out in

spaces with ambient temperature control and initial resistance was calibrated before every
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experiment.

4.4 Closed loop control of slender and compliant

robots

The majority of tendon and fluid-driven continuum robots rely on open loop control where,

based on knowledge of a model of the system, the actuators are commanded to move to

a position that is expected to result in the desired end effector position. Despite the fact

that actuators may be controlled accurately and with closed loop controllers, it is risky

to assume that the continuum robot will behave exactly as predicted by a model. While

continuum robot shape sensing has been achieved and described in existing literature

(such as using electromagnetic position and attitude sensors, cameras and optical motion

capture systems) and has been used for direct closed loop control, no solutions have been

identified that achieve intrinsic (i.e built-in and without peripheral sensors) closed loop

capabilities with a high degree of repeatability.

Having demonstrated the high signal-to-noise ratio and suitability of a tubular ionic

liquid resistive stretch sensor for shape measurement, and having established a

methodology for obtaining the calibration constants of such a sensor, it follows to

implement it on an actuated system as a means of position feedback.

In this section, a closed loop control scheme is implemented first on a linear actuator

with IL sensor position feedback, then on a single segment, single direction continuum

robot with IL sensor position feedback, and finally on a multi-DoF, multi IL sensor, multi-

actuator continuum manipulator.

4.4.1 Closed loop controller design

A single input single output position control loop uses sensor feedback to compare the

measured state of an actuated device (such as a linear actuator or a tendon-driven

continuum segment) to the desired state. The difference between desired and measured

states is the present error, which serves as input for a controller that calculates the
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required motion commands to reduce the error in a suitably fast, smooth and safe

fashion. Figure 4.15 outlines the basic closed loop position control architecture for a

resistive stretch sensor.

Figure 4.15: Closed loop control architecture for a single input, single output system.
Desired position is compared to measured position (negative feedback) and error is used
to influence the commands sent to the robot actuators.

There exists a wide variety of controllers to apply at C(s), each designed to suit a

particular type of system and some of which have been discussed in previous chapters.

This chapter will explore the use of Proportional Integral Derivative or PID controllers, as

they are well suited for single input single output systems and are inherently versatile [141].

The proportional term of a PID controller produces a command that is proportional to

the value of error. The magnification or attenuation of the output is determined by a

proportional gain KP . The integral term of a PID controller produces a command that is

proportional to the cumulative error of the system, with the effect of gradually removing

steady state error. The speed with which the output grows based on persistent errors is

determined by an integral gain KI . The derivative term of a PID controller produces a

command that is proportional to the rate of change of error, with the effect of damping

the response of the system. The extent to which the output is altered by the speed of

reaction is determined by a derivative gain KD. Hence, the controller transfer function is

given by:
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C(s) = KP +
KI

s
+KDs (4.18)

The proportional, integral and derivative gains can be tuned using software provided an

accurate model of the behaviour of the actuator and sensor are known (transfer functions

G1(s), G2(s) and G3(s) in Figure 4.15). In practice, even if G2(s) and by extension

G3(s) can be derived from the characterisation equations described in Section 4.2, tuning

is conventionally carried out by trial and error following guidelines such as those described

in [141].

Sensor number 3 (which underwent the most vacuum degassing and homogenisation)

was mounted on the linear actuator stretch rig (Figure 4.4) to implement and tune a

PID closed loop controller. The control output was the PWM duty cycle which was used

to drive the H bridges and DC motor. The actuator built-in potentiometer feedback

was disconnected. The control gains were tuned to achieve a desirable response to a

manual disturbance in stretch. Once tuned, the controller accuracy was verified using

an optical motion capture system (Vicon Motion Systems Ltd) consisting of four high-

resolution Vantage 16 cameras. The desired position was defined as a square wave (yellow

in Figure 4.16) of amplitude 35mm and period 14s. The frequency of the control loop

was 100Hz. 40 cycles were recorded and are shown in Figure 4.16. The grey line denotes

one standard deviation from the mean (black line) in millimetres.

The constant slope of the rise and fall response is caused by saturation of the actuator

speed. The effect of the reaction force from the elastic stretch sensor can be seen clearly

in the response to step inputs (Figure 4.16), as there is overshoot in the release direction

and undershoot in the loading direction. Despite this, the integral gain is enough to

reduce the steady state error to near zero before the start of the following cycle. Integral

wind-up was not observed with the conservative gains used in this test. The increase in

variance during the load and release ramps is attributed largely to misalignment between

successive cycles at the analysis stage.

While there may well be opportunity for improvement of the control tuning, the work

presented here demonstrates the successful implementation of an ionic liquid resistive
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Figure 4.16: Closed loop response to square wave setpoint input for linear actuator with
ionic liquid resistive stretch sensor feedback. Constant slope regions show saturation of
actuator velocity. Overshoot during contraction is caused by the elastic force of the sensor
assisting the actuator. Undershoot during extension is caused by the elastic force of the
sensor opposing the actuator.

stretch sensor for position control of a simple actuator. The following sections go further

to demonstrate the applicability of this technology to complex continuum robots with no

other form of position feedback.

4.4.2 Control of continuum segments

A proportional, integral, derivative (PID) control scheme was applied to the

single-segment continuum robot shown in Figure 4.8 and described in Section 4.3.3 with

sensor number 1 as feedback (selected for its lower coefficient of determination R2). The

control scheme was modified to output a pulse frequency as opposed to a pulse width

modulation duty cycle but was otherwise unchanged. With the faster stepper motors, it

was possible to tune the PID constants to achieve accurate tracking and sharp step

responses. The test desired position cyclical input was set to a number of step changes

followed by a sinusoid (yellow in Figure 4.17) and the control frequency was set to

250Hz. The black line is an example acquisition. The grey lines denote a range of
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plus-minus one standard deviation from the mean of the 40 consecutive acquisitions

taken during the experiment, in radians.

Figure 4.17: Closed loop response (black) to step and sinusoidal input (yellow) for single
segment, single direction, serpentine continuum robot with tubular ionic liquid stretch
sensor feedback. Grey lines mark standard deviation for 40 acquisitions.

Figure 4.17 shows that the controller achieved a tight response to step disturbances

and a quick settling time. Accurate tracking of smooth motion was also demonstrated

with sinusoidal movement. The maximum angular error of 1.7◦ corresponds to a position

error of 1.47mm, or 1.5% of the continuum length, demonstrating a marked improvement

over the open loop method presented in Chapter 3 at 8.5%. The work presented in this

section demonstrates the successful implementation of a tubular ionic liquid stretch sensor

for position control of a single degree of freedom, slender and compliant actuator.

As was previously suggested (Figure 4.2), this methodology can be scaled to multi-

direction continuum segments by the addition of an orthogonal tubular ionic liquid stretch

sensor. Series concatenation of TILSS-enabled continuum segments can subsequently

expand the capabilities of complex and even redundant slender and compliant robots.

Simultaneous control of the four axes was applied to the four-axis continuum

manipulator shown in Figure 4.13 and described in Section 4.3.4. The control scheme

was implemented by adding the velocity contributions from the four control loops

(linked to the sensors) to each of the six linear actuators. Initial repeatability tests
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Figure 4.18: Experimental setup and results of point-to-point closed loop position control
trials using ionic liquid stretch sensors as proprioceptive feedback, with three target
position inputs for two-segment, dual bend direction continuum manipulator. Plots show
distal vertebra position error for each of 50 cycles through three positions P1, P2 and P3
(with 100 points in vertical position P1 due to movement order).

consisted of synchronous movements of distal and proximal segments from straight to

θ = 90◦ along x (with θDx = θPx = 45◦) and to θ = 90◦ along y (with θDy = θPy = 45◦)

in the order P1 - P2 - P1 - P3 as shown in Figure 4.18. A standard deviation of 1.0% of

total continuum length (TCL) was observed, with a maximum error of 2.7% TCL.

Figure 4.18 shows the experimental setup for the initial trials and normal-view scatter

plots of the resulting end vertebra centre position error following 50 cycles through the

three target points.

A more complex target trajectory in task space involving simultaneous tracking with

all sensors (in this case a 100mm diameter circle with θDx = −θPx and θDy = −θPy

maintained throughout, at a rate of 5.24mm/s) was converted into four sensor trajectories

using constant curvature kinematics as described in [16, 20] and Chapter 3. Figure 4.19
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Figure 4.19: Results of closed loop position control using ionic liquid stretch sensors
as proprioceptive feedback, with circular trajectory input for two-segment, dual bend
direction continuum manipulator. Plot shows relative density of distal vertebra x-y
position data points (for each mm2 in the plot area) for 40 consecutive revolutions. End
effector speed was commanded at 5.24mm/s or 1 revolution per minute.

presents the density of x-y position data after 40 revolutions - values were obtained by

counting the number of position data points captured in a given square millimetre on the

x-y plane, and were plotted relative to the maximum density (best performance) which

occurs near the bending axes. Errors in z (not shown), which were observed to be small,

form a conical spread consistent with the position of the continuum robot fulcrum.

The maximum error observed during closed loop control trials was 4.9% of Total

Continuum Length. Deviation maxima occur at the intersection of the x and y bending

axes and can be partly attributed to overestimation of the required input at axis

intersections (by 0.067◦ per degree of bend) resulting from the constant curvature

model. Modifying the forward kinematics described in Chapter 3 from a single constant

curvature continuum bend per segment to eight short continuum bends (flexible

backbones of length b) in alternating directions and eight straight sections (vertebrae of
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length v) per segment (as shown in the Denavit-Hartenberg parameters on Table 4.6)

results in an overestimation of 5.4% at the intersections of the two backbones.

Controlling for this systematic error leaves 2.3% TCL variance attributable to feedback

control.

Table 4.6: Corrected Denavit-Hartenberg convention parameters for dual-backbone, two-
segment continuum robot.

Joint θ α (◦) d r

1 θPx
2

0 0
√

2b2(1−cos(θPx))

θ2Px

2 θPx
2

90 0 v

3
θPy

2
0 0

√
2b2(1−cos(θPy))

θ2Py

2
θPy

2
90 0 v

...
...

...
...

...

15
θPy

2
0 0

√
2b2(1−cos(θPy))

θ2Py

16
θPy

2
90 0 v

17 θDx
2

0 0
√

2b2(1−cos(θDx))

θ2Dx

18 θDx
2

90 0 v
...

...
...

...
...

31
θDy

2
0 0

√
2b2(1−cos(θDy))

θ2Dy

32
θDy

2
90 0 v + End Effector

Figure 4.20 shows four passes from the circular trajectory described above

commanded with closed loop control using Tubular Ionic Liquid Stretch Sensors

feedback (solid line) and four passes with open loop control (dotted line), i.e. with the

actuators following the required steps according to the calculated kinematics. The

comparison suggests an improvement in accuracy of 64.7%, with a RMS error

(calculated using the shortest distance between each measured point and the target

trajectory) of 4.9% TCL in the open loop control case and 1.7% TCL in the closed loop

control case. The observations also present an improvement in repeatability of 73.0%,

with a standard deviation (of position error data) of 4.9% TCL in the open loop control

case compared to 1.3% TCL when using TILSS as proprioceptive feedback. The open
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Figure 4.20: Comparison of open loop (dotted line) and closed loop control (solid line)
accuracy for a two-segment, dual bend direction continuum manipulator following a
100mm diameter circular trajectory (red line). End effector speed was commanded at
5.24mm/s or 1 revolution per minute.

loop control results show a maximum error of 12.4% TCL and large jumps between start

and end positions (greater than 10% TCL). The influence of the direction of tension of

each tendon and actuator, visible as six distinct vertices in the open loop control data, is

almost completely attenuated in the closed loop case. Likewise, the catastrophic effect

of a small drop in tension in one of the proximal segment tendons (two of the passes

with open loop control, Figure 4.20 top right) can be overcome by using feedback

control with integral gain.

The results show a promising step towards low-cost, scalable position feedback for

slender and compliant continuum robots.
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4.5 Conclusions and future work

This chapter presents a novel methodology and application for a little-known type of

resistive stretch sensor. The construction, characterisation and calibration of a tubular

ionic liquid (conductive salt that is liquid at room temperature) hyper-elastic strain sensor

are described and the sensor is applied as feedback for closed loop position control of a

linear actuator, a simple continuum demonstrator and a complex continuum manipulator.

The results show significant improvement in position accuracy over open loop control

strategies such as those discussed in Chapter 3.

Tubular ionic liquid stretch sensors were constructed by filling thin pre-treated silicone

rubber tubes with 1-methyl-3-octylimidazolium chloride - an ionic liquid that was found

to be statically and electrically compatible with the sensor and conductor materials - and

closed with gold electrodes at each end. Each sensor was characterised by subjecting it to

stretch cycles and recording its electrical properties and exact elongation. The behaviour

was described mathematically and approximated with a second order polynomial curve.

Unique sensor constants were identified from each calibration and used to create the

feedback transfer functions for control.

The results show that it is possible to use TILSS as feedback for position control of

continuum robots, with laboratory demonstrations achieving errors as low as 1.5% of the

total manipulator length. This work shows that it is possible to implement a low-cost,

scalable position sensor for closed loop control of complex continuum actuators.

Further research on this area may endeavour to further miniaturise the tubular sensors

and investigate the limits of small resistive sensors. While it is likely that signal-to-

noise ratio will increase with lower diameter sensors, alternative options for resistance

measurement such as high-frequency alternating current resistivity measuring hardware

may be used to improve the performance of TILSS and their controllers.

Future work may also include the application of redundant sensors for temperature

compensation, a consideration that becomes particularly important for longer robots

with more degrees of freedom. The nature of resistive sensors often means that they are

susceptible to temperature changes - indeed they are often used for temperature
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measurement. A redundant sensor positioned somewhere on the circumference (or even

central passage) of a continuum robot equipped with curvature-measuring sensors may

be used to compensate for temperature and provide temperature readings for each

continuum segment.

Finally, it may be possible to combine the closed loop control scheme described in this

chapter with a method for reaction force control to accurately perform in-situ machining

tasks such as those described in Chapter 3. This simultaneous control scheme is discussed

in Chapter 6.
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Chapter 5

New methods of force control for

slender and compliant robots for

in-situ machining

Detecting, measuring and controlling the forces between cutting tools and machined

components is essential in circumstances where direct position control (e.g. depth of cut,

feed speed and tool position) is inaccurate and/or impossible. This is particularly

important when employing slender and compliant robots such as continuum robots, as

even low contact forces can result in large deflections and small position errors can result

in widely varying reaction forces. Figure 5.1 shows an example continuum manipulator

with grinding end effector, where deflection from contact with a workpiece (estimated

rest position shown as red outline), compounded with uncertainties in deflection due to

weight and internal friction forces, results in uncontrolled machining force.

The challenging application of slender and compliant robots for machining presents

a requirement for direct force measurement from the end effector. This chapter explores

the use of airborne sound signals that result from the machining process to control the

cutting force in closed loop for generating accurate machined features when performing

in-situ robotic repair of complex installations. While the application of such a controller

is intended for slender and compliant devices such as continuum robots, this chapter will
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Figure 5.1: An example continuum manipulator equipped with a machining end effector
for in-situ repair of high-value equipment (developed by [16]). Robot is deflected by
contact during grinding operation on an aluminium sample. Red outline indicates the
estimated position of the continuum robot without obstruction from the aluminium beam.

employ conventional jointed manipulators (Figure 5.2) as a way to isolate the uncertainty

that arises from flexible stages, such as non-linear friction losses and curvatures, and

create a robust force control methodology.

Sound signals generated during indentation at various cutting forces are analysed

and used to calibrate a remotely mounted microphone sensor and signal processing

control system. The power spectral density of the audible sound is used to estimate tool

cutting force and the sound intensity used in turn to estimate the resulting process

energy. The described controller uses intensity of sound to mitigate the effects of

resonance with workpiece natural frequencies while controlling the spindle velocity of

the tool based on the dominant audible frequency. The performance of the controller is

validated using a representative test rig and demonstrated using a robotic arm to

machine thin Ni-Cr-Co alloy cantilever beams with a miniature air-driven grinding tool.

5.1 Background

Conventionally, whenever possible, in-situ repair work on industrial installations such

as gas turbine engines has been performed manually by use of specialist tooling with
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Figure 5.2: An example of in-situ repair of high-value equipment using robots with limited
sensing capabilities to access difficult-to-reach components.

cutting, grinding and polishing end effectors to name a few. Due to this operational

complexity there is growing interest in automating these repair interventions by using

robotic instruments. As mentioned in previous chapters, chellenges in accessibility result

in maintenance instruments that are long and slender [16, 45] which in turn limit the

possibility to embed sensing systems (e.g. force or tactile) to support accurate reach

of the target workspace. Thus, to ensure quality of the in-situ interventions, the probes

must be equipped with miniaturised sensing systems, or assisted by remote sensors placed

some distance away and using propagated signals (e.g. acoustic emission, light, sound) to

optimise and control the in-situ intervention.

This work explores the use of high-speed, low-torque, air-driven grinding tools for

material removal in confined spaces. The nature of the tool results in low contact forces

and low material removal rates. For closed-loop force control to be achieved, the feedback

method must be sensitive enough for this application.

As seen in the literature reviewed in Section 2.4.3, a number of approaches have

previously been used to monitor machining properties using propagated signals. While

airborne sound signals are more susceptible to distortion and noise, sensors that can be

placed some distance away from the machining operation are more suitable for the in-situ
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repair application. The objective of this work is to identify a method for closed loop force

control that is applicable to sensorless robots and useful for repair of difficult-to-access

industrial assets.

In this context, a robotic tool equipped with a method for online process monitoring

using sound signals derived from the machining operation can be highly efficient for closed

loop control of different operations (e.g. grinding, milling) in inaccessible and especially

in blind workspaces. With such facilities in place, automated in-situ repair applications

could be performed with precision and reliability.

5.2 Characterisation of sound features for force

control

The predominant audible sound features that arise from a machining operation such as

grinding can be predicted based on an understanding of the core phenomena. A method is

described here to obtain and analyse the sound features and demonstrate that the sound

emissions of a given system can be used for closed loop force control of a robot for in-situ

grinding within remote spaces and without the need for additional sensing.

5.2.1 Description of audible sound emissions during grinding

The airborne sound generated during grinding using miniature air-driven tools is expected

to come primarily from the following sources:

1. The sounds caused by periodic impacts between the abrasive elements or grits of the

tool and the workpiece. The frequency of these contacts is dictated by the size and

spatial distribution of the abrasive grains, the diameter, and the speed of rotation

of the tool S. Common grinding tools operate at over 20sm/s (surface metres per

second) [169] and have small (< 1mm) grains that are randomly distributed resulting

in ultrasonic white noise. Wear of the grinding burr influences the distribution of

grits and affects this sound feature.

135



2. The sounds associated with the rotating turbine of the air-driven spindle and

grinding tool. Cyclical events related to whole rotations of the tool such air

passing turbine blades and oscillations of the grinding tool contribute to sound

with a frequency that matches the speed of rotation. This can be verified using

non-contact instruments such as laser tachometers.

3. The natural frequencies of the workpiece. The mechanical action of the grinding

tool could excite the workpiece at its natural frequencies and it is possible to predict

the resulting sound emissions using finite element analysis. This information can be

supported with measurements acquired through impact testing and laser vibrometry

equipments. Higher cutting forces result in more energy being transferred to the

workpiece in the form of vibration.

4. The noise generated by the exhaust air from the air-driven spindle. The sound

produced by the venting air is determined by the diameter and pressure drop across

the exhaust holes. The range of noise frequencies produced by this exhaust air

depends on the speed of rotation of the turbine [170].

5. The noise arising from echoes and interference with the surroundings. Complex

industrial installations (such as gas turbine engines) present geometries that can

reflect and distort sound, and thus could affect the power and direction of the signals.

However, due to the high geometrical variety of workspaces where the robotic system

for in-situ grinding can operate, interference effects are only be discussed in relation

to the observations during closed loop testing.

It is documented [171] that air-driven high-speed spindles (such as those used in this

work) have near-linear torque-speed relations. When employed with grinding tools, an

increase in the forces associated with chip formation, ploughing of material, and friction

between tool and workpiece [172] leads to a decrease in spindle velocity. Although the

tangential and radial forces (FT and FR in Figure 5.3) also depend on factors such as

workpiece material, feed speed vf , depth of cut h, grit size and type of abrasive grains

[169], the behaviour of a particular air spindle, tool and workpiece combination can be
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Figure 5.3: Representation of a small grinding tool driven by a miniature air-driven spindle
and the forces, velocities and displacements of the tool relative to workpiece surface.

obtained experimentally. Hence, by identifying, tracking and controlling the sound

frequency associated with spindle rotation speed (item two on the list above), it is

possible to control grinding force in closed loop.

A theoretical torque/speed line can be obtained from the stalling torque τs and the

idle spindle velocity Sidle of the turbine tool using Equation 5.1.

τ = τs −
τs ∗ S
Sidle

(5.1)

The ratio of tangential force to radial force, µ = FT/FR, changes depending on the level of

engagement of the abrasive tool with the workpiece material. An increase in engagement

coefficient leads to an increase of the tangential force observed for a given radial force,

shown in Figure 5.4 as a change in FR/S. This engagement coefficient can change as

a result of increasing feed speed vf at a given radial force FR. Furthermore, tool wear

and the resulting reduction in grit efficacy can also change the engagement coefficient,

although quantifying this change is outside the scope of this work.

Given that the spindle speed can be measured by analysing the dominant sound

frequencies (those associated with cyclical events), knowledge of the real torque-speed

line can be used to indirectly estimate the radial force relative to a reference value and

hence to enable closed loop force control of the grinding process.
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Figure 5.4: Theoretical dependence radial force v. spindle speed for an air turbine tool
of radius r with engagement coefficient µ.

5.2.2 Acquisition of calibration data

Before implementing this approach on a robotic system for automatic grinding, a

calibration test rig consisting of a grinding tool mounted on a pivoting arm with

variable offset mass (Figure 5.5) was designed to obtain the sound signals associated

with different levels of radial force FR. The offset mass ranges from 0g to 135g with 45g

increments, giving a range of radial contact forces of 0N to 1.32N . The mass is isolated

from the vibrations of the machining process by a spring-damper consisting of a wire

rope isolator and a tension spring. An adjustable counterweight (mounted on a threaded

rod on the opposite side of the fulcrum to the variable offset mass) is used to level the

tool for a radial force close to 0 N when unloaded. When the air spindle is operating,

the offset mass of the weights forces the grinding tool into the workpice with a force

equal to the weights added, creating an indentation. In addition to the radial cutting

force, the position of the contact along the length of the workpiece can also be adjusted

and was randomised during the tests to nullify any effect of location of contact on the

results. A summary of the equipment used in this chapter can be found in Appendix A.

A miniature air-driven spindle (Presto Aqua Lux NSK-Nakanishi) with a maximum

idle (unloaded) speed of 350kRPM (S = 5833Hz) and a stalling torque of τs = 1.22mNm
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Figure 5.5: Test rig for monitoring audible sound signals during grinding at different
radial force intervals. Variable offset mass was used to control the radial force. Two
microphones were used to capture the sound and pressure gradient in the direction of
propagation from the tool. A 3-axis load cell captured the calibration force data.

[171] was used to grind workpieces (100mm x 30mm x 1.6mm) made of Nickel-Chromium-

Cobalt alloy. The workpiece was attached from one end as a cantilever such that the

natural frequencies of the beam could be calculated and verified with ease. A new 1.6mm

diameter 118µm grit electroplated diamond grinding tool (Edenta AG) was fitted to the

spindle for each of the tests to nullify any effect of tool wear on the results.

A modal response analysis of the cantilever beams (modelled in conjunction with the

dynamometer and constrained rigidly by the four attachment screws) was carried out

using PTC Creo Simulate software and the results were experimentally validated using a

tap testing apparatus (with the cantilever secured rigidly with four attachment screws to

a steel block held tightly in a clamp), the results of which can be seen in Figure 5.6. FEA

and tap test natural frequencies matched to within 7.5%.

The workpieces were mounted on a 3-axis dynamometer (9317B Kistler) with a

sensitivity of 25.71 pC/N in X an 25.48 pC/N in Y to measure the cutting forces FR

and FT respectively during calibration grinding tests. The force sensor consists of three

orthogonal piezo elements that yield an electric charge which is proportional to the
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Figure 5.6: Tap test frequency response of cantilever beams and corresponding modes
of vibration as simulated in Creo Simulate software. Vertical axis shows the ratio of
workpiece acceleration to hammer force input (inertance or accelerance).

force. The three axes are not configured to measure torsion, but the high rigidity and

high maximum moments (5Nm about z axis) allow the sensor to accurately measure

forces acting on the cantilever beam some distance from the sensor axis. The

dynamometer was used with its low-range settings (±60N in X and Y ). A Kistler

multichannel charge amplifier (Type 5017), with an effective resolution for this sensor of

0.39mN, was used throughout this work. The maximum drift for the charge amplifier is

0.03pC/s, or 0.0012N/s and a time constant of 10, 000s was used. Preliminary trials

with this setup showed a background noise standard deviation of 1.95mN and an

average signal-to-noise ratio during grinding of 32.2 dB.

Two 40PH CPP free-field array microphones with 12AL CPP pre-amplifiers

(G.R.A.S. Sound & Vibration), with operating frequency range between 10Hz and

20kHz (frequencies above and below these values are outside the frequency response of

the microphone and will not interfere with measurements or be detectable), were

positioned 400 mm from the spindle. This distance was chosen to limit free-field
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spherical propagation loss and remain realistic for an in-situ repair operation. Two

microphones were used with a 10 mm gap between them to obtain the pressure gradient

between two points for the intensity calculation. Sound signals were acquired for 0.1

seconds at 50kHz using an EMP373 portable computer (ACME) equipped with a

PCI-6229 IO board (16 bit, 250kS/s) and a BNC-2110 BNC breakout board (National

Instruments).

Tests were repeated eighteen times for every level of radial force in a random order as

shown in Table 5.1.

Table 5.1: Description of calibration experiment trials.

Factor No. of Levels Description of Levels

Radial cutting force 4 ≈ 0N

0.4N

0.8N

1.2N

Position of contact 3 Three points along the

workpiece 30mm apart

Repetitions 6

For every trial, the air spindle was started away from the workpiece to allow it to

reach idle speed and placed to rest against the workpiece with no transverse movement.

Sample signals were collected two seconds after the tool contact with the workpiece to

ensure that any vibration of the offset mass had been attenuated by the damper. With

the charge amplifier settings used, there was no noticeable drift or loss of force signal

fidelity.

5.2.3 Acoustic sensor calibration

After collecting sound samples from multiple grinding indentations, the following

methodology was followed to extract useful sound features for force control.
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Dominant audible frequency

The power spectral density (PSD) of the sound in V 2/Hz was calculated to detect the

frequencies associated with the sources described in Section 5.2.1. It was observed that,

generally, the audible frequency with the highest magnitude is associated with the

rotation of the spindle (as seen in the example shown in Figure 5.7). Other peaks are

associated with the resonant frequencies of the workpiece and the sound of exhaust air.

To capture those frequencies related to spindle rotation (for closed loop control), a

Butterworth highpass filter was implemented in software to remove frequencies lower

than 500Hz, as they can be ignored as background noise. Force was acquired from the

dynamometer in the FR direction to be correlated to the sound monitored spindle speed.

Figure 5.7: Power spectral density plot at audible frequency S for a typical sample with
electroplated diamond grinding tool.

The plot of radial force against spindle speed (Figure 5.8) shows that the slowing of

the tool rotation at increased radial force can be measured using sound features (PSD

peaks). The increased variance (horizontal error bars show one standard deviation) at

high radial forces can be attributed to the sound arising from the natural frequencies of

the vibrating workpiece overpowering the sound of the rotating spindle, making it difficult

to track the spindle speed.

The change in engagement coefficient from µ = 0.25 to µ = 0.9 observed in Figure 5.8

is attributed to a substantial rise in tangential force due to an increase in depth of cut
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Figure 5.8: Measured radial force FR vs. spindle speed S (dominant audible frequency).
Dotted lines show engagement coefficient µ during sliding friction (µ = 0.25) and after
the tool’s abrasive grains engage the workpiece (µ = 0.90).

and in energy transferred to the workpiece during ploughing [169]. The measurements

are also consistent with the observations made by [172].

It is expected that tool wear will influence the engagement coefficient during operation.

The rate at which this happens is explored in the closed loop control section. While tool

wear does have an effect on the relation between audible features and contact force, the

machining task under investigation is small (approximately 10% to 20% of the tool life)

and the contact is light enough (usually less than 50% of stall forces) that electroplated

diamond burrs do not experience any significant abrasive wear. The effect of wear may

become important and require compensation for operations requiring more prolonged or

aggressive grinding; however, when addressing in-situ repairs of industrial assets priority

will often be given to replacing inexpensive tools for optimal performance.

Sound intensity

Sound intensity is associated to the energy carried by acoustic waves as they cross an area

of interest and it can be calculated by measuring the pressure gradient between two points

along direction x perpendicular to this area [173]. Hence, the sound intensity between
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points a and b along x can be expressed as:

I = 10 log10

(
Pa+Pb
2ρ∆x

∫
(Pa − Pb) dt
I0

)
(5.2)

where ∆x is the distance between points a and b, Pa and Pb are the pressure levels at

a and b respectively and ρ is the air density. The conventional reference intensity value

of I0 = 1pW/m2 is used in this study for intensity calculations [173]. The distance

between the two microphones ∆x was set to 10mm, as it must be smaller than the

shortest wavelength expected (approx. 17mm). Points a and b point in the direction of

the workpiece as shown in Figure 5.5.

Figure 5.9: Sound intensity level I vs. measured radial force FR. Sound intensity increases
with force, variance between tests is high.

The overall sound intensity level was found to increase with radial force at a rate of

approx. 6.5dB/N, as shown in Figure 5.9 where each marker represents eighteen data

points. This rise in sound intensity can be attributed to an increase in energy transferred

to vibration of the workpiece, vibration of the tool and to exhaust air at higher pressures.

Although the baseline intensity varied between trials it was observed that, when the

grinding tool decelerated enough to match a workpiece natural frequency, the measured

sound intensity increased by 5 to 10dB. This can be seen to some extent in the variance of

the measurements shown in Figure 5.9, particularly at 0.82N where the tool approached
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a resonant frequency of 3.65kHz. Hence, despite being too variable for closed loop force

control, intensity measurement can be used to identify and quantify workpiece resonance.

Other sound features

Other sound features were tested for correlation with machining forces, albeit with less

success than those mentioned in previous subsections. Sound intensity level at workpiece

natural frequencies and direct measurement of signal amplitude were investigated as

options for machining force feedback.

It has been mentioned that a rise in sound intensity can be attributed to an increase

in energy transferred to vibration of the workpiece. It was therefore expected that sound

signals filtered around beam natural frequencies and analysed for pressure gradient and

intensity may show stronger correlation to machining force than overall airborne power.

This theory was tested at four natural frequencies (identified using FEA and verified using

tap tests as shown in Figure 5.6).

Figure 5.10: Sound intensity level vs. measured radial force for discrete frequencies.
Correlation is weaker at low forces.

A 300Hz wide bandpass filter centred around each of the four selected natural

frequencies (200Hz, 1360Hz, 3550Hz and 7450Hz) was applied to the sound samples of
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each trial. The resulting signal pairs were then used to calculate intensity level using

Equation 5.2. The resulting trends (shown in Figure 5.10) suggest that, while there is

clear correlation between contact force and intensity at some frequencies, variability in

energy transfer (probably due to resonance) results in different points of inflection and

peaks for each natural mode of vibration. The effect is that none of the individual

signals provides adequate signal-to-noise ratio for the entire range of forces.

A similar test was carried out using raw signal amplitude instead of intensity, with

the advantage of requiring only one microphone. The root mean square of the normalised

signal was calculated using the expression

VRMS =

√∑n
i=1 (Vi − Vmean)2

n
(5.3)

where n is the number of discrete voltage values in one sample (in this case 50000) and

Vmean is the average voltage for the duration of the sample.

Figure 5.11: Sound signal RMS voltage vs. measured radial force for discrete frequencies.

The resulting trends (shown in Figure 5.11) are similar to the intensity values,

although with marginal improvement in signal-to-noise ratio. The improvement is

attributed to lower susceptibility to filter damping. The damping effect of filters on
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sound signals is magnified by the use of dual-microphone pressure gradients in the

intensity calculation. The use of single microphone methods also leaves the method

susceptible to environmental noise coming from any direction.

Another disadvantage of using energy (from sound intensity or RMS voltage) at

specific workpiece natural frequencies as a force signal is the added calibration

requirements. Reliance on such signals would mean a requirement to identify the natural

frequency of every workpiece before a repair. While it may be possible to calculate these

using finite element analysis for known components, unknown features or damaged

features would require physical testing. When operating in confined spaces it is unlikely

to be possible to carry out the necessary frequency response tests.

It is clear that the most suitable signals are dominant frequency (from power spectral

density) and overall energy from intensity of sound. The dominant sound frequency can

therefore be used to predict radial force, while the sound intensity can be used to detect

when workpiece natural frequency vibrations may overpower the sound of the spindle

rotating. Together, these sound features can be used as robust feedback for a novel closed

loop force controller as discussed in the following section.

5.3 Closed loop force control using sound features

Early trials using only the dominant frequency (spindle speed) as a controller input

resulted in inevitable loss of control at moderate forces due to more energetic workpiece

vibration frequencies overpowering the spindle velocity. The outcome varied randomly

between driving the spindle into the workpiece (causing a stall) or retracting the spindle

fully away from the workpiece. Subsequent improvements led to the control strategy

outlined in this section.

To use sound features for closed loop force control, the controller must be calibrated

using ambient noise and the sound of the spindle running at idle (unloaded) speed. The

controller can then be tuned to achieve the desired behaviour.
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Figure 5.12: Proposed closed loop control of radial grinding force with single actuator
using audible sound features as feedback. WD(I), KP (I) and WB(I) determine the effect
of intensity on deadband width, proportional gain and bandpass filter width respectively.

5.3.1 Controller calibration methodology

To calibrate the controller a measurement of sound with the spindle running unloaded

was taken to identify the dominant frequency (idle spindle speed) from the power spectral

density. This idle spindle speed is used as a reference value for the case FR = 0N. The data

was then analysed to obtain the idle sound intensity using Equation 5.2. The idle intensity

gives an indication of the total energy coming from the grinding process as well as the

distance between the microphones and the source. Small variations in this distance during

operation do not affect the performance of the controller after calibration, as the intensity

is expected to fluctuate naturally. However, if the distance between the workpiece and the

microphones is expected to change significantly during operation (such as when machining

a large feature), the propagation intensity losses associated with distance must be taken

into account. In the work undertaken here, the small variations in machining distance

during operation do not change intensity enough to affect the controller.

A bandpass filter centred around the highest peak of the PSD of the signal is then

implemented. The value of frequency at the centre of the filter varies on each iteration of

the controller, such that when applied to subsequent measurements, the filter tracks the

frequency associated with spindle speed S as it slows down or speeds up, provided that

the changes are gradual enough to remain within the filter bandwidth.
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5.3.2 Closed loop controller design

The proposed control architecture is a proportional controller with variable deadband

width and variable gain (Figure 5.12). The controller inputs are the target force and

the calibration constants for idle spindle speed and idle sound intensity. The difference

between the desired spindle speed (the setpoint) and the measured S is multiplied by

a proportional gain to obtain a value to drive the plant actuator (e.g. an analogue

voltage signal). The actuator affects the radial force between the air-driven tool and the

workpiece, changing the sound of the grinding process. The data acquisition and control

equipment captures and processes the signals from the microphones to obtain values

of frequency and intensity for the following control loop. The microphones’ response

frequency is 20 kHz (with a drop of 10dB by 25kHz), and sound is sampled at 50 kHz.

Due to the length of the captured signal on each iteration (0.1s to allow enough data for

PSD and filters robustness), the effective frequency of the control loop is 10Hz. Hence,

the response of the force controller to perturbations is attenuated at frequencies higher

than approximately 5 Hz.

Target Frequency

It was assumed that the engagement coefficients during light contact (µ1 = 0.25) and

grinding (µ2 = 0.9) remain constant (negligible tool wear and feed speed) regardless

of the idle velocity of the tool. In circumstances where tool wear is significant µ2 can

be defined as a variable that changes with time, ground distance and material removed

according to further calibration experiments. The gradual transition between the two

slopes occurs at radial force Feng and can be approximated using a smooth interpolation

function of the form

fint =
1 + tanh (k (FR − Feng))

2
(5.4)

where k ∈ IR and determines how gradual or abrupt the transition is.

Interpolating the two engagement coefficient lines gives an equation of best fit (5.5)

that can be used to identify the target spindle speed S based on a desired radial force FR,

and to be used as a setpoint during closed loop control (Figure 5.12).

149



S = Sidle

((
1− r

τs
FRµ1

)
+

1 + tanh (k (FR − Feng))
2

(
r

τs
(FR (µ1 − µ2) + Feng (µ2 − µ1))

))
(5.5)

A value of 4 was chosen for k to achieve the smooth transition seen in Figure 5.8.

Variable Deadband

A deadband with variable width is introduced to make the controller capable of ignoring

variations in frequency resulting from small disturbances in force during machining

without excessively lowering the proportional gain. Here, an increase in sound intensity

indicates that the workpiece is vibrating with more energy at its natural frequencies. If

the spindle velocity approaches an overpowered natural frequency, the controller will

mistake the natural frequency for a change in tool speed and take undesired corrective

action. The effect of this natural frequency can be minimised by making the width of

the deadband WD a function of sound intensity I and idle intensity Iidle. Therefore, the

input error to the proportional controller (see Figure 5.12) can be expressed as:

ED =


E + WD(I)

2
for E < −WD(I)

2

0 for −WD(I)
2
≤ E ≤ WD(I)

2

E − WD(I)
2

for WD(I)
2

< E

(5.6)

where E is the difference between the setpoint frequency and the measured frequency;

ED is the error used for proportional control. The deadband width WD(I) has upper and

lower saturation limits σHD and σLD respectively and is given by:

WD(I) = sat [(I − Iidle) ∗KD]σHDσLD
(5.7)

where sat[x]HL = max(L, min(H, x)). The values of deadband gain KD and other constants

are shown in Table 5.2.
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Table 5.2: Control constants used in closed loop controller tests.

KD 35 KP 0.14 KB 45

σHD 150 σHP 0.6 σHB 250

σLD 75 σLP 0.1 σLB 100

Proportional Controller

Similar to the deadband, the proportional gain constant KP is tuned to lower the

proportional gain of the controller when the intensity of sound exceeds a given threshold

above idle intensity, preventing large inputs by the actuator when faced with resonant

interference. Hence, the effective control signal or voltage from the proportional

controller VP is given by:

VP = ED ∗ sat [(σHP + σLP )− (I − Iidle) ∗KP ]σHPσLP
(5.8)

where σHP and σLP are the upper and lower bounds of the proportional gain and sat[] is

the saturation function. The ouputs of the controller are a direction signal and pulse width

modulation signal to the actuator H-bridge. A proportional controller was chosen over a

PI, PD or PID controller due to the relatively high latency caused by the acquisition of

sound signals. The introduction of integral or derivative terms was not found to improve

stability in this case (see future work). However, if the actuation used position control

rather than velocity control, an integral term would be essential for force tracking.

Plant

The output voltage/signal from the control hardware drives an actuator (shown in

Figure 5.13) that moves the tool towards or away from the workpiece, changing the

radial force acting on the tool and hence the depth of cut. The plant is the physical

system and can be described as a number of processes in series including backlash,

actuator response time, robot kinematics, tool torque/speed characteristics and airborne

signal time delays and losses (Figure 5.12).
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Data Acquisition and Signal Processing

Every 0.1 seconds, the signal from the two microphones (sampled at 50kHz) is analysed

to obtain the intensity of sound coming from the workpiece (Equation 5.2). A

Butterworth bandpass filter centred around the dominant frequency calculated on the

previous measurement Sz−1 ignores any sound that is not related to the spindle rotation,

and provided this speed has not changed dramatically since the previous measurement,

the highest PSD of the filtered signal gives the dominant frequency of the current

measurement Sz. Like the variable deadband and proportional controller, a bandwidth

function, WB(I), controls the width of the bandpass filter used to isolate the spindle

speed frequency from background noise. When the energy of the workpiece vibration

rises due to resonance or changes in background noise, the bandwidth narrows to further

isolate the signal from the noise. The bandwidth function, WB(I), can be defined as:

WB = sat [(σHB + σLB)− (I − Iidle) ∗KB]σHBσLB
(5.9)

where σHB and σLB are the upper and lower limits of the filter width, the values of which

are shown in Table 5.2.

In summary, the microphones listen to the process and a bandpass filter isolates the

frequency associated with the rotation of the spindle. On each control cycle, the bandpass

filter moves to centre around the highest power frequency, effectively tracking the spindle

speed. As the tool slows down and excites workpiece natural frequencies, sound intensity

increases and the controller reacts by pre-emptively increasing the deadband, lowering the

proportional gain and narrowing the bandwidth of the filter, reducing the risk of a natural

frequency being mistaken for the spindle rotation. The spindle velocity is controlled in

closed loop to achieve the desired radial force.

5.3.3 Experimental validation of the controller

The controller design described in Section 5.3.2 was implemented on LabVIEW 2014

software at a rate of 10Hz using the control constants outlined in Table 5.2. The EMP373
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portable computer equipped with a PCI-6229 IO board (described in previous sections)

was used to gather data and send control signals to the actuators. The operation of the

controller was verified using a test rig (Figure 5.13) and demonstrated using a robotic

arm in an environment resembling a complex industrial enclosure.

Controller performance tests

Figure 5.13: Test setup for controller validation. Microphones are separated from the
source of the sound by a number of obstruction and reflection surfaces during some tests.

The performance of the controller was initially validated using the cantilever test

rig to measure the radial force and material removal rate of the grinding tool with and

without closed loop force control. For each trial the tool contacted the workpiece for 60

seconds, the contact forces were measured with the 9317B dynamometer and the volume

of removed material was calculated by measuring the size of the indentation using a

VHX-100 digital microscope (Keyence Corporation) as shown in Figure 5.14.

The trials at constant radial force were carried out using the offset mass test rig

(Figure 5.5) at six radial force intervals from 0.22 to 1.32N (increments of 0.22N). The

offset mass was then replaced with a L12-50-100-12-P DC geared linear actuator

(Actuonix Motion Devices) for the tests with closed loop force control (Figure 5.13) at

four radial force targets from 0.3 to 1.2N (increments of 0.3N). When the air spindle is

operating, the linear actuator forces the grinding tool into the workpiece creating an
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Figure 5.14: Material removal rate experiment sample for EPD tool at constant
radial force force of 1.32N taken with Keyence VHX-100 digital microscope at 175X
magnification.

indentation. The closed loop force control trials were conducted first with direct line of

sight (no obstructions) between the microphone and the workpiece. Finally, the same

experiments were completed with reflection and obstruction surfaces resembling the

stator and rotor blades of an aeroengine shown in Figure 5.13, to determine whether

such obstacles affect the controller. All tests were repeated nine times.

Figure 5.15: Closed loop radial force controller performance for 72 cutting trials, each
lasting 60 seconds. Top sub-plot shows unobstructed closed loop (UCL) trials, bottom
sub-plot shows obstructed closed loop (OCL) trials. Markers indicate mean force error
for a given trial. Bars indicate standard deviation.
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Table 5.3: Standard deviation values for obstructed and unobstructed closed loop control
tests.

Setpoint Unobstructed Obstructed
(N) st. dev. st. dev.
0.3 0.029 0.030
0.6 0.041 0.044
0.9 0.045 0.045
1.2 0.077 0.066

Figure 5.15 shows the radial force deviations observed during closed-loop control at

each target force. Deviations were calculated by comparing the mean force during each

trial to the desired force. Bars on the plot shows the standard deviation for each setpoint,

also shown in Table 5.3. The results show that the controller achieves effective tracking,

with the worst performance characterised by a precision (standard deviation) of 0.08N

(unobstructed 1.2N) and a trueness (average mean error) of 0.02N (unobstructed 0.9N).

Hence, the sensor is said to have an accuracy of 0.08N .

Figure 5.16: Material removal rates at known radial forces and using airborne sound
features for closed loop radial force control. Tool was found to stall at forces greater than
1.0N .

The material removal rates achieved by the acoustic closed loop force controller

(Figure 5.16) also align closely with the rates measured at known radial forces. This

demonstrates that the closed loop control of spindle velocity using sound features
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provides an accurate way of controlling radial force during grinding. No substantial

difference was observed between obstructed and unobstructed trials.

A stall risk zone of the air driven spindle was defined at radial forces greater than

1.0N. Contact force was found to oscillate significantly within the stall risk zone, often

resulting in loss of power and void results. Despite this, the mean force of successful

trials closely approaches the desired force, suggesting that regardless of the variance in

frequency during calibration (attributed to oscillations in the offset mass setup), the

calculated engagement coefficient closely describes the real system.

Figure 5.17: Tool wear experiment results show radial force tracking works effectively
until control is lost at excessive wear levels. Inset figures show worn abrasive grains in
area of contact.

To evaluate the susceptibility of the proposed controller to tool wear, the cantilever

test rig (Figure 5.13) was used to indent a workpiece at constant force using acoustic

feedback force control for a long period of time. The contact force was set to 0.4 N and

the burr was left in contact with the workpiece until a change in behaviour was observed.

Contact was concentrated to a 1.6mm portion of the tool to accelerate wear (ordinarily

the entire length of the burr would be used). The results shown in Figure 5.17 indicate

that force tracking remains effective far beyond the expected duration of in-situ tasks,

with tool wear that far exceeds the threshold at which burrs would ordinarily be replaced.
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After 30 minutes of continuous machining the controller was unable to track the frequency

and started to overshoot widely, likely due to the reduced engagement coefficient.

Radial force was found to creep up (by approximately 10% over 30 minutes) during

the long-duration trials (Figure 5.17) This rise in contact force can be attributed to a

lower engagement coefficient resulting from worn abrasive grits. While quantifying the

influence of wear on the engagement coefficient is outside the scope of this work, it is

important to understand the limitations of the proposed controller for applications that

require prolonged in-situ machining with worn tools.

Machining demonstration

Figure 5.18: Demonstration setup for closed loop force control using sound features. 5-
axis robot arm was used to control the feed speed uf along a cantilever beam and a linear
actuator was used to control the tool radial force FR.

To validate the controller in a more realistic application, the grinding tool and L12-

50-100-12-P DC geared linear actuator were attached to the end effector of a R12-5

5-degree-of-freedom robotic arm (ST Robotics; Figure 5.18). The robot arm was used to

feed the tool back and forth, creating 90◦ cuts on the edge of three different workpieces

(100mmx30mmx1.6mm) made from Nickel-Chromium-Cobalt alloy (Figure 5.19).

� A workpiece with a straight edge (Figure 5.19a)
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Figure 5.19: Demonstration results: A straight (a), concave (b) and convex (c) target
workpiece geometry machined using a 5-DoF robot to feed the spindle and tool back and
forth 50 times, and using audible sound features for closed loop force control. Red area
shows removed material. Standard deviation of depth calculated from 10 samples taken
at 1mm intervals.

� A workpiece with a concave indentation previously ground by hand (Figure 5.19b)

� A workpiece with a convex protrusion previously ground by hand (Figure 5.19c)

The irregular workpiece surfaces were used to test the ability of the sound force controller

to adjust the radial motion axis (linear actuator in Figure 5.18) and follow an unknown

path. It is important to note that the robot arm was not programmed to follow the

different paths, but rather to maintain a constant radial force, hence a constant stock of

removed material (depth of cut). Each of the tests consisted of fifty 10mm passes at a

feed rate of uf = 1mm/s along the workpiece with a target force of 0.9N, resulting in an

expected material removal rate of approximately 0.5mm3/min. Total material removed

during the test is indicated by the red colour in Figure 5.19.

The robotic arm successfully removed material along the three different unknown
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Figure 5.20: Radial force during first two passes of convex protrusion cut (going back and
forth once, hence the mirror image).

surfaces using only the sound features to control radial force. An average material removal

rate of 0.84mm3/min was measured with a standard deviation in depth of cut of 50µm

or less (Figure 5.19). The fact that the material removal rate measured exceeds the rate

obtained with the test rig (Figure 5.16) can be attributed to the smaller contact area

(and hence higher pressure) between tool and workpiece due to a non-zero feed speed.

Figure 5.20 shows filtered (lowpass, 100Hz) radial force data for the first two passes of the

convex protrusion cut. The measurements show consistent force tracking (within 0.08N),

which was maintained throughout the majority of the trial.

The objective of this study is to demonstrate the application of a force controller using

sound features with the intention that this methodology is applicable to other processes

and, most importantly, applicable to slender and compliant robots. In particular we are

referring here to an in-situ geometrical correction of a component in an industrial asset,

where the micro-aspects of surface quality (e.g. roughness) are less important. It is

possible that future work could design tools optimised for specific applications such that,

given a material, spindle speed, tool type and machining force combination, machining

quality and efficiency can be maximised (such as in the example of [174]).
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5.4 Conclusions and future work

This work shows that it is possible to use sound features to inform a controller and

operate a machining instrument with closed loop force control. An adaptive

proportional controller was designed to use inputs from both dominant frequencies and

sound intensity to achieve a steady spindle velocity and hence a near constant radial

force. The controller also uses changes in the intensity of sound to vary control

parameters such as proportional gain, deadband width and filter settings to mitigate the

risk of workpiece resonant frequencies affecting the control.

The closed loop control method described was able to closely match the calibration

radial forces and replicate the material removal rate achieved using a constant grinding

force test rig. The force controller was used to machine approx 0.44mm deep features on

thin cantilever beams with unknown edge profiles (concave, convex and straight) despite

having no position control, thus demonstrating the ability to follow edges ’blind’ using

sound for force control. The susceptibility of the controller to small disturbances and

variability in machining conditions means that the cuts produced had an uneven bottom

with a standard deviation equal to 0.05mm in depth of cut along the machining path. In

future the airborne sound force controller could be used as part of a hybrid position-force

controller to achieve optimal material removal rate as well as dimensional accuracy of the

machining operation. Tests of the effect of tool wear on controller performance indicate

that the method works appropriately for the useful life of the burrs tested, despite losses

in accuracy at high wear levels. In future work, the changes in performance could be

further quantified and added to the controller for longer duration machining tasks.

The controller was demonstrated using a 5-axis robot arm with position encoders, but

this method could be applied to operate non-conventional robots with limited position

accuracy such as continuum and soft robots. Closed loop force control of such robots would

allow for in-situ machining operations to be carried out in more inaccessible industrial

components.

While the process described in this work is the high-speed grinding of metallic

components, this methodology can be applied to other machining processes that
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produce audible sound, such as drilling, milling, polishing, sandblasting, laser ablation,

and abrasive water jetting provided that the sound can be associated with one or more

machining parameters.

Future work: The versatility and performance of this controller could be improved

by continuously processing the sound signals, such as by using a field programmable gate

array (FPGA) for intensity and power spectral density calculations. This would allow

the control loop to operate with lower latency and therefore at higher frequencies. This

would in turn allow for more complex control structures such as PID to tune the response

of the controller to perturbations in machining forces.

The controller could also be made more robust by introducing a cascade controller

with an inner velocity control loop for the actuator, ensuring more predictable response

and better control authority. Additionally, extra microphones could be used for noise

cancellation to allow such a force control strategy to be used in noisy industrial settings.

Finally, it is possible to optimise the resulting surface characteristics for particular

workpiece and tool combinations. This would achieve improved surface quality, material

removal rate and tool life while employing air spindle speed-based force control. This will

require modelling the behaviour of the tool at different stages of tool wear. Such work

could result in quality consistent with the high standards associated with the aerospace

and energy industries.
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Chapter 6

Simultaneous position and force

control of a slender and compliant

in-situ machining robot

This thesis has introduced two novel methods of feedback control: a method for position

control using tubular ionic liquid stretch sensor feedback and a method for force control

using airborne sound features feedback. This chapter covers the implementation and

demonstration of a simultaneous position-force control scheme using the novel sensors

described in previous chapters. The objective of this chapter is to demonstrate the

compatibility of the two methods and the ability to deliver a solution for accurate

positioning for in-situ repair using low-cost sensors and existing hybrid control hierarchy

structures.

6.1 Background

Simultaneous position and force control is essential for in-situ machining robots, as

precise contact with their immediate environment is required during operation. Position

control alone risks damage to the robot, cutting/abrasive tool, or workpiece by collision

or over-exertion if a nearby object constrains its motion. Force control alone leaves the

robot without a reference coordinate system and hence unable to achieve particularly
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useful machining tasks. Precise interactions with nearby objects requires a combination

of control strategies which, in the case of slender and compliant in-situ machining

robots, are guided by Tubular Ionic Liquid Stretch Sensors (TILSS) and airborne

acoustic emissions.

A popular method of simultaneous control is to create two parallel independent

control loops, each with their own inputs and outputs. As mentioned in Chapter 2

problems often arise when the output of one loop becomes a disturbance in another

loop, as this can result in difficult or even impossible tuning. In contact force control

there are always process interactions that induce relations between the control loops. In

compliant robots, movement of actuators changes the state of both variables, which

introduces strong interactions between motion and force control.

Distinct parallel control loops can influence a single plant in a stable way by assigning

predefined hierarchies to control structures in specific task directions. In [145], constrained

and unconstrained direction (defined by the geometry of the environment) are controlled

with force and position feedback respectively. This is similar to what was demonstrated in

Chapter 5 Section 5.3.3, where the machining direction was controlled with the novel force

controller and the feed translation was controlled separately by the robotic arm. However,

unlike applications that require contact or following of static surfaces, machining requires

position control in the depth direction, making this approach unsuitable without other

loop-closing strategies or position limiters.

Another approach to simultaneous control is to evaluate the current end effector

parameters and return a task specification that assigns the required weights and directions

to the different control variables. This situation awareness allows robots programmed with

hybrid position-force controllers [140, 143, 144] to transition from positioning to exerting

forces. By removing conflicting control loops and the necessary hierarchy, the force control

becomes more predictable and fine-adjustable. However, without a detailed model of the

environment it is impossible to assign task specifications, making this method unsuitable

for unpredictable environments.

Parallel control loops with strong determinative interactions can be rearranged to
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form two nested loops due to the causality of force feedback as discussed in section 2.5.1.

In practice an outer force loop with priority over the setpoint of an inner position loop

results in stable interaction. Despite the stability, this method loses position accuracy by

influencing the desired position directly from contact force.

It can be seen that despite previous advances towards practical simultaneous force

and position control of continuum robots, the solutions are limited by assumptions of

constant shape environment or well-defined model of the surroundings. Hence, a scheme

is proposed to modify the nested loops control structure to account for the nature of

in-situ machining tasks, as well as the specific sensors presented in this thesis.

6.2 In-situ machining simultaneous control scheme

A simultaneous control strategy for in-situ machining must be capable of producing

accurate features following complex 3-dimensional trajectories and applying known

contact forces during grinding. Crucially, the control method must be capable of

adapting to the changing trajectory as material is removed. While conventional

simultaneous control methods such as those mentioned in previous sections do not

satisfy these requirements, it is possible to improve the nested loops control scheme to

account for the variation in depth and achieve consistent machining of a true shape.

6.2.1 Simultaneous position and force control methodology

The proposed simultaneous control strategy combines elements from some of the

previously discussed methods from literature into a novel arrangement. The scheme

consists of an outer, constrained direction only, biased-output, proportional + integral,

airborne sound machining force sensor (ASMFS) feedback, stiffness control loop with a

threshold global interrupt and an inner, direction invariant, proportional + integral +

derivative, tubular ionic liquid stretch sensor (TILSS) feedback, position control loop.

Figure 6.1 shows the proposed strategy in schematic form. A summary of the equipment

used in this chapter can be found in Appendix A.
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Figure 6.1: Simultaneous position and force control methodology schematic for airborne
sound machining force sensor and tubular ionic liquid stretch sensor equipped continuum
robot.

Force control

The force setpoint FSP defines the target radial force for the machining operation. The

Airborne Sound Machining Force Sensor described in Chapter 5 is used to measure the

current machining force F based on the sound emissions from the grinding process. The

difference between desired and actual machining force EF is the input to the force

controller CF .

The force controller output is a position vector ∆PF to influence the position control

loop, and consists of a one-directional, biased-output, PI, sound-based controller:

� One-directional: The controller output is a vector that is radial to the grinding

tool and normal to the longest edge of the workpiece, i.e. towards or away from the

workpiece. Similar to [145], a task space separation constrains the actions of the

force controller to the relevant axis for machining.

� Biased-output: The controller output cannot be negative, as the position must

never be commanded to exceed the desired position towards the workpiece, i.e. to

remove more material than desired. Any proportional or integral contribution that

would result in a negative output is ignored and saturated to zero.
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� Proportional + Integral: The controller output is proportional to the machining

force error and proportional to the cumulative machining force error. The integral

term can act in both positive and negative directions provided the output does not

drop below zero. As mentioned in Section 5.3.2, the integral term ensures tracking

stability for a position-controlled actuator.

� ASMFS: Airborne sound machining force sensor. As discussed in Chapter 5, the

controller uses sound frequency to estimate machining force and sound intensity to

mitigate the negative effects of resonance with workpiece natural frequencies.

Hence, the proposed force controller transfer function is given by:

CF (s) = sat

[
ζ

‖ζ‖
+KP +

KI

s

]∞
0

(6.1)

where ζ is the cross product of the end effector and workpiece edge vectors, such that

positive is away from the workpiece. The integral term is also saturated to zero to prevent

it from reaching large negative values while the tool is idle or at low forces.

The effect of this strategy is a “compression only” stiffness control behaviour where

the output is spring compression or position setpoint correction.

Position control

The position setpoint PSP defines the target position in Cartesian coordinates for each

control cycle. The machining path consists of a sequence of target positions that are

reachable by the continuum robot end effector and that define the outline of the finished

machined cut. The output of the force controller ∆PF is used to correct the setpoint to

achieve the desired force. The Tubular Ionic Liquid Stretch Sensors described in Chapter 4

are used to measure the current continuum robot segment positions P based on the

curvature of the backbone elements. The difference between desired and actual position

EP is the input to the position controller CP .

The position controller output is a series of frequency and direction commands UP

for the robot’s linear stepper motors, and consists of a position invariant, PID, curvature-
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based controller:

� Position invariant: The position controller behaves the same anywhere in the

working envelope. Hence, the machining path can be positioned anywhere in the

reach of the end effector with no loss in functionality of the simultaneous controller.

The pseudo-inverse Jacobian method for inverse kinematics described in Chapter 3

was used to convert the Cartesian coordinates into distal and proximal X and Y

angles.

� Proportional + Integral + Derivative: As described in Chapter 4, a PID

controller can be tuned for each of the four sensors to achieve desirable position

tracking to within 2.3% of total continuum length. The position controller should

be overdamped to prevent any overshoot into the workpiece which could lead to

instability with the force controller.

� TILSS: The position loop uses tubular ionic liquid stretch sensors to directly

measure the continuum robot outer surfaces strain and calculate curvature and

end effector position using forward kinematics as described in Chapter 3.

Hence, the proposed force controller transfer function is given by:

CP (s) = KP +
KI

s
+KDs (6.2)

The effect of this inner position loop is accurate end effector positioning and a moderately

dampened response to the stiffness controller during machining. A single execution of the

machining path results in unobstructed movement until the tool contacts the workpiece

while attempting to reach the finished machined cut position, which engages the force

controller. The feed speed (along the unconstrained direction) continues to be determined

by the execution of the position path.

Force threshold

It is likely that for most machining tasks, more than one machining path execution is

required to remove enough material to reach the machining path, i.e. reduce the stiffness
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control position vector ∆PF to zero for the entirety of the movement. The number of

passes required to complete the cut depends on the size of the cut and the force setpoint

FSP . Therefore, a force threshold TF was introduced to monitor the force output and

determine whether the current pass was successful in following the design path.

The output from the force controller must be zero for the duration of the machining

pass to signify that no deflection was necessary to achieve the finished machined shape.

Furthermore, due to the compliant nature of in-situ continuum manipulators, small cuts

(or final passes of larger cuts) are likely to result in low machining forces that may not

reach the force setpoint FSP . Allowing machining to continue at forces below FSP ensures

accurate removal up to the specified machining path. This is analogous to spring cuts in

conventional milling and turning, where workpiece and tool elasticity provide the cutting

force and continue removing material without a commanded change in depth of cut.

Therefore, the threshold function TF commands the position controller to continue cycling

through the machining path until a specified limit force Fth is not met for the duration

of a machining pass.

Hence, for a machining path of length m discrete position setpoints numbered n, the

force threshold logic is given by:

n∑
i=n−m

MF (i)

m
≥ Fth (6.3)

where the output is either true (continue machining) or false (operation complete).

6.2.2 Control method implementation

The proposed simultaneous position and force controller was implemented using an

EMP373 portable computer (ACME) equipped with a PCI-6229 IO board (National

Instruments) and two BNC-2110 BNC breakout boards (National Instruments) for

sensor input and actuator command output (Figure 6.2). The test rig developed in

Chapter 4, Section 4.3.4 was fitted with a miniature air-driven spindle (as described in

Chapter 3) incorporated into the last vertebra of the distal section. A friction grip,
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1.8mm diameter cylindrical electroplated diamond grinding burr (118µm grit) was

attached to the spindle. The continuum arm was covered with polyamide braiding to

increase its torsional rigidity at high bend angles.

Figure 6.2: Hardware schematic and initial setup for simultaneous position and force
control implementation.

Two 40PH CPP free-field array microphones with 12AL CPP pre-amplifiers

(G.R.A.S. Sound & Vibration) were positioned approximately 400mm from the

continuum arm axis to capture the machining sound. The microphones were spaced

10mm from each other as described in Chapter 5 to measure pressure gradient for

intensity calculation.

The above control scheme was implemented using LabVIEW 2014 (National

Instruments) with the position control loop running at 60Hz and the force control loop

running at 20Hz (due to the limitations of the microphone data capture and

processing). Force effects were assumed to remain constant for every three cycles of

position control, which was not found to affect tracking significantly. Sound was

sampled at 50kHz.

Samples consisted of five 304 stainless steel rectangular plates 85mm x 40mm x 710µm

and three wooden mixing sticks of thickness 1.6mm (tested to verify the application of

the controller to soft, anisotropic materials). The samples were mounted approximately

20mm from the straight position of the continuum manipulator (Figure 6.2), with the

top edge of the workpiece aligned with the manipulator x axis. The workpiece edge was
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positioned lower than the grinding burr to necessitate bend of the proximal continuum

segment and ensure full range of motion, as well as to utilise a larger proportion of the

electroplated diamond tool surface on each machining pass. A side-view schematic of the

experiment setup is shown in Figure 6.3. To account for variations in plate width and

final position after mounting, each cut was preceded by a manual calibration movement

to define the position of the workpiece edge axis.

Figure 6.3: Simultaneous position and force control setup schematic (side view). An
adjustable fixture holds the sample at an angle close to the machining end effector of the
continuum manipulator. Two microphones measure sound and pressure gradient in the
direction of propagation from the tool.

The force behaviour of the miniature air-driven spindle was calibrated at known

contact forces using a 9317B 3-axis dynamometer (Kistler). Calibration trials consisted

of a number of manual cuts on a beam mounted on the sensor with periodic acquisition

of microphone data at various forces. The cantilever arm was removed from the test rig

described in Section 5.2.2 and shown in Figure 5.5 and the continuum manipulator end

effector was brought into contact with the workpiece and force sensor. Stall torque was

assumed to follow the turbine radius relation observed by [171] for a value of

τs = 1.15mNm. The calibration data is shown in Figure 6.4.

The idle speed for the miniature air spindle was observed to be lower than that of

the test rig used in Chapter 5, but the behaviour or the tool during grinding was almost
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Figure 6.4: Measured radial force FR vs. spindle speed S (dominant audible frequency)
for miniature air spindle calibration. Dotted lines show engagement coefficient µ during
sliding friction and after abrasive grain engagement.

unchanged, with a similar Feng, µ1 and µ2. A limit force of Fth = 0.1N was used for this

tool, with a target force of FSP = 0.6N during closed loop control.

The modified kinematics described in Table 4.6, Section 4.4.2 were implemented in

the code to achieve accurate control in the entire work envelope at the expense of cycle

speed. The PID control constants for each sensor were tuned for the lower cycle time and

overdampened requirement. Once the position loop was tuned to the desired response,

the force loop PI control constants were tuned to achieve the desired stiffness and stable

tracking.

The target trajectory was defined as a sinusoidal curve with dimensions 18mm x 3mm

as described by the equation

y = 1.5 cos

(
2π

18
x

)
− 1.5 (6.4)

where x are millimetres along the beam edge and y are cut depth. The path consisted of

2160 points equispaced along x (120 points per millimetre) and their coordinates were

transformed to the manipulator coordinate system. With the position control loop

execution rate of 60Hz, the target feed speed vf along x was 0.5mm/s. The machining
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trajectory ends with a 6mm/s straight-line traverse back to the start of the curve for a

total pass duration of 39 seconds.

Figure 6.5: Simultaneous position and force control implementation results, with duration
for each trial (hours:minutes:seconds). Red line shows desired trajectory. Samples 1-5 are
304 stainless steel; samples 6-8 are thin wood (mixing sticks).

Figure 6.5 presents the results of the eight samples machined during implementation

trials. It can be seen that the proposed simultaneous control strategy is generally

successful in following the desired shape while maintaining an adequate cutting force for

grinding. Differences in depth are largely attributed to errors during the manual

calibration movements to define edge axis position. When the manipulator is calibrated

at the edge of the workpiece, stretch sensor readings define that datum; errors in this

datum result in cut shapes that are lifted from (e.g. samples 1 and 2 in Figure 6.5) or

sunken into the workpiece (e.g. sample 5 in Figure 6.5). Although the trials were carried

out near the origin and along one axis (an area observed to behave predictably as seen

in Chapter 4, Figure 4.19) an error of 1.5% to 2.3% of manipulator length is still

expected and fully explains the cut position discrepancy.

For all of the stainless steel samples, the resulting cut was observed to be wider than
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the target dimensions by approximately 8% to 10%. This is particularly clear in samples

3 and 5, where the surface has been machined beyond the bounds of the target lines.

This is attributed to position errors arising from TILSS inaccuracies and averaged over

multiple consecutive passes.

Machined feature depth was observed to be accurate in the metal samples where it

can be measured relative to the starting depth (such as trials 3 and 5 in Figure 6.5),

measured to be 2.88mm and 2.96mm respectively. This is attributed to the large number

of passes eventually averaging out errors in position control until a pass is completed below

the threshold force Fth. Likewise, machined feature shape was observed to be accurate

despite the distortion in length, with smooth curvatures on all metal samples, likely also

due to the averaging effect of the large number of passes required.

In contrast, the soft material samples clearly highlight position control errors, whether

in depth (such as sample number 6), shape (such as sample number 7) or width. With

only one or two passes before Fth was met, there were not enough passes to correct the

errors present from TILSS noise.

Material removal rate for metal samples was measured to be 0.42mm3/min on

average (taking into account real material removed), which is 5.6 times faster than the

0.075mm3/min achieved with the same tool operating with constant depth passes in

Chapter 3. This highlights the importance of force control during grinding, as it can

accelerate material removal by optimising the interaction between abrasive tool and

workpiece. If the material removal rate can be preserved for thinner samples, the

boreblending procedure demonstrated in Chapter 3 could be completed in under ten

minutes using the method presented.

6.3 Machining demonstration using simultaneous

position and force control

Following successful implementation of the simultaneous position and force control

scheme, two demonstration experiments were devised to highlight the capabilities of the
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system in the context of in-situ repair of industrial assets. The first test demonstrates

the use of the simultaneous controller to remove a defect from a damaged edge of

unknown topology while achieving an accurate shape cut. The second test demonstrates

the use of the proposed scheme on a dented blade from the high pressure compressor

(HPC) of a Rolls-Royce Trent XWB turbofan engine.

One application of in-situ grinding instruments is to remove stress-concentrating

damage from highly loaded components to extend their lifespan beyond scheduled

engine overhauls, hence preventing unscheduled engine removals. One such repair is the

boreblending procedure described in Chapter 3, where compressor blades affected by

foreign object damage (FOD) are smoothed using grinding burrs. FOD of compressor

blades is often from impact on leading or trailing edges, resulting in bends or kinks.

The dual-segment, dual-direction continuum manipulator was set up for simultaneous

position and force control on a simulated boreblending repair. One of the 304 stainless

steel plates was cut and bent (changing the edge profile without removing material) using

manual tools to simulate FOD. The damaged edge can be seen in Figure 6.6a. The plate

edge was then aligned with the manipulator x axis as described in Section 6.2.2, a manual

calibration movement was used to locate the edge and a machining path identical to those

shown in Figure 6.5 was executed.

Figure 6.6b shows the machining progress approximately 8 minutes into the repair.

While protrusions are still present at this stage, the uniform cutting force at uniform feed

speed can be observed to result in gradual smoothing of irregular features. Figure 6.6c

shows the machining progress after approximately 24 minutes and it is clear at this point

that the irregular surface has been significantly smoothed. Beyond this point, the repair

proceeds much like an unaffected sample with irregularities eliminated by the large number

of grinding passes.

Like the unknown-topology cuts described in Section 5.3.3 (Figure 5.19), the results

from this experiment demonstrate the robustness of the proposed simultaneous controller,

with a shape and cut duration consistent with the observations on undamaged samples.

The manipulator was able to remove material at a consistent rate regardless of the changes
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Figure 6.6: Simultaneous position and force control demonstration on damaged 304
stainless steel component with unknown topology. Frames show progress at various times
(hours:minutes:seconds).

in contact direction and contact area. A plot of machining force for the duration of the

machining trial is presented in Figure 6.7, where FR points are coloured at 1 second

intervals in their approximate positions relative to the sample. Force data is based on

output from the airborne sound machining force sensor, as a load cell was not fitted in

this setup.

The plot in Figure 6.7 shows that the bulk of the material is removed at the target force

of 0.6N , however a substantial fraction is removed with spring cuts below the target force,

where the position controller is tracking the desired path. Deflections of the compliant

body of the robot (and hence small stretch sensor errors) cause real end effector position

errors that result in low contact forces and discrepancies in final cut shape.

Force tracking during bulk removal (red in Figure 6.7) was measured to be 6.02N

with a standard deviation of 0.09N .

A side effect of the robot compliance and resulting spring cuts is a longer duration

of repair. While most of the material is removed with high forces in the first 24 minutes

(Figure 6.6c), the final stages of the repair include most of the low-force passes resulting
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Figure 6.7: Radial force FR and approximate position for select points during controller
demonstration on damaged component with unknown topology. Force data is based on
airborne sound machining force sensor output.

in lower material removal rate and disproportionately long duration (Figure 6.6d). This

could be addressed by allowing the force loop to command limited negative values of

∆PF , tuned to the stiffness of the mechanical system, while raising the force threshold

Fth to an appropriately high value. However, this approach would require accurate task

space mapping (such as in [143]) to prevent runaway force dominance. The increased

susceptibility to position feedback errors would also result in undesirable overshoot and

possible oscillation and loss of control.

Figure 6.8: Experimental setup for simultaneous position and force control of a continuum
manipulator. End effector is a high-speed air-driven grinding tool, workpiece is an
aeroengine high-pressure compressor blade secured using an adjustable fixture. Further
trials aligned blade edge with manipulator x axis.
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The proposed simultaneous position and force controller was demonstrated on a

moderately dented HPC blade from a Rolls-Royce Trent XWB turbofan engine

(Figure 6.8). The blade (Figure 6.9a) is made of a high-temperature nickel superalloy

similar to INCONEL® alloy 718. Despite the material being similar to that used during

tests in Chapter 5, the geometry of the blade (and therefore its natural frequencies) is

significantly different from that of the cantilever beams used throughout this work.

However, the force control strategy is designed to be insensitive to changes in workpiece

geometry and resonance, as the intensity gains are not dependent on tool speed.

Figure 6.9: Simultaneous position and force control demonstration on lightly dented high
pressure compressor blade from Rolls-Royce Trent XWB turbofan engine. Frames show
before (a) and after (c) images of the compressor blade as well as setup during edge
calibration.

The HPC blade was mounted approximately 20mm from the straight position of the

continuum manipulator (Figure 6.9b), with the dominant direction of the curved trailing

edge of the workpiece aligned with the manipulator x axis. The blade edge was positioned

lower than the grinding burr to necessitate bending of the proximal continuum segment

and ensure full range of motion, as well as to utilise a larger proportion of the electroplated

diamond tool surface on each machining pass. A manual calibration movement was used

to locate the edge (specifically the position on the curved edge where the sinusoidal cut

starts) and a machining path identical to those shown in Figure 6.5 was executed.

Figure 6.9c shows the completed blend after 44 minutes and 40 seconds of

machining. The finished profile closely resembles the results of all previous cuts on

metallic samples. Material removal rate was measured to be 0.38mm3/min, which is

over five times faster than the 0.075mm3/min achieved with the same tool operating
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with over-cautious constant depth passes in Chapter 3. This demonstrates the

effectiveness of using airborne sound features as machining force feedback in

combination with tubular ionic liquid stretch sensors for closed loop position and force

control of complex continuum manipulators that are slender and compliant.

6.4 Conclusions and further improvements

The work presented in this chapter demonstrates the effectiveness and compatibility of

the position and force controllers described in Chapters 4 and 5. Where previous

chapters described the implementation of a position controller that uses tubular ionic

liquid stretch sensors as feedback and of a force controller that uses airborne sound

features from machining as feedback in isolation, this work shows the two schemes

working simultaneously to achieve consistent machining of accurate features.

A simultaneous position and force control methodology was introduced consisting

of an outer, constrained direction only, biased-output, proportional + integral, airborne

sound machining force sensor feedback, stiffness control loop with a threshold global

interrupt and an inner, direction invariant, proportional + integral + derivative, tubular

ionic liquid stretch sensor feedback, position control loop. The scheme uses machining

sound to calculate the cutting force and modify the position setpoint, thereby changing

the contact forces and the path of the manipulator end effector. The process is repeated

until the path can be completed without modification from the force controller and until

the contact forces fall below a threshold value meaning that the tool is only lightly in

contact with the work and the desired shape has been achieved.

The proposed simultaneous position and force controller was tested using the

dual-segment, dual-bend-direction continuum robot manipulator described in Chapter 4,

equipped with 4 tubular ionic liquid stretch sensors and the air-driven spindle grinding

tool described in Chapter 3. The microphones and signal processing hardware and

software described in Chapter 5 were positioned near the operation to measure grinding

contact force. A sinusoidal cutting path was defined and the manipulator was calibrated

to cut metallic and wooden components mounted within its working volume. The
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results show consistent finished cut dimensions and consistent material removal rate,

demonstrating accurate position and force control of a machining instrument.

The position accuracy was observed to be less than 2% of the continuum manipulator

length, a result which is consistent with the findings of Chapter 4. Force accuracy during

tracking was observed to be 0.09N , or 1.5% of the target force, a result which is also

consistent with the findings of Chapter 5. Thus it is possible to assume that the novel

simultaneous position and force control strategy presented is fully compatible with the

novel position and force feedback methods presented in this thesis.

Finally, the simultaneous position and force controller was demonstrated on more

realistic simulated samples for in-situ repair consisting of a damaged plate with irregular

topology and a dented compressor blade from a production turbofan engine. The

success of these trials highlights the robustness and versatility of the proposed control

methodology.

Further improvements in machining speed and quality could be made by introducing

multiple thresholds, where the bulk of the material is removed with aggressive settings

and the final passes are executed with lower feed speeds and forces. In addition to this, the

path definition could be modified in real time to allow parts of the machining sequence to

be removed once forces fall below a value, to ensure that only the areas of the blend that

require high forces continue to be machined with the aggressive settings. These and other

such changes could be explored in depth to optimise the performance of the proposed

simultaneous position and force controller.

Future work may also include further exploration of parallel loops schemes such as

those described in [145] for their application in machining, as it may simplify the creation

of additional task definitions. The definition of additional task spaces (such as areas where

force control acts only in a specific direction or with specific settings) would make the

controller more specialised to a specific application, but would unlock multiple options

for performance enhancement. These changes could be used to exclude parts of the

environment or important components or to assign different material and/or geometry

properties to various features of interest.
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Chapter 7

Thesis conclusions and further work

This chapter discusses the outcomes and achievements of this thesis, with emphasis on

how these advances address prior research gaps and limitations in the state of the art.

The thesis concludes with a view towards the future, presenting a summary of possible

areas of further research in the field of position and force control of slender and compliant

robots for in-situ machining.

7.1 Discussion of challenges and project objectives

As stated in the introductory chapter, the goal of this work was to identify novel solutions

for sensing, modelling, actuating and controlling slender and compliant robots to enhance

the accuracy of positioning and the repeatability of operations when applying forces to

the environment, such as during machining. The further criterion of identifying solutions

that are practical for in-situ repair also applies.

Maintenance operations such as inspection, measurement and machining on industrial

assets often requires access to internal components through small openings. Equipment

such as power generating turbomachinery, nuclear reactors and aeroengines rely on tight

seals and precise fits, resulting in designs with as few openings as possible. Robots for in-

situ interventions therefore require small diameters, slender designs and often compliant

structures. This work has presented advances towards precisely controllable slender and

compliant robots for use in these challenging environments.

180



Following a detailed literature search, a number of past approaches for slender and

compliant robots were identified, along with position and force control methods suited for

a variety of applications.

� Slender and compliant robots with dexterous end effectors have been described

widely for their application in minimally invasive surgery, human-safe

manipulation and in-situ repair of complex machines. While some of these

examples use fluid pressure and soft muscles for movement, serpentine

tendon-driven robots with flexible backbones appeared to offer a suitable design

for in-situ machining tasks, due to their ability to deliver services though a central

passage and their high stiffness. Hence, this work aimed to explore the

miniaturisation of a serpentine dual-backbone architecture for in-situ machining

and improve the state of the art in position and force control

� The popularity of slender and compliant robots - due to their advantages in

medicine and engineering - has resulted in a wide body of literature exploring ways

to accurately control their position. This includes extrinsic methods such as

electromagnetic trackers and cameras, as well as intrinsic methods that include

built-in optoelectronic bend sensors, optical fibre strain sensors and curvature

stretch sensors; however, the limitations of in-situ repair of complex industrial

assets makes extrinsic methods impractical. Hence, this work aimed to explore

novel methods for closed loop position control of continuum robots using intrinsic,

miniaturisable sensors.

� While the intersection of continuum robots and machining force control had not

been explored in depth by previous authors, a wide range of literature describes

methods for contact force in tendon-driven robots (such as for tissue examination in

medical applications), methods for detecting and monitoring contact forces during

machining (such as with wrist-mounted load cells) and methods for remote sensing

of force signals. Hence, this work aimed to explore miniaturisable methods of force

sensing applicable to slender and compliant robots for in-situ machining.
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� Simultaneous position and force control is frequently required for manipulation tasks

and has been thoroughly investigated in literature. While the vast majority of

prior work has been on robots with conventional joints, a number of authors have

applied parallel and hybrid control schemes to continuum robots with some success.

However, the application has almost exclusively been diagnosis of and interaction

with soft tissue in medical fields, where the forces do not result in changes and

responses such as those observed during machining. Hence, this work aimed to build

on existing methods for simultaneous position and force control using novel forms

of feedback for a slender and compliant machining robot.

Prior literature presented a number of interesting concepts for detailed research, which

this thesis sought to bring to light. The following points summarise unique concepts for

in-situ machining robot architecture, position control of slender continuum robots, force

control of compliant machining robots and simultaneous position and force control of

specialised slender and compliant machining instruments.

� In the search for a suitable construction methodology of a slender robot for in-

situ machining, the dual-flexible-backbone architecture of tendon-driven continuum

robots (such as the one presented in [8] was identified for the scalability of the design

and the ability to deliver services through a hollow central passage. The addition

of feed and twist degrees of freedom (such as those described in [32]) was observed

to allow for a more versatile design. Hence, a novel hybrid mechanical architecture

incorporating conventional (rotary and prismatic) joints as well as dual-backbone

flexible continuum joints was explored in this thesis as a case study for in-situ repair

of aeroengine compressor stages using a machining tool.

� The search for miniaturisable intrinsic position sensors for slender and compliant

robots (such as dual-flexible-backbone continuum robots) uncovered a

methodology frequently used in soft robots, consisting of elastic channels filled

with or consisting of electrically conductive materials. Such sensors could be

configured to behave as skin strain gauges on continuum segments, mounted some
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distance from the bending planes. Resistive stretch pads that use conductive

liquids (such as those described by [84]) were used to accurately measure hand and

neck movements. Drawing inspiration from these advances, this thesis explored the

use of resistive stretch sensors to provide position feedback for slender and

compliant, metal-construction robots (such as dual-flexible-backbone continuum

robots), and demonstrated their suitability for closed loop shape control.

� The review of literature on force feedback methods made it quickly apparent that

new approaches were necessary for machining with miniature, slender and compliant

robots. The search for suitable sensors revealed machining parameter monitoring

research that made use of propagated signals such as acoustic emissions and airborne

sound (such as described by [138] during disk cut-off grinding of concrete), although

never used for closed loop control. However, the concept was theorised to be suitably

scalable, and this thesis endeavoured to apply a remote, airborne sound-based force

sensor for closed loop control of machining forces for in-situ applications with slender

and compliant robots.

� The search for suitable methods for simultaneous force and position control of

slender and compliant robots for machining in challenging environments with

unknown topology resulted in a condensed selection of task-space and

actuation-space-based approaches. As approaches that rely on accurate knowledge

of the environment were ruled out, more versatile concepts were assessed for their

applicability using the unique sensors of previous sections; this thesis built on the

concept of nested loops controllers, with unique novel features for the specific

application under investigation.

The ability to perform accurate movements and apply accurate forces with machining

end effectors inside complex machinery and unknown environments has the potential to

reveal new possibilities of in-situ repair tasks too challenging for previous technologies,

and may even bring about new methods for component manufacture and assembly.
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7.2 Academic findings and engineering validations

This work introduces novel approaches to position and force control of slender and

compliant robots, such as the novel hybrid-architecture dual-flexible-backbone

continuum robot also described. Advances in position feedback, force feedback and

closed loop control methodologies, as well as simultaneous control schemes to bring

them into synchrony have been described and documented. The following subsections

summarise the main achievements of this thesis.

7.2.1 Novel combined architecture slender and compliant robot

for remote controlled in-situ boreblending

Chapter 3 of this thesis presented a case study of the development of a slender and

compliant robot for in-situ machining.

A novel hybrid mechanical architecture was introduced following a detailed study of

the degree of freedom of manual tools for abrasive removal of foreign object damage on

aeroengine compressor blades, a procedure known as boreblending, and following a

thorough analysis of the working volume within specific stages of the high-pressure

compressor of a Rolls-Royce Trent XWB aeroengine (the scenario selected for this case

study). The hybrid design (led by Dr Adam Nagy-Sochacki and assisted by the present

author) combined linear, rotary and tendon-driven continuum stages in a self-contained,

nested carriages layout. The continuum segments formed the tip of the slender section

and provided three independent degrees of actuation by flexion of Nitinol dual

backbones (following a compliant joint buckling study carried out by the present

author). The end effector consisted of a high-speed air-driven spindle with a receptacle

to accept friction grip grinding burrs. A miniature stereo camera mounted near the tip

was used to capture measurements of the workpiece for analysis and to define the shape

of the repair.

The forward and inverse kinematics of this hybrid design were derived using the

Denavit-Hartenberg convention and the Jacobian pseudo-inverse method (an iterative
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approach to solve complex kinematics). The approach was validated experimentally using

an optical motion capture system and found to have a tip positioning accuracy of 8.5% of

the total continuum length (a measure used to compare different approaches within this

work).

A remote operation workflow (led by Dr Bilal Nasser and assisted by the present

author) was created to allow a skilled operator to control, define and oversee the repair

from a distant high-level controller. A self-sufficient, latency-invariant low-level

controller received instructions and calculated the actuator space movements to carry

out the machining paths. This low-level controller used sensors to identify unexpected

problems and respond appropriately before alerting the operator. A custom

communication protocol was implemented to combine reliable data and media transfer.

The system performance was tested by machining a number of similar cuts on

compressor blades, with a shape RMS error of 64µm. The robot was successfully

demonstrated on a Rolls-Royce Trent XWB aeroengine.

The test study presented in Chapter 3 served not only to successfully address and

demonstrate an industrial need, but also to identify and highlight shortcomings in

conventional open loop approaches to position and force control. These shortcomings

included:

1. A lack of position feedback, leading to reliance on inaccurate assumptions about

the behaviour of non-linear elements of the design, such as friction losses and super-

elastic flexion of materials like Nitinol.

2. A lack of force feedback, leading to unreliable performance in the event of unexpected

surface features, and unnecessarily time-consuming fixed depth of cut passes.

3. A lack of synchronised position and force control, leading to sub-optimal material

removal and excessive task durations.

The rest of this thesis made progress towards addressing these issues with a view to

strengthen future designs.

185



7.2.2 Novel methodology for position feedback using tubular

ionic liquid stretch sensors

Chapter 4 presented advances in position control of slender and compliant robots.

A novel methodology for construction and calibration of tubular ionic liquid stretch

sensor was developed, and the resulting sensors were used as feedback for position

control of continuum stages. Tubular ionic liquid stretch sensors were constructed by

filling pre-treated silicone rubber tubes with an imidazolium salt that is liquid at room

temperature, and closed with gold electrodes at each end. A material compatibility

study determined that 1-methyl-3-octylimidazolium chloride was a suitable ionic liquid

with sufficient conductivity and stability, and with low reactivity with other component

materials. The tubes could be fitted through holes in the component vertebral disks of

continuum segments for shape measurement.

Sensors were calibrated by subjecting them to stretch cycles while recording their

electrical characteristics and mechanical strain. The behaviour was described

mathematically using new derivations of viscoelastic deformation and approximated

with a second order polynomial curve (taking account of unique calibration sensor

constants for each tubular sensor).

A PID closed loop control scheme was implemented using voltage drop across the

sensor to inform the duty cycle for control of a linear actuator and a simple planar

continuum stage. The resulting position tracking achieved errors as low as 1.5% of the

total continuum length, suggesting a marked improvement over the open-loop case study

of Chapter 3

Four tubular ionic liquid stretch sensors were then installed as feedback on a complex,

two-segment, two-bend-direction continuum manipulator to demonstrate the scalability

of the methodology to more sophisticated robot architectures. The results showed precise

tracking of trajectories (to within 2.3% of the total continuum length) and promising

robustness regardless of incorrect tensioning or erroneous starting configuration.

The work presented in Chapter 4 of this thesis demonstrated the implementation of

a low-cost, scalable position sensor for closed loop control of complex continuum
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manipulators.

7.2.3 Novel methodology for force feedback using airborne

sound machining force sensor

Chapter 5 presented advances in force control of slender and compliant robots for in-situ

machining.

A novel methodology was described to use audible sound features to inform a

controller and operate a machining robot with closed loop force control. The sensor

consists of two microphones and a signal processing system configured to identify the

dominant frequency of sound (associated with the speed of rotation of an air-driven

spindle and burr) and the intensity of sound (based on directional pressure gradients).

The airborne sound machining force sensor was calibrated by extracting sound features

during grinding at known constant contact forces (achieved using a cantilever weight rig).

Signals were analysed and calibration relations were assigned based on the mechanics

of tool-workpiece interactions. The airborne sound frequency was observed to relate to

contact force by virtue of the torque-speed characteristics of the spindle, while the intensity

of sound was found to relate to transmitted energy in the form of workpiece vibration and

therefore used to identify resonance.

A manipulator was used to perform simple machining tasks with constant force,

using the airborne sound machining force sensor as feedback. The closed loop control

scheme used a proportional only velocity controller to track contact force with dominant

frequency, and a variable gain, variable deadband and variable moving bandpass filter

width driven by the calculated sound intensity.

The force control strategy was demonstrated using a five-axis robot arm with a sixth

tool axis to machine constant force and constant depth features on cantilever beams with

unknown topology. This demonstrated the controller’s ability to follow edges using force

control and to achieve tight tracking despite disturbances.

The work presented in this chapter demonstrated the implementation of a widely

scalable, low cost force sensor for closed loop control of machining manipulators; an
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approach very much applicable to slender and compliant robots such as dual-flexible-

backbone continuum robots.

7.2.4 Novel simultaneous position and force control scheme for

slender and compliant machining robots

Chapter 6 presented advances in the simultaneous position and force control of slender

and compliant robots for in-situ machining, and demonstrated the compatibility of the

position and force controllers described in Chapters 4 and 5.

A simultaneous position and force control scheme was described, consisting of a,

constrained, biased, PI force control outer loop (using airborne sound machining force

sensor feedback) with a nested PID position control inner loop (using tubular ionic liquid

stretch sensor feedback). Additionally, a global threshold interrupt was implemented to

terminate machining at the desired shape. The force control output was limited to act

in the direction perpendicular to the long edge of the workpiece and perpendicular to

the tool rotation axis, resulting in a robust controller capable of reacting to unknown

topologies such as those found in compressor blades with foreign object damage.

The simultaneous position and force controller was tested using a dual-segment, two-

bend-direction continuum manipulator equipped with an air-driven spindle and grinding

burr. Four tubular ionic liquid stretch sensors were used to measure position, while two

microphones placed some distance away were used to measure machining contact force. A

cutting path was defined and the manipulator executed the cut with constant maximum

force on a number of samples, with a shape accuracy of 2.0% of total continuum length

and a force accuracy of 1.5% of target force.

The nested control loops methodology was demonstrated on a dented high pressure

compressor blade from a Rolls-Royce Trent XWB aeroengine. The blade was successfully

machined with a stress relieving feature similar to those performed during boreblending.

Successful trials demonstrated the robustness and versatility of the simultaneous

control method described in this chapter, as well as the effectiveness and compatibility

of the position and force controllers described in this thesis.
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7.3 Future work

The proposed systems and methodologies have been validated against mathematical

models and physical demonstrations presented in this thesis. However, further research

in the areas covered in this section could bring substantial improvements to subsequent

robotic systems.

7.3.1 Enhancing position control of slender and compliant

robots for in-situ machining

Further work with tubular ionic liquid stretch sensors may seek to further miniaturise

their construction and identify the limits of scalability of the construction presented in

Chapter 4. This may require exploring alternative conductors as well as alternative options

for measurement of resistance or resistivity.

Future work may also look to include redundant sensors in each segment to provide

temperature compensation. This addition would not only allow the manipulator to

operate in realistic industrial environments without prior calibration, but may also be

used to provide useful information about the environment and even create a

temperature map of the surroundings during in-situ tasks.

Additional research could be made into the possibility of retro-fitting stretch sensors

on sensorless continuum robots by 3D printing complex sleeves with internal sensor

channels. This could allow for a number of existing in-situ repair technologies to be

controlled with improved accuracy and reliability.

7.3.2 Enhancing force control of compliant robots for in-situ

machining

Further work with airborne sound machining force sensors may seek to improve the

versatility and performance of the controller by processing the sound signals

continuously rather than at discrete intervals of multiple thousands of pressure

acquisitions. This could be achieved using field programmable gate arrays or other
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appropriate hardware for real-time calculation of frequency domain features and sound

intensity. This would eliminate the need to acquire and process batches of 0.1s of data

at a time and allow for orders of magnitude of improvement in sample speeds and

therefore vastly expand the options available for control scheme definitions, such as the

inclusion of more sophisticated tuned control structures to enhance the response to

perturbations.

The controller could also be made more robust by introducing a nested loops or

cascade controller approach to regulate actuator velocity. While the present controller

outputs a voltage or pulse frequency that is theoretically linked to velocity, a cascade

controller could be used to have that output be the input of a separate inner control loop

that regulates the velocity with its own feedback and tuning (such as acceleration and

jerk settings). This would result in more predictable motion and therefore better control

authority.

Adding extra environmental microphones could also allow for more robust operation

in noisy industrial environments where more than one air-driven spindle may be present.

Additional research could be made into the possibility of optimising the resulting

surface characteristics for particular workpiece and tool combinations, where improved

surface quality and material removal rate can be tuned for any given tool and at any

state of tool wear.

7.3.3 Enhancing simultaneous position and force control of

slender and compliant robots for in-situ machining

Further work on simultaneous position and force control using tubular ionic liquid

stretch sensors and airborne sound machining force sensors as feedback could be made

by introducing a multi-threshold partial completion strategy, with different feed speed

and contact force settings for bulk removal and final polish.

In addition to this, the machining path could be changed once part of the path has

reached one of the thresholds. By skipping or speeding over sections of the machining path

that have already reached the net depth, it would be possible to improve the performance
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and reduce the time taken further.

Future work may also include further exploration of alternative simultaneous control

loop architectures such as parallel loops or hybrid controllers, where applicable to

particular in-situ repair tasks. Such changes may make it possible to modify and add

task definitions, such as no-go areas and variable component materials.

7.3.4 The future of specialised slender and compliant robotic

systems for in-situ machining

In light of the technological and scientific advances described in this thesis, future

slender and compliant robots for in-situ machining could be designed taking account of

the improved capabilities afforded by novel sensors and control strategies.

� Continuum robot vertebrae may be designed with additional holes in the proximal

stages for tubular stretch sensors, as well as redundant holes for temperature-sensing

redundant sensors.

� Continuum sections of slender robots may be designed with longer reach and

dexterity in light of the improved positioning accuracy, as well as with added

degrees of freedom in light of the miniature size sensors.

� Slender and compliant manipulators may be separated from their actuation packs

by long distance cable conduits regardless of the possibility of undesirable tendon

stretch, in light of the new inclusion of position feedback.

� Slender and compliant robots may be designed with redundant tubular ionic liquid

stretch sensors for temperature compensation and measurement, and employed for

tasks requiring temperature measurement or mapping in extreme environments such

as industrial assets, medical interventions, search and rescue and marine inspection

in light of the temperature sensing capabilities of such sensors.

� Compliant, long reach robots with machining end effectors may be designed for tasks

that require higher levels of contact force confidence, as well as improved consistency
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of material removal in light of the new inclusion of force feedback.

� End effectors may be designed with any form of material removal or processing tool

that produces repeatable airborne sound signals, in light of the new methodology

for calibration of remote sensors.

� Robotic solutions may be attempted for tasks that require dexterity and accuracy

of machined shapes in difficult to reach places, in light of the new methods of

simultaneous position and force control for machining using slender and compliant

devices.

7.4 Closing remarks

From horse-drawn ploughs to steam locomotives to continuum robots for in-situ

machining, humans have always sought to create tools that make life easier and improve

living conditions. The twenty-first century has seen great leaps in the field of robotics

and greatly advanced the variety and function of tools at mankind’s disposal. The

advances in position and force control described in this body of work build on the

collective experience of engineers and scientists past and present, and will, hopefully,

serve to expand this library of ingenuity and creativity and provide new additions to the

toolbox of future researchers.
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Appendix A

Equipment index

Chapter 3 hardware

Description Model Manufacturer Quantity

Servo actuator FHA-8C-50 Harmonic Drive 1

Linear actuator L-220.50SG Physik Instrumente 1

Linear actuator L-220.20SG Physik Instrumente 6

Load cell LCM201 Omega Engineering 6

Stereo borescope Mentor Visual iQ 4mm Waygate Technologies 1

Engine turning actuator Turning Tool Controller Olympus 1

Linear actuator controller C843 Physik Instrumente 2

Servo drive Gold DC Whistle ELMO Motion Control 1

Microprocessor Arduino Pro Mini 328 ATMEL corp. 1

USB to serial device USB-Serial FTDI 1

Force data capture system iNET-400 Omega Engineering 1

Pneumatic pressure regulator AW20 SMC 1

Pneumatic solenoid valve VX2 SMC 1

USB frame grabber HDMI-USB Magewell 1

Local network router AC750 TP-Link 1

Video gauge N/A IMETRUM 1

Motion capture camera Vantage 16 VICON 4

Site camera Onsight 2500R Librestream 1

Control PC (low level) EMP373 ACME Portable 1

Control PC (high level) Seahawk 100 ACME Portable 1

Turbofan engine Trent XWB Rolls-Royce 1
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Chapter 4 hardware

Description Model Manufacturer Quantity

DC linear actuator 50-100-12-P Actuonix Motion Devices 1

Control PC EMP373 ACME Portable 1

Input/output board PCI-6229 National Instruments 1

BNC breakout BNC-2110 National Instruments 1

Load cell LCM201 Omega Engineering 2

Stepper motor 5350366 RS Pro 2

Microprocessor ATtiny85 ATMEL corp. 2

Motor driver L293D STMicroelectronics 2

Voltage regulator LM7805 STMicroeletronics 1

Motion capture camera Vantage 16 VICON 4

Linear actuator 100N-ELA RS Pro 6

Stepper motor driver LP3575S RS Pro 6

Chapter 5 hardware

Description Model Manufacturer Quantity

Air-driven spindle Presto Aqua Lux NSK-Nakanishi 1

Pneumatic pressure regulator AW20 SMC 1

3-axis load cell 9317B Kistler 1

Array microphone 40PH CPP G.R.A.S. 2

Pre-amplifier 12AL CPP G.R.A.S. 2

Control PC EMP373 ACME Portable 1

Input/output board PCI-6229 National Instruments 1

BNC breakout BNC-2110 National Instruments 1

Digital microscope VHX-100 Keyence Corporation 1

DC linear actuator 50-100-12-P Actuonix Motion Devices 1

Robot arm R12-5 ST Robotics 1
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Chapter 6 hardware

Description Model Manufacturer Quantity

Control PC EMP373 ACME Portable 1

Input/output board PCI-6229 National Instruments 1

BNC breakout BNC-2110 National Instruments 1

Linear actuator 100N-ELA RS Pro 6

Stepper motor driver LP3575S RS Pro 6

Pneumatic pressure regulator AW20 SMC 1

Array microphone 40PH CPP G.R.A.S. 2

Pre-amplifier 12AL CPP G.R.A.S. 2

3-axis load cell 9317B Kistler 1

Motion capture camera Vantage 16 VICON 4

Digital microscope VHX-100 Keyence Corporation 1
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