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Abstract

Additive manufacturing is an emerging and continually growing field of research with

exciting potential in the development of recent technologies through which to change

the world as we know it. This thesis offers a look from a 3D printing perspective

towards the diverse fields of artificial muscle fabrication, bioprinting, polymer chemistry

which can affect shape change or other responses under stimuli, as well an in-detail

investigation into steerable needle robotics and its potential as a mechanism for additive

manufacturing. A limitation in the 3D printing of (bio)polymers involves a printed

geometric construct requiring a separate print bed for this process which is independent

from its intended location of use. As a response to this limitation, this thesis proposes

an approach towards generating fibers or structures composed of individual fibers in

the location of the structures use.

This thesis presents the research and development of a flexible steerable needle robot

for the application of 3D printing (bio)polymers which could take the form of artificial

muscles, bone, nerves, etc., in vivo. This is extremely challenging, however, and this

thesis aims at building this capability towards achieving this goal in the future.

The chapters in this thesis explore the characteristics of an engineered steerable

needle robot in application for 3D printing which include: its mechanisms, its control

systems, its algorithms to accurately reach a target goal within a presented body, as well

as its visualization system. Furthermore, this developed robot is then utilized to ”3D

print” a (bio)polymer inside of a prepared phantom body (e.g., gelatine) to fabricate

a bio-fiber. While the bio-fibers presented by this thesis are simple and do not react

under any stimulus to function as an artificial muscle, there is a further opportunity

identified which could utilize advanced polymer chemistry to in fact achieve this result.

This thesis ultimately contributes towards the synthesis of multiple fields of research

towards the goal of one day realizing the imagination of science fiction. Namely, the

ability to quickly regenerate human tissue without the need for complex surgeries as

well as the fabrication of fibers which could form part of artificial limbs or bodies.
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Chapter 1

Introduction

1.1 Research Approach

The 21st century marches towards a future that few individual minds can truly com-

prehend in isolation at present times. It is in the collective efforts, teamwork, and

multibillion dollar investments from the most technologically advanced companies that

the destiny of humanity achieves greater understanding, ultimate collective comprehen-

sion and hopeful good. In ancient history, humanity looked to the stars, to the natural

world, and to themselves to find inspiration. The inspiration that drives forward all

progress in human understanding. From the Greek minds of antiquity to the alchemical

minds of the Middle Ages, and now to the modern and rational minds found at univer-

sities, research institutes, or simply technology start-ups, humanity has sought not only

to understand the phenomena of the universe, but to perform an action of creation and

sub-creation. Where does modern humanity find inspiration for grand and potentially

revolutionary ideas and practical efforts?

Who can deny the formidable powers of media such as science fiction novels, television

programs, films, and the growing mass of information of the internet on the human

mind. Technology has dramatically simplified human means of communication, and as

a tree diverges as it grows upwards, so has the branch of audio-visual media practically

interconnected the whole of available human knowledge and subsequently inspired an

almost infinite number of eager minds. Should one mind then draw inspiration from

this collective imagination of countless other minds with their own knowledge and

experience, so then can this one mind begin the journey towards individual discovery,

the exploration of knowledge and subsequently meaningful contribution to this greater

body of knowledge. What does this one individual gain from this effort which involves

sacrifice and discipline?

One argument which considers this question involves the idea that an individual

who begins this path begins to seek, to intend, to create. For such individuals, a single

1
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action of creation may be the end of their personal journey, but for the resolute it is

instead a series of journeys. An endless mission to drive forward the boundaries of

self-discovery, knowledge and understanding, and human capabilities. This process

is one of destruction and creation with the everlasting hope that the destruction will

be for the better and that the action of new or sub-creation will present landscapes

of fertile soil for even more branching trees. This thesis is such an action where the

resulting research review plucks the fruits from the branches of previously developed

trees, and from these seeds the advancement of technology through clear hypothesis

and experiment plants a new tree. Research at its core states, thus, that the scientific

method is the cultivation of innovative ideas and knowledge, i.e., the growth of a tree.

A discussion at the beginning of this PhD pointed the research towards 3D printing,

due to personal interests of the author. Since this work must be related to engineering,

and the realm of science fiction served to hold the initial spark of inspiration. A simple

question was asked: “How can fibres which mimic natural muscle (through stimulus

expand and contract) be 3D printed?” The applications of such a question, while still

experimentally limited in research could have significant impact in the future. For

example, prosthetic limbs are artificial in the sense that they hold no biological matter

(e.g., cells) and aid the wearer in limited capacities — never perfectly replacing a lost

limb.

These prosthetic devices are mechanical and sometimes even electronic, but there

remains the question of a potential biological interface. What if the fundamental

materials such as muscle fibre, nerves, bones, etc., could be 3D printed as part of a

regenerative or additive process or device? What 3D printing process exists or could

exist to achieve the manufacturing of such fibres or structures? There exists a concept

of the future where technology and humanity have reached a type of synthesis.

Where technology may heal and enhance the individual powers of any one individual

to affect greater works of creation and art within the infinity of the universe. This work

seeks to explore the practical engineering and materials science aspects of this concept

and contribute a step towards its ultimate realisation. These are the fundamental

research questions of this thesis. The key question can thus be stated as: “Can a

bio-fibre which reacts to stimulus (similar to natural muscle) be 3D printed?” These

questions branch into offshoot questions, namely:

ˆ What is a bio-fibre? How is it defined?

ˆ Where and how should a bio-fibre be 3D printed?

ˆ What stimuli exist to cause a reaction in a fibre – bio or otherwise?

ˆ What function could such a reaction serve?
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ˆ How is 3D printing used to create this bio-fibre assuming a relevant implementation

such as artificial muscles?

1.2 Research Aims

The first part of this research is purely investigative into previous works. It seeks

the definitions and to establish the foundational background from which to propose a

hypothesis and thereby deliverables. Chapter two of this thesis presents a literature

review which enhances its scope to commercial outcomes at certain sections. It seeks to

understand the nature of biological structures such as muscle and the current state-of-

the-art in the replication of these structure, or even their enhancement. This took the

form of an investigation into 3D printing technology and materials science, distinguishing

between synthetic and bio-based polymers and their varying outcomes. the literature

review further investigated and defined electroactive actuators, electroactive polymers

as artificial muscles, shape memory polymers, and the field of 4D printing (defined

as the changing of a 3D printed construct over time under specific stimulus which

is fully reversible),. The main question in this investigation is: “How can artificial

muscle of even a single fibre which mimics natural muscle be created? “Through these

fundamental definitions, an investigation into 3D printing technology took place. The

review further cross-referenced common additive manufacturing techniques such as

Selective Laser Sintering, bio-printing through inkjet deposition, Stereolithography, etc.,

were cross-referenced with the definitions of artificial muscle fabrication. Since these

definitions clearly exposed the fundamental structure as a bio-fibre, it was evident that

the 3D printing process needed to create a single fibre or even networks of fibres. As

a result, key opportunities are identified within current technology to satisfy the key

research question.

Following this, the literature review surveyed the relevant polymer chemistry to

understand and identify the materials (synthetic or bio-based in origin) which 3D

printing technology could use to produce bio-fibres. It further identified significant

limitations within the synthesis of polymer chemistry and 3D printing technology with

only the most recent advancements in Additive Manufacturing enabling the usage of

certain materials. As such, there exists opportunities for the further development of 3D

printing to allow the usage of polymers with useful outcomes. The following challenges,

hence, identify certain opportunities:

ˆ The polymerisation strategy is a limiting factor (e.g., high heat may not be an

effective means through which to produce bio-fibres).

ˆ Low viscosity inks are most common for 3D printing.
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ˆ There remains a challenge in the production and placement of a bio-fibre since it

must form part of a greater product or body (e.g., transplantable tissue, etc.).

These questions led this research to proof-of-concept experiments exploring 3D

printing techniques with respect to the polymer chemistry. Essentially, to manufacture a

bio-fibre of any description would require a suitable suspension matrix to function as its

support. This removable / temporary matrix thus supports the extraction of the desired

fibre or network of fibres. The capability to enter this matrix and effectively polymerise

a material is the core assumption involved, which further expands to the understanding

that such a matrix must be, by definition, self-healing. As a result, directly producing a

fibre in the exact location and desirable orientation in a greater structure, as opposed

to producing a fibre separately and then seeking to meld this fibre with a greater

product, is a promising avenue of further research. This eliminates the assumption

that the matrix inside of which the fibre is 3D printed must be self-healing. Due to

the unique challenges this assertion presents, there exists little research associated with

directly addressing them. The original research question thus evolved into: “How could

a bio-fibre be 3D printed internally and already in a desired location within a body

(natural or synthetic)?”. Answering this question could partially solve the original

question of 3D printing muscle fibres, with the key research problem primarily involving

materials science rather than 3D printing technology.

This research then identified steerable needles as an opportunity for the application of

3D printing. Originally used as a surgical technique known as percutaneous intervention,

steerable needles offer a minimally invasive technique through which to penetrate a body

(e.g., human body, gelatine block, etc.). The key question then revealed itself: “How

can steerable needles be used with which to 3D print polymers?” In more direct terms:

“How can a technique which does not immediately serve itself towards the deposition of

polymers and the subsequent embedding of fibres through a polymerisation process be

advanced through engineering?” This question forms the basis of the hypothesis, stated

as:

The generation or embedding of simple bio-�bres is possible using

steerable needle technology and bio-based polymers.

This simple hypothesis focuses the thesis into the primary deliverable of effectively

producing fibres within pre-existing bodies. From this single deliverable, the research

focus splinters into the following areas: steerable needles in terms of an electro-mechanical

device controlled through software, polymerisation strategies using steerable needles, the

details (mechanical properties, etc.) associated with the bodies that the steerable needles

steer through, the polymer chemistry to produce bio-fibres, and the characteristics of

the resultant bio-fibres.
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1.3 Objectives

1. To demonstrate a custom steerable needle robot applied as a 3D printing technique

– key variables: stage, tank, injection system, attachment system, rotation for

steerability precision, steerability algorithm and accuracy.

2. To determine the optimal settings and setup required for steerable needle 3D

printing – key variables: insertion speed, draw speed, flow rate, polymerisation

rate, curvature, insertion depth, length, gauge, custom needle geometry (bevel

tipped).

3. To investigate and characterise the fibres drawn using the steerable needle technique

proposed within a characterised suspension medium such as gelatine – key variables:

fibre morphology, repeatability, precision, rigidity, melting point, polymerisation

type.

1.4 Thesis Outcomes

Chapter 3 investigated steerable needles and attempts to model the optimal conditions

for steering proprietary injection needles within a suspension medium (or similar) to

fabricate fibres at specific positions in situ towards future experiments in vivo. The

action of fibre polymerisation (using ionic or photo-initiated cross-linking mechanisms)

occurred at the end position through a reversal process which draws a fibre as the

steerable needle reverses along the insertion path for a specified length. The chapter

includes a novel experimentation setup where the state of the art in needle steering

directs development towards incorporating a polymer injection or fibre embedding

system. Since gelatine has mechanical properties that allow for the straightforward

analysis of the movement of bodies or projectiles within it, a gelatine mould was prepared

as the suspension medium for the fibres to print. This investigation further investigated

a range of gelatine concentrations with different mechanical characteristics using two

distinct mechanical testing approaches (rheometry, quasistatic analysis).

This chapter also explored an interesting detail involved with the setup associated

with using steerable needles — depending on the body in which a steerable needle

travels to reach a certain target location, different material characteristics (mechanical,

etc.) would affect the behaviour of the needle. In short, stiffer materials would allow

for greater maximum deflections as the needle travels through the body. A question

then arises, “How can the material properties of the body be identified and quantified

accurately?”. Certain steerable needle setups exist which allow for the constant sampling

of the strain caused on the needle because of the surrounding material using sensors.

This chapter explored using hyperspectral imaging (HSI) to analyse a body which with
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certain mathematical inferences could accurately estimate the material properties of the

body in question. This is a passive technique as opposed to an active sensing / sampling

process, however, there remains an opportunity to create a database of material types

(associated with certain material characteristics) using hyperspectral imaging specifically

for the use of this steerable needle 3D printer.

Utilising the latest research in steerable needle motion planning algorithms for

resolving end-positions within a medium, this research attempted to inject and poly-

merise fibres at this end-position and for whatever length and in whatever orientation is

arbitrarily desired. Since there are limitations in the curvature of needles, chapter three

highlights a needle steering model that determines the maximum radius of curvature

and the conditions where an end-position cannot feasibly be resolved using the proposed

needle 3D printing system.

Furthermore, these fibre fabrication experiments made use of stereo cameras and

ultrasound detection systems to validate the deflection curvatures (Chapter 3) as well

as the “trueness” of any end-position sought for resolution (Chapter 3). By extension,

biomaterials were sought for application within this system to demonstrate its potential

capacity in revolutionary future technologies, namely sodium alginate and calcium

chloride which on reaction gel into calcium alginate fibres. The real-time embedding

or fabrication of such solid fibres through polymer chemistry (Chapter 4 and 5) is

the key point of difference between this research and other research that investigates

percutaneous intervention. Literature has extensively investigated most other research

applications such as drug delivery or catheter installation. Additionally, there currently

exist a variety of steerable needle devices / robots, but which lack adequate injection

systems nor a suitable framework within which to apply the 3D printing principles as

proposed by the hypothesis.

Current research defines the aspects of needle steerability and polymer chemistry

are particularly well, however, researchers have not yet synthesised these aspects within

the context that this thesis proposes. As such, this thesis is concerned with reaching

specific points within a body to fabricate specific lengths or networks of fibres (gels),

this demonstrates that this synthesis is novel and that the resulting experiments are of

interest.

Furthermore, there is the question of whether the definition of this research as “3D

printing” is appropriate since the deposition of materials internal to a body through

the mode of injection does not necessarily construct a 3D geometry. However, since this

technique can form networks of “fibres” or “filaments” which lend themselves towards

constructing the internal structures of a body, “3D printing” serves as the most effective

definition currently available to describe these processes. Chapter 5 specifically explores

the characteristics of the fibres in terms of their mechanical properties.
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Chapter 5 is the culmination of the research and development of a 3D printing

steerable needle robot and demonstrated the application of steerable needles within a

3D printing context. Overall, this chapter attempted to understand the effectiveness of

the 3D printing process using steerable needles as well as certain polymer chemistry

(namely, sodium alginate and calcium chloride reaction to form calcium alginate fibres).

A potential future phase of research which stems from this chapter involves the usage

of more complex polymer chemistry for certain applications. In the case of artificial

muscle fibres, future research could investigate and / or develop conductive polymers,

specifically designed to operate under the constraints of the steerable needle 3D printing

system proposed by this thesis.

Chapter 6 acts a discussion surrounding the previous chapters. The impact of the

results of these chapters were reflected upon as a completed body of work in retrospect.

Finally, this chapter weighs steerable needle 3D printing as a concept in terms of

suitability with respect to materials, effectiveness, limitations, and advantages.

Chapter 7 concludes the thesis with respect to the highlighted research questions as

presented in chapter one. The hypothesis is referred to and analysed with respect to the

objectives presented in this chapter. As a result, this chapter finalises the significance,

impact, and the limitations of the research as a whole as well as pointing next steps for

this research as well as future areas of interest.



Chapter 2

Literature Review

The process of history is combustion. | Novalis

2.1 Introduction

Additive Manufacturing (AM), as a field, has far reaching potential into the design and

fabrication of complex geometries with a variety of polymer chemistry. It is in this

fusion that fields such as tissue engineering and the development of soft robotics, among

others, continue to grow. Exoskeletons, multi-functional devices, wearable devices,

textiles, and prostheses are among the most notable end results of the development of

versatile polymer chemistry, advances in control engineering, and intelligent sensing

electronics. There remains, however, a deep reliance on metal assemblies, electromagnetic

actuators, and combustion engines (or similar). However, the advancements in fields

such as additive manufacturing and similarly biopolymer chemistry are leaders in the

development of new materials based on nature and mechanisms found therein as well as

paradigms through which to process these materials in meaningful and decisive ways.

Notably, natural muscle remains the single-most impressive actuator in that it offers a

level of endurance, dexterity, agility, and regeneration simply not possible within the

current state of robotics.

This review discusses the latest developments in artificial muscles with a specific

focus on electroactive actuators, and certain limitations and drawbacks are highlighted

within the field. Furthermore, the polymer chemistry to investigate the development

of bio-based artificial muscles is elucidated as well as the additive manufacturing

techniques used to produce them. These techniques provide the ability to control the

shape, size, density and inter-connectivity of the material being printed to define a

suitable architecture for an application which is a discerning factor in the usage of

8
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artificial muscles in real-world applications. The most exciting works lately are the

efforts towards bioprinting skin grafts on burn victims as well as the 3D bioprinting of

organs [132, 145].

There are three main components which are particularly interesting to query: (1)

What actuator technology approach is currently most suitable to achieve not only

electroactive actuators, but which possess a certain level of biocompatibility? (2) What

3D printing approach is the most promising towards fabricating such actuators? Which

polymers are most suitable to either approach? Is there a way to pivot 3D printing

technology in a novel fashion to achieve this development (3) What engineering sophis-

tication is required to facilitate the synthesis between a biomaterial and a conductive

polymer or the embedding of a conductive biopolymer in order to achieve a bio-fibre that

when stimulated with electricity deforms suitably (contraction, etc.) and yet maintains

structural integrity? By determining the optimal printing configuration and orientation

for single or multiple fibres printed, as well as a means to achieve electroactivity, it is

envisioned that these questions may be answered and that a future scope for research

within these fields summarily described.

According to the aforementioned challenges, it is conceivable that such research may

result in development of novel processing techniques and materials towards fabricating

bio-fibres which are effective artificial actuators or as the building blocks towards this

concept. This is due to the critical aspects of the research and the key gaps in technology

that can be inferred. Namely, the literature identifies several challenges within current

bioprinting techniques - viscosity, environmental control factors, adhesion, etc. There is

minimal literature that attempts to synthesise biomaterials and conductive polymers into

singular fibres or 3D constructs due to these challenges, however, the opportunity is well

identified. This is mainly due to a lack of viable methods through which to, necessarily,

hybridise biopolymers such as collagen with conductive materials. This opportunity

stems from the advancement of 3D printing and materials processing technology, as well

as the sophistication of materials science. Such a theoretical 4D bio-fibre may contribute

towards the development of bio-based artificial muscles as a prosthetic replacement or

other applications within fields yet unnamed.

2.2 Artificial Muscles

A broad field of research across disciplines of engineering and materials science, artificial

muscles or actuators can be defined as a group of materials and devices that demonstrate

shape changing behaviour — contraction, expansion, and rotation — using external

stimulus (light, electricity, temperature, pressure) and motion mechanisms (torsion,

bending, etc.) [130]. While artificial muscles are intended to mimic natural muscle

mechanisms and much research has been dedicated to achieving an equivalent, there is



CHAPTER 2. LITERATURE REVIEW 10

a distinction between engineered artificial muscles and artificially developed biological

muscles for in vivo use. Muscle acts as a linear actuator which is suited to sporadic

displacements and adaptable stiffness on stimulus ranging from micron to meter lengths.

Fundamentally, there are ten general metrics with which to characterise and measure

the performance of artificial muscles [130]:

ˆ Stress (� ) — Force experienced over a cross-sectional area under which the actuator.

is tested at rest or at excitation

ˆ Strain (� ) — Displacement of the actuator material length at rest to excitation.

ˆ Work (Energy) Density (W) — The output work released by a muscle during

excitation with normalised to actuator mass and volume.

ˆ Power Density (P) — The work density normalised to the actuation state.

ˆ Catch-State (Lock-Up State) — The holding position of either an excited or at

rest state that consumes no energy.

ˆ Actuation Direction — The quality of an actuator to actively change length and

or direction on stimulus.

ˆ Cycle Life — The number of cycles an actuator survives before failure.

ˆ Efficiency — The ratio of output work over input energy (e.g., electricity, heat,

etc.).

ˆ Bandwidth — The range of frequency over which an actuator can be excited

ˆ Stimulus Magnitude — The energy providing power and control to the actuator

material (e.g., Voltage, Current, Heat, etc.).

Muscles are highly optimised structures that are essentially the same for all animals

and the differences between various species are negligible. Natural muscles, which can

lift relatively heavy loads with rapid response times, are powered by a complex chemo-

electro-mechanical mechanism. Their operation depends on a chemically reversible

hydrogen bonding reaction between two polymers — actin and myosin. Having a

cylindrical shape, muscle cells range in diameter between 10 and 100 � m with a length

of a few centimeters. Muscle performance varies greatly between individuals as well as

between species with stresses of 150-300kPa at 25% strain which amounts to roughly

an average of 50W/kg and an energy density of 20–70 J/kg [38]. Energy density is

inversely proportional to the speed at which the muscle attempts to actuate. This

energy is provided by an adenose triphosphate hydrolysis reaction with Ca2+
ions being

the impulse to switch the conformational changes of muscle striction [117, 38]. It is
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Figure 2.1: Structure of a myofibril. “Reproduced from [149] under the Creative
Commons Attribution License”

important to note that while muscles produce the linear forces necessary to lift loads

and cause displacements, it is rather the mechanical advantage associated with the

rotary actions of joints that affects the overall strength of an organism.

The functional unit of natural muscle contraction is the myofibril which is comprised

of several hundred protein filaments. When placed in parallel these myofibrils make

up the muscle fibre, and hence multiple muscle fibres form muscle. The myofibrillar

sarcomere comprises three types of polymeric filaments.

ˆ 1. The central filament — being thick and composed of the protein myosin —

which when arranged in parallel forms the A-band.

ˆ 2. On either end of the central filament is a connecting filament (found in the

I-band) which in turn connects to the Z line — composed of the protein titin.

ˆ 3. The thin filament is polymeric and along with various proteins, it is composed

of multiple actin proteins. These filaments originate in the Z-line and partially

overlap the central filaments in the A-band.

These filaments align perfectly in parallel within the myofibril where the alignment

is continued through the cross-linking of the sarcomere in the A- and I-bands, see Figure

2.1. The thick A-band filament proteins are formed through extensive cross-linking

which firstly, align the filaments which results in lattice structure forming distinct A- and

I-band junctions. Importantly, the polymers involved in this structure are particularly

hydrophilic — capable of absorbing water thousands of times their own volume. As

such, the muscle-filament lattice, is a highly cross-linked and hydrophilic polymer gel.
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In 1959, Garamvolgyi [201] demonstrated that an electrical current is capable of

triggering a contraction on an isolated myofibril. From this, it is determined that

on the formation and suspension of an actin-myosin gel, which remain stable until

critical conditions are reached, the gel can contract — both folding the internal gel

matrix and releasing water. This was demonstrated by Szent-Györgyi in 1951 [201].

As such, this behaviour implies that natural muscle polymers consist of polymer-gel

state transitions [164]. With respect to artificial muscles these polymer gels within

natural muscle are well organised into a complex framework while artificial muscles

are in contrast dispersed randomly. All three filament types are believed to shorten or

contract under a phase transition which also shortens the sarcomere. Experiments on

isolated molecules of titin have revealed the behaviour of connecting filament. It was

found that titin molecules had sawtooth-like tension changes that imply a one-by-one

unfolding of the filament’s tandem immunoglobulin-like domains. The length change

occurs as the compact “beta-barrel” domain structure of the immunoglobulin domain

gives way to an extended random structure (reference). This connecting filament is

lengthened by such unfolding. If thick filaments shorten during contraction, it is likely

that shortening would occur one molecule at a time in each half-filament and as such

would shorten in a step-down procedure [16].

The sarcomere may also shorten in steps if the thin filament is bound to the cross-

bridges during the filament-shortening steps; myosin phase-transition contributes to

the shortening of the sarcomere [16]. The thin filament may bring about stepwise

length changes as well. Unlike the thick and connecting filaments, whose shortening

can directly shorten the sarcomere, thin filaments are differently situated. Because

of their arrangement they would need to facilitate contraction in a different way. An

example mechanism within artificial muscles is an inchworm-like process – like that

reported in PAMPS gels [150]. The long narrow gel repeatedly cycles between curling

and straightening. Repeating cycles advances the gel by an appreciable magnitude

because the ends of the gel are hooked to a ratchet in such a way that each cycle results

in a step advance [16]. Similarly, electroactive polymers may be used to produce fibres or

filaments which can cycle through step phases (extension on contraction) depending on

the voltage-current signal provided. These types of artificial muscles are categorised as

electric and ionic-based actuators depending on the exact mechanism of actuation. This

is not dissimilar to the mechanisms of natural muscle; however, the polymer chemistry

and manufacturing techniques are yet to successfully produce an effective equivalent.

2.2.1 Electric

Electric field actuation mechanisms are achieved through electrostatic interactions

between electrodes or molecular reorganisation within the actuator material structure
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and is commonly known as electronic artificial muscles and are one type of electroactive

polymers (EAPs) [33, 17]. Low elastic modulus polymers (dielectrics elastomers (DEAs)

and electrostrictive polymers) actuate or suffer displacement because an electric field can

easily rearrange the electric dipoles. DEA actuators are thin, elastomeric films coated

on both sides with electrodes, see Figure 2.2. When an electric field is applied across

the electrodes, the electrostatic attraction between the opposite charges on opposing

electrode and the repulsion of the like charges on each electrode generate stress on the

film causing it to contract in thickness and expand in area [130, 17].

Any decrease in thickness results in concomitant increase across the film because

most elastomers used are essentially in-compressible. Typically, DEs within a 1–10mm

thickness range possess operating voltages from 500V to 10 kVs [28]. The area expansion

can be readily measured if the films are subjected to tensile pre-strain: the non-active

areas in tension surrounding the active area pulls the expanded active area and keeps it

flat. It is likely that power will only be consumed during an active area expansion and

no power will be consumed to maintain the DE at a stable actuated state because the

driving currents are low and the device is electrostatic in nature [33].

Although some energy may be recovered after the actuation cycle there is usually

some leakage of current through the dielectric which is affected by the material and

its thickness. As a result, the dielectric only consumes a little power to maintain its

current actuation state. It has been found that DEAs are able to produce large strains

between 10% to 100% and can even reach up to 380% with high enough electric fields.

Silicone based actuators can yield stress up to 7.7 MPa while acrylic based actuators

can yield up to 3.2 MPa. It is due to electrostatic attraction between the two surfaces

of the elastomer films that cause compressive strains. Contraction in one direction will

cause expansion in the other two because the elastomer maintains constant volume.

Most mechanisms use expansion perpendicular to the applied field because it will result

in large displacements [99, 17].

The electrostrictive relaxor ferroelectric polymer actuators have high work

density of 1 MJ/m3 and strain up to 7–10%. These actuators generate high stress,

around 45 MPa and frequency up to 100 Hz [17]. In electrostrictive relaxor ferroelectric

actuators, the application of an electric field aligns polarised domains within the material.

When the applied field is removed, the permanent polarisation remains. Ferroelectrics are

characterised by a curie point, a temperature above which thermal energy disrupts the

permanent polarisation. Reversible conformational changes for actuation are primarily

driven by the alignment of the polar groups within the ferroelectrics. Contraction is

induced within these actuators by the application of an electric field perpendicular to

the chains which induces the aforementioned polarisation. The result is a contraction in

the direction of polarisation and an expansion perpendicular to it [99].
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a)

b)

Figure 2.2: a) Structure of a Dielectric Elastomer. “Reproduced from [99] under the
Creative Commons Attribution License” b) Two electrode dielectric elastomer — field
attraction / repulsion causes squeezing deformation. “Reprinted, with permission, from
[28] ”

All relaxor-based ferroelectric polymers are based on the P(VDF–TrFE) copolymer.

These polymers behave as relaxor ferroelectrics, which are characterised by a peak

in dielectric constant and strong frequency dispersion. P(VDF)-based ferroelectric

actuators have two major limitations [99]:

ˆ Actuation utilising the polarisation contraction process only occurs at temperatures

above the Curie temperature (e.g., room temperature).

ˆ Hysteresis, which is the state memory associated with transitions, causes actuation

to need more energy.

Certain studies suggest that in order to deal with the Curie temperature of certain

polymers (e.g., P(VDF–TrFE)), defects can be introduced into the material which

effectively reduces the size of the crystallites within the copolymer. As a result, this

lowers the energy barrier required for the transition between paraelectric and ferroelectric

states. This lower energy barrier may result in lower hysteresis [99, 17]. However, the

persistent usage of energy and high strains will eventually break down the elastomer

and electrodes resulting in diminished electrical properties and mechanical fatigue [137].
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2.2.2 Hydraulically Amplified Self-Healing Electrostatic Artificial Mus-

cles

The latest advancement in dielectric elastomer design have recently developed into what

are known as hydraulically amplified self-healing electrostatic artificial muscles (HASEL)

[83]. HASEL is described as:

“...an electrohydraulic system to activate all-soft matter hydraulic architec-

tures.”.

It is in the utilisation of fluids within soft structures which when electrostatic forces act

upon them a hydraulic pressure is distributed within a structure, thus resulting in shape

change or displacement. In simple terms, fluids produce pressure in certain distributions

depending on the electrostatic forces which act upon them, thereby driving a desired

shape change. This behaviour is achieved through the use of liquid dielectrics that are

essentially self-healing and can instantly recover from dielectric breakdown [5]. There

are several types of HASEL actuators (donut, planar, etc.) as reported by Rothemund

et al. in 2021 with an in-depth analysis of each type’s characteristics. Reportedly,

HASEL actuators reach actuation strain of ¿100 % and high specific power outputs

(614 W/kg peak) at 22.5 kV. This is much more powerful than conventional DEAs at

similar voltages [180]. However, while conventional DEAs are effective in actuation and

sensing capabilities. There are several constraints which include a stretchable material

system, dielectric layers, and electrodes that often result in scalability problems that

reduce their overall effectiveness.

Silicone based elastomeric materials were the first materials utilised in the develop-

ment of HASEL actuators. There are two key designs using elastomeric materials (donut

and planar actuators). The donut actuator works on the principle of a spherical shell

filled with a liquid dielectric and concentrically placed electrodes which when a voltage

is applied the electrostatic forces displace the liquid to the furthest edge of the shell.

This increase in thickness under high voltage has displayed fairly large actuation strains

(¿50% at a voltage of 20kV) [180]. Another type is planar actuators which consist of

a plane where the electrodes cover the near entirety of the liquid dielectric region [5].

Once a voltage is applied, the thickness decreases and the surface area increases. This

is similar to conventional DEAs; however, the dielectric component is liquid in contrast.

As such, planar actuators reach greater actuation strains at the same voltage. Planar

actuators in series are capable of lifting substantial weights — such as a gallon of water

[5], see 2.3.

HASEL actuators can also be fabricated, utilising thermoplastics, using arbitrarily

designed 2D geometries and heat sealing / bonding layers of a dielectric material (e.g.,

biaxially oriented polypropylene — BOPP) to form a shell. These shells are subsequently
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Figure 2.3: Planar HASEL actuators a) Elastomeric shell which elongates under voltage
b) HASEL linear actuator. c) Six planar HASEL actuators lifting 4kg. “Reprinted,
with permission, from [5]”

filled with liquid dielectrics and coated ionic electrodes [180], see Figure 2.3. While this

technique is effective in rapidly producing single HASEL actuators, it is ineffective in

mass production due to the complexity and cost of the fabrication process. There are

several types of thermoplastic-based HASEL actuators that are capable of inhabiting

complex geometries and designs.

Within these two categories of HASEL actuators (elastomeric and thermoplastic),

elastomeric actuators are the “strongest” of the two in practice especially since more

than one elastomeric actuator can act in tandem [137]. This poses the question how

thermoplastic type designs could be designed to behave similarly. Also, since these

actuators make use of thermoplastic, often completely synthetic and non-biodegradable,

they cannot truly be compared to natural muscle. A bio-based HASEL-like actuator

could be a step towards achieving not merely a mimic of nature but nature itself. It,

thus, becomes a question about which materials are most suitable to fabricate similar

artificial muscles.

2.2.3 Ionic

In ionic artificial muscles (usually ionic polymer gels), actuation is caused by the ion

transport within the polymer material and exchange of ions between the actuator and

an electrolyte solution. First discussed in the early 1950s by Kathalsky, et al. when

such a gel shrinks or swells, it is in response to a change in the environmental pH levels

resulting from the displacement or redistribution of water. This principle forms part
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Figure 2.4: The actuation of IPMC (b) the applied force causes the cation migration.
“Reproduced from [99] under the Creative Commons Attribution License”

of a field of study named mechanochemistry [103, 95]. In order for ions to balance

across the polymer phase and displace the entrained solvent, an electrical current needs

to induce a potential change across the polarity of the polymer gel. Ionic EAPs need

low voltage to induce actuation (1–7 V). Regardless, high energy requirements are

associated with these actuators due to the amount of charge that needs to be transferred.

Ion based actuators are fabricated using conducting polymers (otherwise known as

conjugated polymers or CPs), carbon nanotubes (CNTs) and ionic polymer-metal

composites (IPMC). IPMCs consist of an ion-exchange polymer film usually coated with

electrodes made up of metals (gold, silver, etc. or other even polymers such as graphene.

Metal-based electrodes are comprised of platinum / gold / silver nanoparticles, see

Figure 2.4. When a voltage is applied between two electrodes, ions are attracted and or

repulsed towards the oppositely charged electrode. This results in deformation between

the two electrodes. These actuators were reported with maximum actuation strains of

3.3%, a stress of 30 MPa, using frequencies of up to 100 Hz [126, 17].

Baughman et al. in 1990 [19] first proposed actuators based on CPs. They were

developed consequently to actuate due to the uptake of counterions during electrochem-

ical redox cycling. Deformation utilising this mechanism occurs perpendicular to the

polymer chains which indicated that ions and solvents are merged into these chains. CPs

are a class of electroactive polymers which are activated by the transport of ions through

the polymer chains. Electrochemical or chemical stimulation through electrolytes is

usually required for actuation to occur. As such, these conducting materials must

be doped with ions [151]. The principle of CPs operate under a dimensional change

mechanism triggered by the addition or removal of charge from the polymer structure

when ions travel across it, see Figure 2.5. Three major factors impact the properties of

CPs and their performance in terms of their shape changing behaviour (be it bending
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Figure 2.5: The mechanism of actuation in conducting polymers (A) oxidised state, (B)
anion drive, (C) cation drive, (D) and (E) reduced state. “Reproduced from [99] under
the Creative Commons Attribution License”

or stretching), namely, the solvent and salt used during fabrication and the electrolyte

during actuation [168].

CPs, reportedly, have relatively high tensile strengths of up to 100 MPa and can

withstand a stress of up to 34 MPa as well as a strain of up to 20 % [168]. Compared to

DEs and other ionic polymer-based actuators, CPs possess a fairly diminutive strain rate,

which is due to the characteristics of the polymer, the effectiveness of the electrolyte,

and due to the diffusion of ions through the polymers. Evaporation of the solvent plays

a significant role in the performance lifetime of CPs, and encapsulation methodologies

have been investigated to prolong the use of these actuators. Notably, certain types of

CPs are in development with internal ion conduction that bypass the problem of the

external solvent evaporating or being subject to environmental conditions [168, 36].

Alternatively, carbon nanotubes, which are single graphite layers oriented in a

cylinder shape within the nanometer scale, can be used as an actuator. CNTs possess

impressive mechanical properties and boast a tensile modulus equivalent to that of

diamond (640 GPa). While CNTs behave more similarly to DEAs, utilising electrostatic

reactions, their displacement across the nanotubes is caused by a voltage applied to

internal nanotube electrodes within an ionic solution. CNT films or yarns are used

most often to achieve actuation of this nature. Due to the porosity of the fibres, ionic

transport occurs quickly (10ms) with impressive strain and power rates [109].

2.2.4 Opportunities for Artificial Muscles

While artificial muscles have advanced dramatically within the last quarter century, the

majority of research has focused on developing actuation mechanisms, metric models,

and material science with a minimal focus on their fabrication method. It is a matter of



simply producing artificial muscles for data collection and scientific research with little

concern for the development of potentially useful applications which poses the question:

“How can the current state of the art in artificial muscles be utilised in an impactful,

real-world environment?” This leads to the dilemma of how they are fabricated. The

fabrication techniques, as have been discussed, are often limited in scope and production.

Furthermore, the opportunity of additive manufacturing is widely overlooked, especially

when concerned with the flexibility that it offers [180].

Electroactive-type artificial muscles are improving yearly and are able to produce

excellent performances, both compared to natural muscle as well as electromagnetic

motors, see Table 2.1. Especially since these muscles can potentially be designed as a

network to maximise mechanical advantage, which reduces the need for transmission

systems that do have certain efficiencies and losses. It is, however, the lifetime of

these actuators which need greater improvement since natural muscle still outperforms

the best electroactive actuators by 103. The field of artificial muscles has exciting

potential in the future of robotics (e.g., soft) and in other fields where the particular

multi-functionality of artificial muscles may be suitable.



C
H

A
P

T
E

R
2.

LIT
E

R
A

T
U

R
E

R
E

V
IE

W
20

Table 2.1: A comparison on artificial muscle types — “Adapted from [16, 28, 99, 168, 126]”
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It is, however, interesting to note that there is a distinction between the development

of artificial muscles and the development of natural muscle tissue from bio-based polymers

and cells. The two are invariably linked however there is minimal literature concerning

artificial muscles from the perspective of using muscle cells or bio-based polymers such

as collagen or elastin. This is an area of research worth exploring especially when

concerned with the development of bio-based robots, e.g., a robot capable of actuation

and sensing.

2.3 Polymers for Artificial Muscles

Polymers are (macro)molecules comprised of repeating sub-units — monomers. With a

diverse range of properties, natural biopolymers (e.g., proteins, polysaccharides, etc.)

and synthetic polymers (e.g., polystyrene, polyethylene, carbon-based, etc.) are used in

many applications such as in the development of biological structures and the mimicry

of biological functions. Polymers are uniquely suitable for development due to their

flexibility in terms of properties which are highly customisable, such as their rheological

properties, mechanical properties, and sensitivities [71]. Considering the architectures

of electroactive actuators, it is necessary to understand the state-of-the-art polymers

to achieve a certain level of conductivity and potentially function as capacitors for

energy storage or otherwise achieve deformation. Furthermore, while this type of

electroactive polymers can be achieved summarily utilising purely synthetic or non-bio

based materials, it is necessary to investigate the potential for bio-based materials for

usage as artificial muscles.

2.3.1 Synthetic Materials

Distinct types of conductive materials present different properties. Conductive polymers

are organic polymers that conduct electricity and are easily conjugated to other polymers

to form a conductive scaffold. However, most of the conductive polymers are not water

soluble and cannot be degraded in vivo [50]. Carbon nanomaterials are commonly

used as conductive polymers due to their high conductivity. Such polymers include

carbon nanotubes, graphene, etc. One key challenge associated with these materials are

that they are not soluble in water, but they possess good biocompatible characteristics.

Metal-based conductive materials, often used as electrodes in actuators, such as gold

and silver have suitable conductivity but are generally toxic to cells and cannot be

used to great effect within biological system [50, 229]. Depending on the application

and absolute necessity of bio compatibility conductive polymers have advantages and

disadvantages.

Conductive carbon-based polymers, with electrical, magnetic, and optical properties
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were first proposed in 1970s [50]. These polymers are synthesised more easily and

demonstrate improved processability (the ability of a material to be processed into a

shape or form) in comparison with traditional conductive materials in the context of

biofabrication. Conductive materials such as polypyrrole (PPy) and polyaniline (PANI)

have proved popular in multiple studies as conductive, biocompatible materials and are

often blended with other suitable biopolymers [173, 71].

As a result of this blending of conductive polymers with other biopolymers, a hybrid

conductive polymer can be produced with suitable mechanical, electrical and chemical

properties. It is usually non-conductive polymers with more desirable mechanical or

biological characteristics that is selected for blending. So far hydrogels present the most

promising option for producing hybrids which can be utilised in specific applications

[69, 184]. Electroactive hydrogel composites made up of PPy and others have been

produced in the past which have been blended proteins and polysaccharides have been

produced. The key to conductive materials is the doping process that introduces charge

carriers (polarons and bipolarons) into the polymer matrix [15]. This process changes a

semi-conducting polymer into a conductive polymer

2.3.2 Biomaterials

Hydrogels

Hydrogels (also known as aqua gels) are a 3D network of hydrophobic polymer chains

that are crosslinked through physical or chemical bonding procedures with water as

the distribution medium. These cross-linked chains are the result of covalent, hydrogen

bonding, Van der Waals forces, and physical entanglements [105]. In simpler terms,

hydrogels are solid gel that encapsulate liquid within a large 3D matrix. Hydrogels are

natural or synthetic polymers and experience highly water absorbent properties, see

Figure 2.6 for a classification. As a result, hydrogels can well up to 400 times their

original weights. They are classified as either natural or synthetic, but composites

may arise as previously mentioned depending on the requirements of the application.

Furthermore, hydrogels may demonstrate environmental responses (pH, light, electricity,

magnetic fields.

Conductive polymers can also be synthesised as hydrogels allowing the production of

electroactive hydrogels. These hydrogels are usually composites, and oligomers formed

hydrogels demonstrate good biocompatibility and good electroconductivity. PANI,

PPy, and polythiophene (PT) among others, have been widely used as conductive

polymers whose conductivity is mainly because of their alternated single and double

bond. They can be physically blended into polymer systems and conjugated onto

polymer chains [30, 134]. Due to the critical impact that conductive polymers can

make within the biomedical field (e.g., tissue-engineered grafts, wound dressings, soft
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Figure 2.6: Classification of hydrogel materials. “Reprinted, with permission, from
[105]”

actuators), publications that combine 3D printing and electrically conductive hydrogels

are increasing in popularity [48].

Conductive polymer hydrogels operate similarly to most electronic semiconductors.

They possess conjugated � (p) systems which consist of overlapping p-orbitals forming

� bonds. Charge transfer is induced, resulting in its conductivity, within a polymer and

its internal chain network when the electrons internal to the � bonds are redistributed

through the stacking of aromatic rings and perfectly conjugated � systems (p-p stacks)

[48].

Doping

An important parameter in conductive polymers is the dopant. Dopant is necessary

for conductive polymers and impact the overall conductivity, material morphology

and cell behaviour. It is the dopant that increases the efficiency at which electrons

are shuffled throughout the conductive polymer chains. More specifically, dopant

refers to charge entities such as ions or charge side groups which participate in the
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oxidation reaction internal to a polymer. The network chains internal to conductive

polymers are provoked towards charge transfer through the polymer by the deterioration

of electronic conformation within these networks. Note, p-type charge transfer is

considered an oxidation reaction and n-type transfer is considered a reduction reaction.

Conductive polymer as hydrogels operate symbiotically in the sense that since hydrogels

are particularly absorbent of liquids, it is possible for the ionic contribution (i.e., dopant)

to scale upwards and significantly impact the overall conductivity of the final hydrogel

[147, 48]. Other than the most common examples of conductive polymer hydrogels

already mentioned, conductive particles such as graphene and CNTs can be introduced

to hydrogels to provide some conductivity.

Doping is the primary process to improve the electrical properties of conductive

polymer hydrogels (CPHs) to those of a metal and occurs during and/or after the

synthesis of conductive polymers. The doping process can be accomplished through sev-

eral methods: chemical doping, photo-doping, charge injection doping, electrochemical

doping, non-redox doping and secondary doping. The most widely used techniques are

chemical and electro-chemical methods [72, 198].

Synthesis conditions (such as temperature, solvent and water content, oxidation and

pH environment) have a strong effect on the conductivity and mechanical properties

and surface morphology of polymers. Reliable and reproducible chemical synthesis are

negatively influenced by variations in these effects. The conductivity of a polymer is

strictly dependent on the quantity of dopant used [69]. The type of dopant required to be

incorporated in the polymer can drive the choice toward the more appropriate synthesis

method. Conducting polymers can be reversibly doped and undoped due to their

electronic structure and this offers relevant benefits in drug delivery applications[72, 198].

The semiconducting characteristic of the extended conjugated system can be en-

hanced by the doping process, in analogy with what occurs for semiconductors. Conduct-

ing polymers are not usually conductive in the basic form and doping of the conjugated

backbone results in a highly conducting state of the polymer. Doping of conjugated

polymers increases the electrical conductivity of the material and in some cases by

several orders of magnitude [15].

Cells are a core component of bioprinting, and it is in the selection of the types,

number, and combination of cells that provide bioprinted tissue its functional aspects.

Cell sources that can be implement in bioprinting are usually donor human tissue,

animal tissue and stem cells (derivations as well). Cell types, however, are limited in

their applications and compatibilities to both the hardware that aims to print them and

in their interactions with other cells. Cell lines are cell populations derived from primary

cells that are self-replicating and retain certain functionalities from their original cells

[195]. Cell lines are useful for early testing and development of bioprinting. Additionally,
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primary cells are harvested from living tissue (except for stem cells). Primary cells have

specific functionalities are terminally differentiated cells which means that they cannot

proliferate. The development of tissue constructs, and organs have made use of primary

cells along with biomaterials to remarkable success due to their ability to metabolise

drugs [21].

Biomaterials perform a key role in interfacing hardware and biology (cells, envi-

ronments, etc.). They are highly dependent on the printing technique employed and

integrate all the biological components usually found in vivo environments. Bioma-

terials range from hydrogels and extracellular matrices (ECMs) to cermet implants

in applications for drug delivery, pacemakers, artificial organs / tissue, etc. [195, 21].

Certain biomaterials are used as bioinks in bioprinting and are usually in one of two

categories — melt curable polymers and soft biomaterials such as hydrogels with a

high-water content. Melt curable polymers are commonly used as scaffolds due to the

extreme temperatures and solvents necessary to process them and are seeded with

cells in post-processing. Hydrogels and similar biomaterials are distinguished into two

further classifications, namely, natural and synthetic polymers of which a large variety

of composites and combinations can be prepared. These polymers cannot achieve the

same plateau of mechanical properties (stiffness, tensile strength, elasticity, etc.) as

melt curable polymers. Hence, biomaterials, in order to function within a biological

environment, must be:

ˆ Non-toxic and non-carcinogenic.

ˆ Chemically stable, non-corrosive, and survive biological stresses.

ˆ Malleable into specific geometries [110].

Biomaterials are bound to certain requirements which dictate their effectiveness for

certain applications and printing methodology. The requirements are described as the

following:

ˆ Formability

– Bioprinting techniques require a material to be in a certain form and phase

for successful processing.

– When it comes to selecting a material, it must be ensured that it can be

produced in the desired form using a particular technique.

ˆ Water content

– Water content determines the absorption rate and diffusion through a hydro-

gel.
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– If the content is too high, cell proliferation may deteriorate.

– Water is bound in the gel by hydration of the polar hydrophilic groups.

– Water content is determined by the light absorbance through the gel or the

percentage change between the gel and dry phase of the hydrogel.

ˆ Biocompatibility

– “The quality of not having toxic or injurious effects on biological system” [40]

– “The ability of a material to perform with an appropriate host response in a

specific application” [40]

– Biocompatibility consists of interactions that occur between tissue and the

material. No material is definitively biocompatible in all the applications

and environments that they are used.

– A material implanted into the human body must perform a specific purpose.

As such, it must continuously perform a function without fail.

– A biocompatible material must be to both react and not react to the in vivo

environment of the host depending on the conditions.

ˆ Mechanical Properties

– Flexural, tensile, fatigue, creep strengths, wear resistance and elasticity are a

few of the properties to consider in a biomaterial.

ˆ Biodegradability

– The ability for a material to degrade into simpler substances under exposure

to certain environmental conditions (e.g., bacteria, fungi, etc.).

– A desirable feature for a biomaterial is that the degradation rate is synchro-

nised with the tissue in-growth rate (the rate at which new tissue grows into

a material placed in the body in the context of medical implants).

ˆ Bioactivity

– Bioactivity implies that a material induces positive and desirable responses

from the biology in which it is surrounded.

– The term was first proposed by Larry Hench in 1971 [76] and has evolved mean

that any material can bond to soft tissue and release biological stimulants.

– Current strategies which are used to control the chemical signalling of

molecules to drive cell behaviour include adhesive patterning or the in-

corporation of releasable biomolecules such as hormones, enzymes and other

regulators.
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2.3.3 Biomaterials for Electroactive Artificial Muscles

There are four approaches to producing conductive and potentially electroactive hydrogel

structures [48].

ˆ Ionic Conductivity

ˆ Addition of Conductive Particles

ˆ Postpolymerisation / coating

ˆ In Situ Polymerisation Conductivity

Ionic conductivity in hydrogels is usually produced by the formation of hydrogels

within electrolyte solutions. This method does not usually require the addition of other

conductive polymers such as PPy or graphene. The hydrogels would intrinsically consist

of ions which causes an increase in conductivity across the hydrogel, but the stability

of this conductivity is heavily dependent on how well the hydrogel can retain these

intrinsic ions. This approach is often used in stretchable electronics [48, 229, 206].

Conductivity by the addition of particles which result in composite hydrogels are

formed by the introduction of conductive particles (such as graphene) into polymerised

hydrogels. This approach results in high conductivities as opposed to the other ap-

proaches (> 20 S/cm) [48, 192]. Toxicity is a major concern with this approach in the

biomedical fields due to the non-biodegradability and chemical structures of nanoparti-

cles of conductive particles. As a successful example of this approach, cardiac fibroblasts

were seeded on bioplotted conductive hydrogel patterns and resulted in decent cell

maturation when a conductive hydrogel ink was applied. This points to an application

in tissue engineering and biosensors [192].

Postpolymerisation is concerned with the immersion of hydrogels in monomer or

oxidant solutions of a desired conductive polymer. The conductive hydrogel is formed

by soaking a hydrogel in oxidant and subsequently in monomer solution, or vice versa.

Alternatively, this process could be used to coat hydrogels or formed constructs to

achieve a certain conductivity. This approach allows the conductivity functionalisation

to occur in a subsequent step to the formation of a hydrogel. The challenge then

becomes the ability for a formed hydrogel to allow the diffusion and penetration through

the bulk material [74, 222]. Previous research has demonstrated this approach towards

the development of biocompatible as well as conductive constructs or scaffolds in the

field of bioelectronics and biosensors [227, 222]

In situ polymerisation describes the formation of conductive polymers within a

hydrogel matrix (e.g., proteins or polysaccharides) by the addition of monomers of the

intended conductive polymer. This is a process which forms the conductive matrix

simultaneously to the hydrogel matrix. This process can result in homogenous formation
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of the conductive polymer networks throughout the hydrogel. Previous work has

demonstrated that in situ polymerisation of conductive polymers along with dopants

can result in a conductive hydrogel network with applications in bioelectronics [48, 155].

Yow et al. demonstrated the fabrication of collagen-polypyrrole fibres using interfacial

polyelectrolyte complexation (IPEC / PEC), which is a common technique to form

fibres [228]. This technique occurs at the interface between two solutions containing

oppositely charge polyelectrolytes. When the charge is neutralized at the interface

between two polyelectrolytes, it leads to the creation of an insoluble complex. This

complex can adopt a fibrous shape if it is stretched and pulled from the interface between

the two polyelectrolytes. This occurs at room temperature and being water-based is

well suited to the requirements of biology. By entrapping pyrrole monomers into its

hydrophobic cavity using 2-hydroxypropyl-� -cyclodextrin, PPy can be incorporated into

a collagen-based fibres that are drawn using the PEC technique. This process results in

a biofunctional, electroactive fibre system which can be used in tissue engineering.

2.3.4 Hybrid or Composite Materials

There exists the desire to fabricate 3D structures with sufficient strength, size, shape,

biocompatibility, as well as the capability to function as an electroactive actuator. In

response to the inadequate properties of bio-based polymers in isolation, much work is

being done to develop hybrid systems that can produce synthetic biopolymers (with

relevant properties) with cell-laden hydrogels to produce successful tissue constructs.

The synthetic biopolymers provide the physical support of a geometry, or any other

property insufficiently handled by bio-based hydrogels, and the hydrogels stimulate

biological actions and reactions (cell proliferation, regeneration, etc.). Early indicators

point towards this hybrid methodology of producing tissue constructs as improving

the structural capabilities a fibre [10, 47]. See Table 2.2 for the most commonly used

electroactive polymers (EAPs) and their properties. The greatest challenge remains

in that the crosslinking methodology (e.g., UV light, temperature, chemical reactions,

etc.) has a negative impact on the biologically active component of a polymer hybrid or

gel. In turn, mechanical weakness and a lack of structural integrity may result as is

indicated by this inverse relationship between mechanical strength and biocompatible

processing. This requires an approach for material design for processing in that a

polymer of purely synthetic or biological origin may be used as the matrix within which

cells may proliferate, however, this “scaffold” must be developed with biocompatibility

in mind. As such, the future in developing materials for artificial muscles (specifically

of electroactive function) may require a combination of mechanically strong but not

biocompatible “inner shells” which are surround by biocompatible “outer shells” which

can aid the proliferation of cells and achieve a function of deformation or reaction to
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stimulus. With reference to natural muscle, this idea is not completely far-fetched,

however challenging in a processing and materials science space.
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Table 2.2: Summary of EAP materials. ”Reproduced from [71] under the Creative Commons Attribution License”
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2.4 The Methods of 3D Printing for “Synthetic” and Bio-

Based Polymers

2.4.1 3D / 4D Printing

Brief Definition

4D printing was first coined in 2013 by a research group from the Massachusetts’s

Institute of Technology (MIT) at a TED talk given by Tibbits [207]. It was defined

as static 3D printed objects which shift their shape over time. Immediately after, the

first research paper on 4D printing was published by same group using the concept

of printed active components (PAC) where a printed sheet transforms into a complex

geometric configuration using the shape memory effect (SME). The definition of 4D

printing as the sum of time and 3D printing has morphed into the concept that the

shape, properties, and overall functionalities of a 3D structure could evolve over time

when stimulated by factors such as temperature, water, light, acidity, electricity, etc.

[66, 133].

Since 4D printing is inherently derived from 3D printing and the polymers associated

with this technology, AM technologies are cross compatible with 4D printing with the

full range of techniques available. There are seven categories of AM, namely, binder

jetting and material jetting (which fall under inkjet technology), material extrusion,

photopolymerisation, powder bed fusion, energy deposition (usually with lasers like

selective laser sintering (SLS), and sheet lamination. 4D printing offers a few advantages

over 3D printing which are: (i) it fabricates intelligent devices using smart material

which change shape over time; (ii) it can fabricate self-folding or assembling structures

which will allow thin walled structures to be printed faster and more easily; (iii) a 4D

printed structure is usually the combination of several materials into an appropriate

configuration that is a single printed object. As a result of the differences in materials, it

is possible for this final structure to retain certain materials properties (e.g., expansion,

flexibility, swelling, etc.) [171]; (iv) the object is triggered by external stimulus, which

is determined by the type of response required and hence affects the materials used for

printing.

There are at minimum two states at which a 4D printed structure can exist — the

original state (shape, etc.) and the shape under stimulus [233]. Consequently, a 4D

structure is categorised into three areas of functionality: (i) self-assembly which is

concerned with materials that can minimised in shape and when placed in a specific

location can assemble itself according to the programmed stimulus. Several research

groups have attempted to achieve this self-assembly functionality. For example, the

transfer of equipment through small spaces in the human which self-assemble at a desired

location for medical purposes is one application; (ii) multi-functionality is concerned
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with integrating sense and actuation functions within a material. Multi-functional and

adaptive 4D printed tissues are one example of the application of this area of 4D printing

[96]; (iii) self-repair is concerned with the utility of self-disassembly, error correction,

recyclability, etc. Self-healing hydrogels are one potential application [205].

2.4.2 Bioprinting

A Brief History

3D bioprinting originates from the initial work done by Tom Boland in 2003 based

on inkjet printing technology [221]. This technique of using inkjet printheads to print

molecules which bind to each other (with varying degrees of success) was based on earlier

work using techniques such as photolithography [197, 65] (for the synthesis of oligo DNA

chips) and pin arrayers which deposit cells or proteins [189]. Hence, the key motivation

to investigate ink jet-based printing was due to cells drying out using pin arrayers and

is one of the first key works to demonstrate a working AM technique to deposit cells.

The impact of this work is significant because at the time it was published in 2003,

tissue engineering had relied solely upon moulding techniques to develop scaffolds which

would be coated with cells to manufacture organs (e.g., human bladders, etc.) [13].

In the same year, Garbor Forgacs at the University of Missouri created multi-cellular

spheroids which was the first step towards 3D printing scaffold free cells [26]. Immediately

after in the following year, Doug Chisey at the Naval Research Laboratory, applied laser-

based techniques towards printing bioinks into 3D structures [18]. From this point, the

first international bioprinting workshop was organised leading to key discussions between

Doug Chrisey, Brian Derby and Vladimir Mironov [127]. They defined bioprinting as

“the use of material transfer processes for patterning and assembling biologically relevant

materials — molecules, cells, tissues, and biodegradable biomaterials — with a prescribed

organisation to accomplish one or more biological functions” [127]. See Figure 2.7 for

the timeline of development in bioprinting.

The first commercial printer, developed in 2009 [13], attempted the production of

nearly full functional replacement skin constructs. As a result, more recent work has

extended into bioprinting functional ear-shaped constructs, heart valve models, liver

tissue models, bone tissue, and muscle fibre tissue [119, 51]. The techniques utilised in

bioprinting varies substantially with a wide variety of AM technologies being used for the

construction of complex multi-cellular geometries. Because of the requirements inherent

in certain biological tissues, certain AM methods matched with specific materials and

cross-linking approaches are best suited to constructing tissue (scaffolds, fibres, etc.)

with certain properties, biological components, matrix architectures, etc. [161]. A key

aspect of any technique associated with bioprinting is biomaterial formulations and

their associated rheological properties, chemistry and printability — cell compatibility
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Figure 2.7: A Historical Timeline of the Advances in Bioprinting Technology. ”Reprinted
(adapted) with permission from [90]. Copyright [2022] American Chemical Society”

and survivability [161].

The original bioprinters were modified inkjet printers based on depositing cell-

aggregates or tissue-spheroids onto hydrogel biomaterial substrates [221], where the

chemical interactions between the cells would cause controllable fusion into definable

constructs, see Figure 2.7 [194]. These cell-aggregates are now more commonly known

as bioinks, and the substrates were coined biopaper. However, “biopaper” has become

obsolete as new innovations with bioinks have absorbed its original functionality, hence

bioink encompasses all the materials and combinations of bioprinting. The approaches

associated with bioprinting have since evolved into two independent areas: (i) cell

aggregate bioprinting, or scaffold-free bioprinting which does not rely on environmentally

supportive environments; (ii) the biopaper materials have developed into bioinks of

themselves which pertain to cell-encapsulation (usually within a hydrogel) — this

evolved into extrusion bioprinting [51].

Furthermore, several other techniques have been developed, modified or improved

from traditional 3D printing technology. Namely, laser-assisted bioprinting (LAB),

stereolithography(SLA), extrusion-based bioprinting, inkjet based (material jetting) and

robotic dispensing have been developed due to the micro-scale resolutions at which these

techniques are able to print and pattern materials in complex geometries. Therefore, the

3D printing of biological structures encompasses two types of constructs: (i) acellular

functional scaffolds which are coated with cells, generally; (ii) cell-laden constructs which

recapitulate in vivo processes. Each type of construct bespeaks specific requirements for

bioprinters and applications in which they could be useful [161]. Potential bioprinting

applications have developed to include the printing of nanoparticles to form fibres,

the printing of single cells within a particular configuration, reconstructive bone /

organ scaffolds (e.g., corneas, etc.), printable medicine, or bioactive coatings [161]. The

technology has not yet advanced to the stage where complete organs and / or tissue
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certifiably suitable for transplantation into the human body can be fabricated.

Key Parameters

Printing dynamics are important when consistent patterning and functionality in the

final product are required. Resolution, orifice size, matrix composition, viscosity, and

as such the resulting droplet size, cell aggregation, cell patterning, cell viability and

cell placement all contribute to the quality and functionality of a printed construct.

Resolution in 3D printing is defined as the quality of a printed part, or, in other

words, it can be described as the minimum distance or length that material can be

accurately deposited. In inkjet printers, patterns are made on a drop-by-drop basis (e.g.,

drop-on-demand and CIJ) which merge to form lines and hence patterns and geometries

in layers. The resolution of an inkjet printer is fully dependent on the printhead used

during printing. Additionally, the minimum droplet size is also dependent on the type of

printhead. For clarification, the actual resolution at which a part is printed is different

to the resolution at which a printhead deposits droplets. This is due to the dispersion

and spread of droplets on the substrate or surface on which they fall, see Figure 2.8 for

the common process through which 3D tissue or geometry may be constructed using

bioinks and hydrogels. Subsequently, the actual resolution of an inkjet printer is usually

lower than the minimum droplet size since the printed pattern also enlarges when the

drop merge and dry [79, 34].

The delivery matrix (e.g., hydrogels) used to develop biological constructs deter-

mine the ultimate properties of a printed structure. It is through cross-linking (chemical

or with UV) usually when the delivery matrix is in the liquid phase that subsequently

hardens. The delivery matrix provides structural stability and safety for cells so that

a relatively rigid structure can be printed. Cell proliferation is also affected by the

selection of the hydrogel depending on the application of the structure. Furthermore,

a matrix must facilitate and sustain all interactions between the environment and the

structure, and as mentioned previously this also impacts the final characteristics of a

construct. It is not uncommon for multiple types of delivery matrices which encapsulate

a variety of different cell types to be required in the printing of complex tissue. Collagen

I and alginate are most the commonly used biomaterials used for this purpose [88, 106].

Viscosity is arguably the most important factor when printing any type of material

using inkjet technology, particularly for bioprinting and tissue engineering. Clogging is

the major problem with inkjet bioprinting as only lower viscosity materials can success-

fully be printed [80]. This inability to process high-viscosity biomaterials significantly

reduces the number of potential biomaterials in developing tissue constructs. In simple

terms, the higher the viscosity of the material to be ejected through a nozzle, the

higher the applied forces become to induce ejection. One solution to this problem is to
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Figure 2.8: Fabrication of 3D tissue constructs by layer-by-layer deposition of bio ink
followed by different printing and cross-linking strategies. (A) Extrusion based printing
where pressure produces continuous “fibres” (B) Laser-assisted bioprinting which uses
laser diodes to print material at specific points. (C) Inkjet based bioprinting strategy.
(D) Stereolithography based bioprinting. “Reprinted, with permission, from [12]”

modulate the viscosity of a material by mixing other materials with it or alternatively

using cross-linkers at different ratios at specific times during the printing process [162].

Various studies have shown that modulating formulation concentrations of materials

like GelMA make it possible to decrease viscosity and improve printability [86, 140].

Techniques

Through a synthesis of computer aided design (CAD), high resolution electronics (e.g.,

stepper motors, micro-controllers), computer aided modelling (CAM) and the use

of G programming language (creating machine instructions) — usually found in the

“slicing” software, it is possible to precisely control the geometry, mechanical properties,

inter-connectivity, porosity, and the structure of biochemicals as they are laid down

or deposited during an AM process. Typically, the equipment consists of an x-y-z

gantry system which when programmed using G-code compiled from a CAD model

using “slicing” software, proceeds to create the 3D structure using the materials setup in

the cartridges, tubes, vats, nozzles, etc. which are usually pumped using the principles

of peristaltic motion (when fluid) or fed using mechanical drive systems or robotics.

This general description of most AM techniques varies hugely across them, and in terms

of bioprinting applications, they have vastly different results. Certain techniques are
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more suited to printing certain materials (poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate-PEDOT:PSS) in specific configurations (e.g., bone, cartilage, cardiac muscles,

etc.) than others, due to the physical principles applied in them, which affect the viscosity,

cell viability, printability, and mechanical properties [34]. Furthermore, based on these

aspects, printing techniques are classified into contact and non-contact techniques: (1)

Contact — “the printing technique requires contact between the delivery apparatus

and the receiving substrate” (e.g., Extrusion) [40]. (2) Non-contact — “the material is

delivered (ejected) to the substrate located very close to the delivery mechanism (almost

touching).” (e.g., Inkjet and Laser based printing) [40].

Bioprinting Approaches

There are three approaches to bioprinting: (1) biomimicry, (2) autonomous self-

assembly, (3) and micro-tissue based methodologies, see Figure 2.9 [23]. These

approaches can be undertaken separately or together depending on the complexity and

type of tissue. A biomimicry approach attempts to engineer each component of the

target tissue and it is difficult to replicate the complexity of a tissue even though the

approach is fairly straight forward. There are several key aspects to biomimicry, firstly,

the selection of a scaffold geometry and material is essential. Secondly, the scaffold must

approximate the structural and mechanical properties, and the interactions between

cells with the ECM of the target tissue. Thirdly, a set of bioreactors should be used

to regulate the environmental parameters which mimic the chemical, mechanical, and

electrical variables specific to a tissue type. Hence, the key component to successful

biomimicry is the ability for the environment to adjust itself as the cells proliferate

throughout a scaffold and the printed tissue matures over time. This is usually done

once a tissue is printed.

Autonomous self-assembly is an approach to replicate an embryonic environment

with the intended goal of producing the correct anatomy. The approach involves printing

or producing separate parts or units that when placed in the correct environment and in

contact with each other will self-organise and recapitulate accordingly. While biomimicry

attempts to externally influence the maturation of tissue, this approach simply develops

the separate units and uses the natural understanding that cells and other structures

organise to develop tissue. This is a scaffold-free methodology and has been proven to

result in high cell densities, good cellular interactions and growth, and longer overall

function. This approach has successfully been used to develop a variety of tissue

types — e.g., the first blood vessel using smooth muscle cells, cardiac muscle tissue, etc.

[191, 112].

The microtissue approach in bioprinting refers to the development of the smallest

structural and functional units to form a target tissue type. It is based on the biological
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Figure 2.9: Bioprinting Structure. “Reproduced from [23] under the Creative Commons
Attribution License”

fact that simpler units are combined in vivo and contribute function to the whole of the

surrounding tissue. Microtissues are often integrated into bioinks, which can enhance

the speed of the bioprinting process. — reducing the frequency of nozzle clogging.

Tissue maturation is reportedly much faster using a microtissue approach and combining

this approach with biomimicry or the autonomous self-assembly approach, microtissues

can be bioprinted without scaffolds, which relatedly reduces the rate of production

[191, 128].

Furthermore, there are three phases associated with bioprinting. Pre-processing

involves determining the anatomical structure of the target tissue through imaging, etc.

and developing a CAD model for bioprinting. The processing phase is next and is the

stage at which the tissue is manufactured. Secondly, a specific printing method and

formulating the necessary printing materials (bioinks, scaffolds, bioreactors, etc.) must

be selected. Each of these selections have impact on the final product — its properties

and effectiveness. Lastly, the post-processing phase occurs immediately after the

processing phase and is concerned with maturing bioprinted tissue and preparing it for

in vivo usage. For most applications this occurs within a bioreactor which recreate the

required environments with variable success. Tissue and cell viability are often reduced

and weakened during the maturation stage [23, 129].

Inkjet

Originally patented by William Kelvin in the 19th century, inkjet technology was not

realised until the 1950s due to the inability to generate the direction and size of droplets.

There are two methods of delivery associated with inkjet printing — drop-on-demand

and continuous inkjet printing (CIJ). Continuous inkjet printing involves a stream of ink

which is consistently being interrupted by pressure when it flows through a nozzle. This
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forms a stream of individual droplets that are selected using conductive that is charged

via induction as the drop forms — this holds the stream at particular potential and

charges each drop at a different voltage. As the drops fall through an electric field the

size, amount and direction of the droplet is controlled depending on the charge. Droplets

that do not get charged are recycled into the nozzle for re-use. This phenomenon is

often called the Rayleigh breakup, which is used as the basis for CIJ, first employed by

Sweet at Stanford University in the 1960s [107].

In drop-on-demand a short jet which condenses into a single droplet. This droplet

which forms the head and is followed by the “tail-end” of the liquid eventually detaches

from the nozzle and is pulled towards the head droplet forming satellite droplets. Ideally,

the jet would form a single spherical drop, but usually results in a main drop followed by

a series of satellite droplets. Unlike CIJ, the droplets are not directed using electrostatic

principles, but by a series of nozzles arranged in an array within a printhead. By

controlling the relative motion of the drop to the substrate as well as the timing of its

ejection from an appropriate nozzle in the array, the drop can be positioned precisely

where needed.

There are two different approaches to generate the ejection pressure required for

a drop - (1) piezoelectric and (2) thermal [107], see Figure 2.10. The basic process of

inkjet printing stays consistent over the three different approaches with a methodology

comprising filling a cartridge with ink that is forced somehow through a nozzle or

orifice. Piezoelectric inkjet printers use acoustic waves, or dynamic physical parts which

change shape causing pressure and thus squeezing an ink through the output orifice. By

using acoustic waves, it is possible to precisely manipulate wave parameters (duration,

amplitude, and frequency). This results in highly controllable printing parameters and

excellent printing precision due to the ability of piezoelectric printing to control droplet

sizes [85]. Thermal inkjet printing (or bubble jet) utilises a heat generating element

(usually with electricity) which increases the temperature within the ink reservoir

attached to the nozzle. As the ink increases in temperature a vapor bubble is formed

and as it expands causes the ejection of a droplet [85]. Drop diameters, drop volumes,

and drop speeds in inkjet printing range between 10 to 100 � m, 0.5 to 500 pL, and 5 to

8 m:s� 1 for drop-on-demand and 10 to 30 m:s� 1 for CIJ, respectively. Inkjet printing

biomaterials is generally restricted to a viscosity below 20 cP (centi-Poise) and inflict

significant shear forces in order to form droplets which reduces cell viability and in the

case of thermal inkjet printing high temperatures can cause cell death in the nozzle.

Material jetting is a common “inkjet printhead” style AM process in which droplets of

build material (such as photopolymer or thermoplastic materials) and support material

are selectively deposited [190]. The material is jetted onto a build platform by using

either a Continuous or Drop-on-Demand (DOD) approach, where it solidifies permitting
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Figure 2.10: Inkjet Printing. “Developed from [79]”

to build the model layer-by-layer. The material is deposited from a nozzle which moves

horizontally across the platform. In the last step of this method, the layers are cured

using UV light. Limitations of this method are due to the narrow window process of the

inkjet actuator, which refers to the fact that the actuator can only deposit ink in very

small, precise locations. In contrast, multi-actuator jetting systems are novel methods

which allow the printing of materials with various levels of viscosity and electrical

properties [90]. There are key challenges, as previously discussed, in using this technique

to fabricate biomaterials that are structurally rigid and biologically alive.

Reactive inkjet printing (RIJ) is an emerging multi-head material jetting sub-

technique which combines the deposition and chemical reactions of materials in a single

action. This allows for the fabrication of structures which can be synthesised in situ

simultaneous to the construction of their 3D geometries [98]. RIJ is considered to be a

chemical synthesis tool using inkjet printing where one reactant can be added to another

to form a sum product which has properties unique to itself. There are two definitions

of RIJ — ’Single RIJ’ and ’Full RIJ’. Single RIJ is involved in the dispensing of droplets

which react to a previously deposited material onto a substrate. Full RIJ deposits two

reactant materials subsequent to each other using independent printheads which when

they meet react to form the intended structure and resulting properties. The challenge

with this latter definition is the drying of the first deposited reactant [70]. Since the

viscosity of fluids is the main limiting factor in material jetting, recent research has

investigated applying RIJ to printing highly viscous materials.
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Extrusion

The most widely known form of 3D printing, extrusion 3D printing (e.g., fused deposition

modelling — FDM) makes use of thermoset materials that are brought to near melting

point through a nozzle (the action of extrusion) and lays the material in a certain

geometry, using a continuous bead of thermoplastic, which solidifies as it cools on

the printing bed (e.g., steel, glass, etc.). This technique builds a series of layers and

the speed at which it does this is fully programmable and dependent on the motor

electronics of the machine being used. This technique is compatible with a broad

range of ink viscosities (> 6 x 107 mPa/s). Furthermore, multiple material parts can

easily be printed using the extrusion methodology allowing multi-functional parts with

tailored mechanical properties. FDM printers, traditionally, print plastics at 250 ‰but

thermoplastics which cross-link under heat at near body temperatures are more useful

in terms of biofabrication.

Any hydrogel to be used in extrusion must be printable at around 37‰to enable cell

propagation without the addition of chemical cross-linking mechanisms. Extrusion-based

printing is capable of much higher cell densities in comparison to inkjet strategies (which

is preferable in printing tissues and more analogous to real physiology and cytology).

However, cell viability is reduced ( 86% to 40%) [37] as a result — this is often due to

the high shear forces and pressures experienced during printing. Nozzle clogging often

occurs as a result of reducing dispensing pressure — the material does not experience

enough shear forces to escape the nozzle [6]. One common approach (to bypass this

problem) is to seed cells at a later time once the structural polymers have cured.

Scaffold-free bioprinting makes use of cell aggregates and / or cell-based filaments

that are printed in architectures which fuse over time into larger, more intelligent

constructs. Multiple layers of different aggregates, etc. care printed into physiologically

relevant structures and positions, which after a curing and maturation period, fuse into

a single 3D form. This approach has successfully built vascular systems. The company

Organovo has made use of this technique extensively.

Laser-Based

LAB and / or LIFT is a 3D printing methodology which was originally develop for

patterning metals in applications for fabricating computer chips. Laser pulses burst

through a ribbon supported by precious metal (e.g., Gold, Titanium) layers containing

bioinks which are vaporised causing a high-pressure bubble that squeezes individual

droplets onto a printing substrate past the ribbon. A 3D structure is developed to a

high resolution which enable bioprinting micro-tissues — DNA, cell aggregates, etc.

This method has achieved single cell deposition resolutions as well as maintaining the

cell density. Due to being a nozzle-less technique a wider range of potential materials
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can be used. Unfortunately, this technique is particularly expensive to prepare and

operate in comparison to other techniques [34, 188, 27].

Stereolithography (SLA) utilises the principle of photo-curing or photo-polymerisation

in which an ultra-violet (UV) light or laser is directed in a specific path over a layer

of photo-sensitive liquid polymer resin. This method of cross-linking hardens layers of

resin until a full 3D geometry is completed. Particularly useful for curable acrylics, it is

generally unsuitable for biofabrication purposes due to the need for intense UV radiation

to induce the cross-linking, along with lengthy post-processing times and limited mate-

rial selection [23, 34]. Designing biomaterials for SLA is particularly challenging in that

photo-crosslinkable polymers are required, which limits the overall material selection.

Additionally, this technique may expose cells to harmful levels of UV radiation and

requires the careful selection of photoinitiators [12].

2.4.3 3D Printing in Suspension Baths — Embedded 3D Printing

Thus far, the 3D printing techniques discussed face several key challenges in printing

biomaterials or other soft and sensitive materials, such as elastomers, gels, and hydrogels

which are often used in fabricating constructs in tissue engineering or regenerative

medicine. More specifically, hydrogels (polysaccharides or proteins) which are often

collagen or fibrin-based in practice require sensitive processing operations and envi-

ronments in order to not collapse, deform, or other support itself after an attempt

to fabricate them into sensible constructs. These thermo-mechanical and chemical

requirements (elastic modulus < 100 kPa) often cannot be avoided and as such the

materials are damaged and the integrated cells die, which is not a desirable outcome for

3D bioprinting [142, 77].

More recently (between 2014 and 2020), 3D printing in suspension media has emerged

as an approach to fabricate materials with high shape fidelity and self-supporting

properties as well as complex structures with cellular and extracellular relevance. More

commonly known as freeform reversible embedding of suspended hydrogels (FRESH),

this technique is a step away from conventional 3D printing techniques in that it deposits

material directly into a supported area that prevents collapse and settling. This directly

addresses the manufacturability and biological challenges of bioprinting.

Gel suspension or embedded 3D printing operates under two key principles. Firstly,

the suspension media can hold and encapsulate a printed material without mixing

or diminishing the material in any capacity. This means that at an applied stress

overcoming the yield stress of the media, the media will relax from its solid, gel-like

state to a more a fluidic state allowing the displacement of the media by the penetrating

material. Secondly, the media recovers its original position in a process called self-

healing, which is defined as the spontaneous recovery of the microstructure and bulk
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Figure 2.11: (A) Writing of bioink in a suspension medium, (B) CAD of arterial tree,
(C) Example of printed arterial tree in a suspension medium. “Reproduced from [122]
under the Creative Commons Attribution License”

rheological properties of a fluid after it has flowed. As such, it is clear to note that

the suspension media offers reversible state transitions to accommodate the deposition

of a material within its body and furthermore support or aid the printed material.

One key challenge in this technique is the extraction of the printed structure from the

suspension. However, in some cases the suspension medium is retained after printing.

Key advantages of the technique include [77, 122, 22]:

ˆ Prevented Collapse

ˆ Continuous Extrusion or Deposition

ˆ Prevented Dehydration of Printed Materials

ˆ Omnidirectional Printing

ˆ Suspension Medium doubling as an Extracellular Matrix

ˆ Cells are kept alive using tightly controlled environments

This technique especially supports the printing of a wide variety of materials,

regardless of viscosity, although the high pressures and shear stresses involved in high

viscosity material deposition may hamper cell survival. There are no scaffolding materials

required however to fabricate well-defined shapes. A study of printing tissue analogs

with decellularised ECM bioinks with relatively low viscosity (10 cP) demonstrated,

that while these bioinks could not be printed singularly without support frameworks

using conventional techniques, they could be successfully printed within the suspension

medium. Collagen, fibrin, and even pure cells without biomaterial support have been

printed [122]. For example, the Angelini group used a polyacrylic acid particle-based
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Figure 2.12: (A–C) Miniaturised heart, (D) The heart extracted from the suspension
medium and dyed to demonstrate the hollow internal chambers. “Reproduced from
[122] under the Creative Commons Attribution License”

suspension medium to print biological constructs within close proximity. Hinton et al.

printed a human brain using a gelatine slurry suspension medium. Dvir et al. used this

technique to print a miniaturised human heart using stem cell derived cardiomyocytes

and endothelial cells within a bath of alginate microparticles surrounded by xanthan

gum, see Figures 2.11 and 2.12. As such the FRESH technique demonstrates its

usefulness in successfully printing mechanically weak materials into mechanically rigid

and anatomically correct structures [146]. See heading 3.3.1 for further analysis into

the embedded 3D printing techniques.

2.4.4 Strategies & Preparations

Inkjet Approach

From a practical perspective, the inkjet 3D printing approach would require the pro-

cessing of higher viscosity materials in order to achieve suitable results in printing

artificial muscle fibres as has been extensively discussed. Due to the precise nature in

which artificial muscles fibres must be printed, especially when using biomaterials, the
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Figure 2.13: (A) Fabrication steps — (1) PVDF membrane is cut to shape, (2) PE-
DOT:PSS actuators printed where actuation is desired, (3) Silver electrodes connecting
actuators, (4) Shape is doped with ionic liquid . (B) Printed Actuators. (C) Actuators
produced by drop casting and cutting. “Reprinted, with permission, from [193]”

environmental conditions must be tightly controlled with temperature, pH, and humidity

regulated throughout the fabrication process. Furthermore, the technology associated in

depositing the biomaterials or conductive polymers must be keenly selected or modified

to allow for higher viscosity materials and materials that are semi-conductive. Hence,

technology must either be innovated or sourced in order to broaden the selection of

biomaterials to allow for more viscous materials to be processed, specifically for the

purpose of printing materials with viscosity greater than 25 cP, which is particularly

uncommon in research due to these inherent challenges in the technique. In this vein,

state-of-the-art inkjet printheads developed by Xaar propose to solve these challenges,

at least partially, through their fluid re-circulation technology which keeps an ink in

constant motion and has proven to prevent clogging hence allowing more viscous mate-

rials to be processed, see the Figure above. The 501 GS8 has a droplet volume range of

8–40 pL, particularly good drop placement accuracy, and is among less than a handful

of inkjet printheads capable of processing high viscosity materials [1].

The principal process of inkjet printing an electroactive polymer solution has been

reported by Bar-Cohen who demonstrated the inkjet printing of piezoelectric polymer

actuators on polycarbonate substrates. The process incorporates steps where EAP

layers are annealed thermally at 130 ‰and the top electrodes are sintered using Ar

plasma. By following this method, all the processing steps are compatible with low-cost

polymer substrates. It was found that the actuators fabricated yield free deflections of

approximately 20 m, blocking forces of 3 mN and resonance frequencies of 230 Hz [154].
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Table 2.3: Additive Manufacturing — Bioprinting. Adapted from [123, 40, 145, 138, 232, 87, 153, 94, 113, 101]

.
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Simaite et al. demonstrated in 2016 that inkjet printing conducting polymers (PE-

DOT:PSS) towards fabricating ionic-based artificial muscles is achievable but requires

complex pre-processing and post-processing procedures. This study reported the diffi-

culty in successfully processing PEDOT:PSS solution due to its rheological properties

which limits its printability (i.e., satellite droplets, adhesion problems) and hence limited

strain curves when doped. Using silver electrodes and PEDOT:PSS actuators, the study

achieved a significant level of strain across the PVDF membrane., see Figure 2.13. While

certain conductive polymers (e.g., PEDOT:PSS) are biocompatible, there remains the

challenge of integrating these polymers with biopolymers (e.g., collagen) during the

inkjet printing process [193].

Multiple studies report that, while a variety of sensible biomaterials can be printed,

particle aggregation and clogging of the dispensing nozzles remain challenging. This

difficulty combined with the sensitivity of biomaterials to its environment and the speed

it must be cross-linked using ultraviolet, chemical, or pH means, can negatively affect

the cytotoxicity of the printed materials in the final 3D structure [141]. Furthermore,

the act of dispensing droplets through the inkjet nozzles exposes any biomaterial in

any form to particularly high shear stresses which may causes further damage to the

encapsulated cells or living components of the materials. As such, combining the printing

of conductive polymers with biomaterials that remain “living” after processing using

inkjet technology is relatively unexplored territory within research with very few studies

reporting success in this effort [34].

Embedded Approach

The FRESH approach utilises thermoreversible suspension mediums within a bath

which enables the deposition of hydrogels or other materials into complex 3D constructs.

Based on the research, FRESH innovated the deposition and embedding of one hydrogel

into a second hydrogel which supports and maintains the fidelity of the first, cross-linked

hydrogel. Generally, these support baths are comprised of gelatine microparticles that

change state depending on the input stress. This property of behaving like a solid at low

shear stresses and high shear stresses along with the self-healing nature of the gel makes

this technique highly attractive to printing materials that would otherwise collapse

if printed in air. As part of the FRESH technique, once the 3D construct is printed,

the gel can be melted in a non-destructive manner by raising the temperature of the

support medium to 37 ‰. Due to this behaviour, a nozzle can move through the bath

unobstructed and deposit a material that remains in place as it is deposited without

damaging the gel’s structural integrity [175, 78].

Hinton et al. modified a MakerBot Replicator with a custom syringe extruder with

a 150 � m diameter needle. The support bath was a gelatine microparticle slurry to
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Figure 2.14: (A) FRESH process schematic, (B) The letters “CMU” released by melting
the gelatin. (C) Gelatine microparticles after blending. (D) The mean Feret diameter
of gelatine particles as a function of time. (E) Rheological analysis of storage and loss
modulus for gelatine support demonstrating Bingham plastic behaviour. “Reprinted
with permission from AAAS [77] under the Creative Commons Attribution License’

Figure 2.15: (A – B) Hollow Vessel Network. (C) High Resolution image of truncated
vessels about 100 � m in diameter (D) Junctions with curvatures. (E) Crosslinked
network removed from the granular gel bath. “Reprinted with permission from AAAS
[22] under the Creative Commons Attribution License”

have Bingham plastic rheology. A solid block of gelatine hydrogel was blended into

a microparticle state and centrifuged to remove supernatant and produce the slurry.

Notably, gelatine is biocompatible and may bind to the polysaccharides or proteins that

are printed within it. Through integrin binding, the gelatine may enhance the adhesion

[77], see the Figure 2.15.

Skylar et al. reported a biomanufacturing method called sacrificial writing into

functional tissue (SWIFT). This technique generates organ specific tissues with high cell

density, maturation, and the desired functionality by patterning sacrificial inks within
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Figure 2.16: Venn Diagram of the relationship between artificial muscles and the
potential results which can be achieved through their synthesis in engineering and
materials science

a matrix which upon removal yields perfusable channels in the form of conduits. By

using organ building blocks (OBBs) and ECMs, this group demonstrated that functional

cardiac tissue could be fabricated successfully using embedded 3D printing within slurry

or gel suspensions [196].

Rocca et al. demonstrated multimaterial bioprinting by modifying a Lulzbot TAZ

5 and depositing alginate bioink within a Pluronic F127 gel bath. An alternative

support medium is Carbopol granular medium, investigated by Bhattacharjee, et al.

[22] Embedded 3D printing is an emerging technology which has the potential to vastly

improve the sophistication of tissue engineering and bioprinting. While this technique

has been used in the past for a variety of desired output, it still has room for development,

especially in the 4D printing research space. It is, hence, evident that through embedded

3D printing complex, biologically alive 3D constructs and tissue can be fabricated and

potentially fabricate fully programmable tissue or near-tissue constructs.

2.5 Discussion

There exists a desire to fabricate a single or series of fibre(s) which display certain desired

characteristics (electroactivity, biofunctionality, mechanical strength, structural integrity,

inter-connectivity etc.).The literature reports that the principles of gel-suspension 3D

printing are mainly responsible for achieving this result. This method overcomes the

numerous challenges associated with conventional 3D printing of fibres. These difficulties
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include: a restriction to the 2D printing plane; exposure to unintended environmental

factors (temperature, humidity, etc.); a lack of sufficient support during printing which

results in failure; multiple steps utilising different machinery and / or experimental

rigs to achieve certain characteristics (e.g., the doping process, cell culturing, etc.).

Fundamentally, each fibre should present certain mechanical and electrical characteristics

which may be compared to existing data concerning EAPs. This corresponds to the

characterisation of the fibres which may include the following methods: Mechanical

property testing; Fibre surface morphology; Electrical stimulation properties (e.g.,

deformation percentage, conductivity, etc.); Cell proliferation assay.

Since the state of the art 3D printing techniques are primarily concerned with

producing structure in a top-down layer by layer fashion (i.e., in the case of the FRESH

technique, a self-healing gel is required to effectively print material but what if this was

not the case), which has certain drawbacks as have been identified in the literature,

especially when concerned with the fabrication of artificial muscles, a new technique may

or approach may be developed where a print-in-place (in situ system may be devised,

see 2.16. There are already practical developments realising the potential of in situ

printing such as the implementation of skin bioprinters [145]. Furthermore, this may be

advanced to a stage where in vivo 3D printing may be performed for the applications of

regenerative medicine or other non-medical research areas.

By embedding prepared structural elements (i.e., conductive plates or electrodes)

within a gel suspension matrix to function as the electrodes as well as providing support

after the printing process is completed (much like bones or joints), fibres may be

inter-weaved between these elements to construct bands mimicking those of natural

muscle. These bands, consisting of individual fibres, will each be composed of a

conductive internal biopolymer (e.g., polypyrrole) and an external cellular biomaterial

(e.g., collagen). If this is achieved, logically, by attaching a function generator or simply

inducing a charge between the two poles between the fibres, the fibres should contract,

expand, or otherwise exhibit shape-changing behaviour in response. This research avenue

requires, however, a significant amount of materials design as well as a potentially novel

fabrication technique.

In principle, if a 3D printing technique could deposit biomaterial(s) or otherwise

within a geometry such as a gel bath without causing considerable damage to its

surroundings, it is possible to fabricate fibres at pre-determined locations within complex

geometries that when fabricated may not have been possible during its production

process. For example, in the production of thermoplastic HASEL actuators, a syringe

needle is used during the post-process to inject a liquid dielectric into the prepared

cavity to allow for future actuation. This begs the question: “What if it is possible to

inject or deposit bio-based material(s) at a location where it may be useful for actuation



CHAPTER 2. LITERATURE REVIEW 50

or other purposes?” Furthermore, this idea may be particularly useful, especially when

attempting to deposit material in otherwise and formerly unreachable locations. For

example, the connective tissue between joints or the singular muscle fibres within the

bicep. One potential solution could be utilizing an in situ printing approach such as a

skin bioprinter, but instead of printing outside the body, it would have the capability

to print within the body. This concept, if possible, from an engineering perspective,

would enable future advancements in several fields of research and potentially provide a

building block technique through which complex geometric structures may be achieved

such as the intricate network of the animal nervous system.

2.6 Experimentation & Observations

As a result of the investigation into the FRESH technique, a simple experiment was

designed which tested the concept of using needles within a gel. According to the FRESH

or embedded 3D printing principles, a self-healing gel is an absolute requirement. In

essence, the gel simply acts a suspension matrix into which certain (bio)polymers are

deposited and subsequently polymerised through a chemical reactant or stimulus. Many

suspension matrix-based materials are developed for this purpose to remarkable success.

However, for the purposes of this proof-of-concept test, simple food gelatine was used in

ratio to water. The purpose of this experiment was to observe the relationship between

gelatine and a needle syringe — seeking the concept of 3D printing polymers within

any gel, self-healing or not. See the below methods and materials for the details on this

experiment.

2.6.1 Materials

ˆ Generic gelatine powder

ˆ Syringe with needle

ˆ Food colouring — red

ˆ Tank

2.6.2 Method

1. Mix 250g of gelatine powder into 5L of water — a 7.5% ratio.

2. Cool the gelatine mixture overnight at 2deg C.

3. Prepare the food colouring and the syringe.
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Figure 2.17: Proof-of-concept using a non-self-healing gel and dye to indicate the needle
tracks.

4. Insert the needle into the solidified gelatine at certain points and at different

depths.

5. Drag the needle to simulate the concepts discussed in literature while simultane-

ously depositing the food colouring.

6. Observe the gelatine and food colouring.

2.6.3 Results

As seen in Figure 2.18 above there are noticeably clear needle tracks in the gelatine.

As the needle was dragged across the gelatine from the top, it effectively destroyed

and marred the surface to the depth of the needle tip. This leaves the food colouring

essentially exposed and unsupported in terms of the concept of a suspension matrix.

Since the suspension matrix has been defined previously as an enclosing body which

supports the integrity of materials which are delicate on deposition and polymerisation,

a gel which does not “heal” or enclose the printed material to keep the material in place
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Figure 2.18: Proof-of-concept using a non-self healing gel and dye to indicate the needle
tracks.

is effectively useless. This is the simple and expected observation, but the consequence

of this observation leads to an interesting question, “How can the damage caused by the

needle to the gelatine be minimised while maintaining the effectiveness of depositing a

material into the gelatine similar to embedded 3D printing techniques?”.

2.7 Steerable Needles

Steerable needles are used, broadly, in minimally invasive therapies to treat certain

parts of the human body which are preferable or more effective than traditional surgical

treatments. For example, lung cancer, can be biopsied effectively by deploying a

steerable needle through a bronchoscope [62]. Other clinical operations include thermal

ablation therapy, drug therapy and delivery, radioactive seed implantation and many

other procedures which effect organs such as the prostate, heart, or liver, etc [3, 14].

Currently, the needles which are used in these procedures are restricted by multiple

challenges, namely:

ˆ Needle Rigidity

– This has an effect on the path that the needle can travel where — the less

flexible or more rigid a needle is: the straighter the path it will travel on

penetration

ˆ Tissue Deformation

ˆ Needle Bending under force
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ˆ Movement Error

These challenges are the primary conditions which cause the needle to deviate along

the intended path to reach a particular target accurately. At present, these operations

are primarily manual with minimal automation which result in several circumstances

where, for example, in order to correct a deviated needle, it is removed and subsequently

reinserted at a different position in order to reach the target goal. This results in major

discomfort as well as pressure on the tissue of the human body. This, ultimately, may

cause a degree of damage to the tissues and organs of the body. A key consideration

to make, however, despite the already enormous challenges in accurately reaching a

target goal within the human body is the existence of simply termed “obstacles” such

as bone, other organs, veins and arteries, and other sensitive tissues which must not

be penetrated [219]. As such, the concept of the obstacle avoidance becomes necessary.

This, however, is once again constrained by the ultimate flexibility of the needle to be

used in an operation. It is, thus, logical to state that since thinner or smaller needle

diameters are more flexible due to their mechanical properties, the ability to deposit

drugs or other substances within the body at the target location becomes a challenge —

this becomes a major point of this thesis.

This thesis is confined to flexible steerable needles with the major constraint of

depositing materials while simultaneously maintaining the ability to deposit relatively

large quantities of materials in order to “3D Print”. In the first consideration a flexible,

this thesis defines the constituent characteristics of flexible, steerable needles, and

secondly the constraints associated with a needle and its capability to effectively deposit

a (bio)polymer as the hypothesis proposes. The key variable to consider in terms of this

flexibility is the maximum curvature this needle can achieve within a body of a certain

stiffness. This curvature is defined in terms of its flexibility (in terms of its elastic

modulus). Furthermore, the needle design must be considered to enable the ability to

deposit materials at an adequate flow rate which suits the aims of the research question

of this work — this may be defined in the amount of polymer which is deposited per

milliliter (mL).

2.7.1 Needle Properties and Kinematics

The properties of a flexible, steerable needle depend entirely on its design in terms of

materials (generally 304 stainless steel) and the mechanics of its tip. Generally speaking,

the most common type of steerable needle utilises the principle of the bevel-tipped

needle [231]. When the needle is inserted into the body of a certain stiffness, the needle

tip or bevel is subjected to lateral forces of a certain related degree. These forces cause

the needle to bend or deflect in the direction that the forces direct the tip. This results

in an arc. This can be taken one step further by defining a total path from entry point
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Figure 2.19: The Webster model of a bevel tip needle steering robot with an x-y-z
configuration. “Reprinted from [218] with permission”

to goal point in terms of minuscule “arcs” subject to the time it takes to reach this

path — this is dependent on the insertion speed as well as material properties of the

penetrated body.

The question then arises: “How can the needle direction be controlled in a fashion

to avoid obstacles as well as reach a goal point satisfactorily?” This can be defined in

robotics or mechatronics terms — the needle must have two degreesor more of freedom.

Generally, the systems used in literature are two-degree-of-freedom robots consisting of

an insertion motion (or translation) as well as a rotation motion along the axis of the

needle body. According to the seminal paper from Webster, et al. in 2006, the robot

may be defined in terms of a modified unicycle model. In simple terms, when the needle

is turned along its axis as the needle travels forward then the needle body will follow

the path of this rotation — this model is non-holonomic [218]. Through a series of axial

and translational re-orientations, a desired path may be achieved to reach a distant and

not easily accessible goal point.

In Figure 2.19, basic kinematic model of steerable needles can be seen. This model

can be understood by drawing an arc of length between the needle tip position at

“B” towards the direct next position at “C”. The position at “B” has a specific x-y-z

orientation in the frame space which differs from the orientation at position “C”. This

consists of a length (l1) between these two positions. Thus, several variables are required

in order to effectively move from point “B” to point “C”. The insertion velocity (u1)
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and an angular velocity (u2) define the control inputs associated with this motion.

Furthermore, there may be an angular difference between position “B” and “C” which

is defined as ' . This angular distance is significant towards the kinematic calculations.

Hence, it follows as:

gab(t) = gab(0)� (u1 V̂1+ u2 V̂2 )t (2.1)

n(t) = Rab(t)l2e3 + pab(t); (2.2)

where Rab(t) and pab(t) are the rotational and translational 3D matrices of the

transformation matrix gab in world space and n(t) represents the needle tip coordinates

at a specific time. These equations only consider the simple x-y-z coordinates irrespective

of their orientation with respect to the world frame.The twist vectors detailing the

coordinate unit x-y-z (e1, e2, and e3) vectors are described as:

V1 =

"
e3

�e 1

#

and V2 =

"
03x1

�e 3

#

(2.3)

The curvature of the arc between these points, as previously mentioned, is defined

as follows:

� =
tan(� )

l1
(2.4)

As a result, These equations of V1 and V2 provide a method through which the next

coordinate “C” from “B” can be calculated over time knowing the input insertion and

rotational velocities. This may further be developed using a duty cycling control scheme

[125]. There is another equation from this model which is more discrete and independent

of time and simplifies to a step operation between “B” and “C”. As follows:

gab(k + 1) = gk � (u1 (k)V̂1+ u2 (k)V̂2 )t (2.5)

n(k) = Rab(k)l2e3 + pab(k); (2.6)

The equation includes two control velocity inputs, u1(k) and u2(k), which correspond

to changes in the distance between two coordinate points and their difference in angles

at a specific step, k. By using these inputs, it’s possible to compute a single arc that

represents the trajectory between an arbitrary starting coordinate and an arbitrary

destination coordinate in world space.

However, in order to plan a complete path between a start coordinate and a goal

coordinate, we need to define the goal point first. This process is known as path planning

and requires iterative development of a path that connects the two points. Therefore,

given a start and goal coordinate, we can use the equation and path planning techniques

to create a path that guides an agent or robot from the start point to the goal point.
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Figure 2.20: The behaviour of a bevel-tipped needle in all directions as it travels through
a body. It cuts tissue in the direction of the pressure which the surrounding body places
on the bevel.

2.7.2 Path Planning

By utilising the previously explored kinematics, the path as a whole that a needle travels

when inserted into a body can be generated utilising a variety of techniques. These

techniques are classified as 2D or 3D path planning, based on the imaging techniques

which offer a feedback loop to the system as either 2D (cameras, ultrasound, CT, etc.) or

3D (MRI, etc.). In other words, the needle tip position is constantly assessed using either

2D or 3D techniques. It is then further categorised into numerical based approaches and

search-based approaches. Numerical approaches to path planning involve generating an

optimal path utilising the maxima or minima value from the input kinematic function.

While search-based approaches use algorithms to calculate all the possible trajectory

paths through artificial intelligence, sorting algorithms, sampling algorithms, etc.

One 2D numerical approach use a finite element model of a steerable needle which

designs a non-linear optimisation function which attempts to achieve the shortest,

feasible path at the best accuracy while avoiding obstacles [8]. Similar to the previous

example, a probabilistic method known as the ’Markov Decision Process’ was utilised

to handle obstacle avoidance which calculated the maximum probability that a needle

could reach a target point successfully. An innovation on this method [204] attempts to

consider the direct effect of the deformation of tissue on the planning of the trajectory

as well as the real-time movement of the needle tip in terms of its angle. The effects

of the forces, see Figure 2.20 of the body on the needle tip causes a certain amount of

uncertainty which this method considers which results in a more stable path generation

algorithm.

A different approach to 2D path planning involves the Lyapunov energy optimiza-

tion algorithm [183]. This algorithm uses optimization function equations and neural

networks to calculate a trajectory for a needle moving through an unknown environ-

ment. However, this method has a drawback of having long computation times and
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non-trivial performance in terms of feedback. Another optimization algorithm [84]

uses a multi-objective approach and employs optimization, dynamic weighting, particle

swarm algorithms to plan a trajectory that optimizes the intended goal point while

considering the risks posed by surrounding obstacles. This algorithm takes into account

the length of the trajectory and the obstacles’ impact on it. This algorithm based

on particle swarm algorithms (PSO) optimises the accuracy, risk, and path length by

using a multi-objective, dynamic weighting optimisation function. While this algorithm

states that it can reach multiple target goals accurately while avoiding all obstacles, it

is another highly inefficient path planning algorithm and is both time-consuming and

resource intensive. It provides high precision and excellent computational performance

while minimizing trauma to the penetrated tissue. However, during its operation, various

errors may occur, which can significantly limit its usability.

One example of a 3D numerical approach involves the introduction of Gaussian

white noise at the input to establish a probability density function as a kinematic model.

This generated a path by estimating a cloud of reachable space in the target area of

the needle tip. This allows a relative margin of error for the needle tip to reach a

target point in 3D space [157] and results in unreliable calculations within complex

environments. A fuzzy logic model [108] was further developed to probabilistically and

continuously generate accurate and smooth paths by analysing previously generate

discrete paths, which as individual candidates do not accurately achieve the end-goal.

This algorithm allows a generated path for complex path planning problems but has

the key disadvantage of having high calculation costs and long runtimes.

A further 3D numerical example [53], again uses an optimisation-based function

based on the unicycle model which compiles the input variables such as: duty cycle

speed, path length, deviation, etc., in order to simplify the number of calculations

and improve the processing time to generate the path. Interestingly, this specific work

compared two distinct approaches to needle steering: stop-turn motion, continuous or

spiral motion. This is significant since these approaches result in relatively different

outcomes and are handled vastly differently from a control perspective.

Another algorithm [24] utilises a multi-objective optimisation approach which at-

tempts to generate a path to multiple end-goals from a single-entry point. It relates the

construction loss cost in terms of tissue damage to the total penetration depth. As such,

this algorithm can reach multiple target points through a combination of (re-)insertion,

retraction in full or in part and axial rotation. This method however can have poor

outcomes in terms of accuracy.

Among the more interesting of the numerical 3D path planning algorithms is known

as the observable Markov decision algorithm [220] which combines the movement of the

needle tip with an external observation system (e.g., MRI). It aims to find the optimal
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trajectory by considering the uncertainty of the needle tip position. This tends towards

an integration between the control schemes and attempts an effectively real-time path

planning algorithm which updates the path depending on the position of the needle tip.

This, however, is resource intensive and can fail without reaching the intended end-goal

and take excessively long times to calculate a solution.

Search-based path planning algorithms, in contrast to numerical-based path planning,

attempt to calculate all the feasible trajectory paths using computative searching and

sorting algorithms. It has considerably faster and more resource efficient computation

times, however, the generated output path may not be the optimal path. Some

common search methods include rapid exploration random tree method (RRT), artificial

intelligence methods using neural networks, random road marking method (PRM), etc.

Fundamental to the search-based approach is the usage of local and world reference

frames and coordinate spaces to generate trajectory paths. Significantly, the RRT

algorithm has been used most successfully in the planning a path in a world reference

frame [226]. The key effect of this approach is the ability to select and optimise a path.

This technique like many others of this type cannot be used to plan in real-time and

within effective control feedback loops.

Key researchers in 2011, Alterovitz et al., [9] and Patil et al., [158] furthered this

relatively basic RRT algorithm by proposing in the former case a fast search roadmap

method and in the latter case introducing target-biasing and navigation algorithms

within a 3D reference frame. The result of these works was to shorten the processing

time required to generate a solution (according to the paper by 2-3 orders of magnitude).

This was furthered by the proposal of a real-time path planning algorithm which reaches

3D targets in an environment while considering obstacles and uncertainties [159].

Alterovitz, et al., continued this work into RRT and PRM by attempting to weigh the

efficiency of the method with respect the accuracy of the end-goal as rapidly-exploring

roadmap (RRM), see Figure 2.22. It, thus, makes a decision to continue a search-based

on user parameters which define the path cost, risk, and allowable uncertainty. Fu et

al. [62, 63] proposed a method to extract a cost-map from CT scanned images and

then utilise these images to efficiently plan a safe trajectory through the target body.

It suggests an “any-time” approach to solving a motion plan computation. It also

includes other search-based algorithms within its procedure to select the most optimal

cost algorithm to select a suitable if not optimal trajectory.

Alternatively, path risk assessment functions [29] have been developed where a safe

distance is maintained between the trajectory path and any defined obstacles. By

combining this approach with well-defined PRM techniques, paths can be optimized by

selecting the shortest paths generated while also controlling the number of curves or

bends required to reach the end-goal, see Figure 2.23 .
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Figure 2.21: A steerable needle path inside of a CT scan of a lung using a minimised
cost motion planning approach utilising the RRT search algorithm. A clear start point
and end point are indicated. “Reprinted, with permission, from [62]”

Other search-based approaches which include medical imaging technology (MRIs,

ultrasound, etc.) in a closed-loop feedback controller include a fuzzy logic controller

[183] or motion re-planning algorithms based on input sampling which calibrates to

account for uncertainty and accuracy. For example, ultrasound images may estimate a

curvature within a feedback loop controller, which while running an RRT algorithm

may update the controller in real-time when there are deviations in the needle tip along

the prescribed initial path [136, 212].

In the period from 2015 - 2022 many advances have been made in terms of improving

the previously fundamental search-based algorithms. This improvement has primarily

been achieved by: re-optimisation strategies (specifically of the needle entry point to

reach the goal point); evaluation and re-evaluation function of needle paths to find an

optimally short and risk-free needle path [223]; the usage of advanced finite element

methods (vector intrinsic, etc.) to calculate the deformation of both needle and body

(see 2.24 as the needle travels to develop an interaction model and thus use RRT

to plan the final trajectory [82]; more detailed input parameters which consider the

body characteristics such as the location and orientation of obstacles, the material

properties of different sections of the body, etc., through which optimally safe paths

can be generated [223]; and the advancement of the RRT algorithm itself to integrate

with control methods to continually plan a path before and while the needle tip travels

through a body [56].
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Figure 2.22: The increasing RRM weight which explores the space to finally reach
an end-goal target. From more sub-optimal paths seen in (a) to increasingly refined
and converged path from (b)-(c) which is dependent on the refinement parameter.
“Reprinted, with permission, from [9]”

Thus far, only the most common of path planning algorithms have been discussed

which are recognised to be well-accepted and effective in practice. There are, however,

different strategies to path planning such as inverse solution planning, geometric graphic

planning, etc. In terms of inverse solution planning, this method works under the

concept that the needle trajectory from a 3D frame can simplify into two vertical planes

intersected by a line to join the points to form a curve [53]. The advantage of this

approach is its suitability for environments in which its properties must be considered.

A follow-up to this research developed a dynamic 3D path planning algorithm utilising

the conversion procedure of a 3D path into 2D components to form a trajectory [97].
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Figure 2.23: RRT output trials with an output tree of possible paths to the end goal
and the red line depicting the final path. “Reprinted, with permission, from [29]”

An approach known as the “N+1 point” is particularly interesting since it simplifies the

path planning computations by segmenting a path into discrete parts (N). It categorises

a needle trajectory as the entry point, a point near an obstacle, and the goal point A

separate technique known as geometric graphic method uses an S-shaped double-arc

path planning algorithm similar to the Markov decision algorithm to avoid obstacles.

By using a polygonal tangent method to limit the area of the plane where the entry

point, obstacles, and goal point are positioned and thus continually modify the planning

path depending on the arc that the needle travels [97]. A particularly useful approach

known as the Haystack (HST) algorithm simulates the tissue and the needle deformation

leading towards highly accurate iterative optimisation of needle paths. It even suggests

a methodology to handle the deformation caused by external factors such as breathing

[73].

It is clear from these literature sources that there are multiple approaches in order

to generate a needle path. These approaches may further be classified, as is common in

literature, as “online” or “offline”. “Online” approaches form part of the control methods
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Figure 2.24: A simulation of the interaction between the needle and body on insertion.
A stiffer body results in less friction for the needle and a clear and constant curvature
results. In contrast in (b) a reduced curvature is observed, and the deformation of
the tissue causes a deviation in the final point a needle tip can reach “Reprinted, with
permission, from [8]”

utilising x-rays, CT scans, or ultrasound, which allows the algorithm to continually

update the needle path to attain as a high an accuracy to the end-goal as possible.

“Offline” approaches similarly utilise CT scans, x-rays, or vision systems to function

as a setup procedure for a needle path - to identify obstacles, needle behaviour, tissue

behaviour, etc. - without necessarily being connected to the control methods of the

steerable needle system or continually updating the path of the needle as it travels

through a body.

2.7.3 Needle Imaging Processes

The field of study that involves steerable needles can be classified into three main

categories: motion planning, needle tip navigation and position control methods, and

electro-mechanical systems as steerable needle robots. When it comes to literature, the

most exciting research is focused on improving motion planning capabilities. Every year,

more advanced algorithms are being developed for surgical applications. However, there

is growing recognition of the importance of control methods, and a closer connection

between path planning algorithms and control schemes that implement these paths is

emerging.

Firstly, needle tip imaging is the first problem that must be solve for either “offline”

or “online” path planning approaches. This is done for two main reasons: 1. the
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Figure 2.25: An experimental setup with x-ray equipment for the testing of a flexible
steerable needle “Reprinted, with permission, from [67]”

environment of the body must be defined in terms of obstacles (bones, nerves, veins,

etc.); 2. the needle tip must be tracked, triangulated, or noted in order to effectively

run the path planning algorithm and generate suitable and / or optimal paths.

There are different strategies to perform the imaging of the body in question as

well as the needle tip. Magnetic resonance imaging (MRI), computed tomography (CT)

scans, electromagnetic scanning systems (see Figure 2.27) [159], x-ray scanning (see

Figure 2.25), Brightness or B-mode ultrasound, stereoscopic cameras (see Figure 2.28),

etc. An example of electromagnetic tracking system which approached path planning

using a procedure of rapid re-planning. By updating the tracked coordinate position of

the needle tip, the path could be updated with a new trajectory from its current position

to account for any inconsistencies or variabilities as it travelled along its original paths.

Similarly, x-ray imaging equipment setup in a certain configuration. The key challenge

with any single tracking mechanism (x-ray, electromagnetism, CT scanning, etc.) is

inaccuracy in measurement. This leads to relatively complex robotic control systems

such as a 6-DOF parallel robot control system [67] whereby correction algorithms are

proposed to compensate for mechanical error and imaging error, see Figure 2.25. These

imaging techniques are often coupled with force-torque sensors to handle any differences

in the body characteristics as it the needle is inserted.

Electromagnetic or ultrasound transducers are relatively effective imaging equipment

which may be used within steerable needle systems with x-rays being more accurate

than these and CT scanning being the most advanced imaging technology. An example
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Figure 2.26: An experimental setup with electromagnetic equipment for the testing of a
flexible steerable needle. “Reprinted, with permission from [29]”

of an electromagnetic system is a case where four electromagnetic sensors were attached

within segments of the steerable needle itself and detected using a transducer placed

above the area where the needle is inserted. This provides a continuous reading of the

different parts of the needle, see Figure 2.26. This is often coupled with a duty-cycling

approach (mentioned in the previous section) to the control scheme of the robot and

allows an effective and accurate closed-loop system with an error of less than 3mm

[159, 118, 163].

Ultrasound offers a safer and more cost-effective approach than CT scanning or MRIs

but with lesser final accuracy in needle tip control. Other challenges, however, such as

image noise, echo, and other non-uniformity of tissue in bodies exist causing difficulties

in attaining a highly accurate image. Certain research has investigated techniques to

reduce the noise in ultrasound imaging and smooth the image using techniques such

as interpolation to maintain needle tip position, see Figure 2.27. The most advanced

research using ultrasound showed high accuracy using image processing techniques

(colour thresholding, etc.) [144, 143, 176, 235, 4].

CT scanning has been used with steerable needles to offer highly accurate feedback

to the needle insertion process. One such proposed device [59] used a mounted CT

scanner display and a mounter mirror display through which to track the needle in a

body while accurately estimating the output 2D needle tip position. The key intention

is to guide the needle accurately through the insertion process of the needle. Similarly,

MRIs have been used in similar applications, however MRI has the disadvantage of

having a delayed imaging speed in comparison to the former imaging strategies.

There are multiple advancements in using MRIs, specifically, in the registration and

segmentation of scanned images into 3D space objects which can be manipulated using
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Figure 2.27: An experimental setup with ultrasound equipment for the testing of a
flexible steerable needle. “Reprinted, with permission, from [136]”

software in order to obtain a holistic view of the area and obstacle in which the needle

must steer [100, 203]. Optical fibre grating sensors embedded in the steerable needle are

often used in synthesis with the MRI approach. This is due to their ability to measure

the strain of the needle tip as it is inserted and through a feed-back loop estimate the

current coordinate position of the needle tip. In conjunction with an MRI, this dual

approach allows the needle tip to accurately track its own position while simultaneously

detecting any obstacles as well as the desired end-position [182, 49].

2.7.4 Needle Control Processes

Thus far, this review of steerable needles has explored the vision technologies available

to identify all obstacles, the target points, and even in some cases the needle tip itself

as it is inserted into a monitored body. By utilising these vision technologies, the

next step in effectively controlling the steerable needle is in terms of the mechanical

processes through insertion and rotation are completed. The earlier explored concept of

’arcs’ between successive points from the entry point and the goal point is therefore an

effective approach towards describing steerable needle motion. There exist an insertion

length and a rotational angle associated to reach a subsequent point from the current

position point. In literature, there are two primary modes which attempt to solve this

problem: tele-operation (or manual / partial-manual control), and fully autonomous

control.

Manual operation of steerable needle devices or robots consists of an operator

manually driving the insertion and rotation controls of the needle tip. This is often

referred to as a master-slave manipulator [148, 177, 186]. Generally, PI or PID controllers

are used in conjunction with these manual controls to enable the operator the ability
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Figure 2.28: An experimental setup with a needle integrated with FBG sensors coupled
with two device cameras for reference validation. “Reprinted, with permission, from [2]”

to enable finer motions of the steerable needle as well as automate certain steps of the

entire process. Such an automation step may involve the initial pose of the needle at the

entry point to ensure that on insertion the needle will travel in the correct orientation.

These controllers are often integrated with force-torque sensors or optical fibres which

provide key sensor data within the feedback loop to optimise the total accuracy of the

system [67, 52], see Figure 2.29.

An alternative control strategy involves extracting the 2D plane related to the state

space system of the steerable needle kinematics model [92]. This approach maintains

the plane and applies feedback linearization to the kinematic model. An observation

and controller are designed and applied to the system as shown in Figure 2.30. A

key detail of this strategy is that the radius of curvature of the inserted needle with

respect to the material properties of the body that is penetrated must be acquired

in order to effectively run the controller. An advancement of this work suggested a

simulated model to function as an estimation model for the parameters associated with

the steerable needle [139]. There is however a drawback that must be considered: since

path planning algorithms have already explored been explored, a key consideration

involves the physical interaction between the needle and the body it penetrates where

there will be deformation of both entities, primarily depending on the rigidity of the

body when penetrated.
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Figure 2.29: Force and position control feedback loop “Reprinted, with permission, from
[52]”

One paper in literature considers this in terms of the controller where a rotational

feedback control system was implemented to compensate for any torsional deformation in

the needle because of the rotational stresses of the body it punctures [172, 75]. There are

several tactics to account for these deformations such as: predictive control algorithms

to estimate the amount of rotation required to move the needle in a continuous spiral;

sliding mode controller which use motion characteristics to minimise the amount of

control inputs [181]; optical fibre sensors constructed into the needle body to enable

strain sensing to estimate the current coordinate position (this method is reported to

be accurate to within 1.3mm of a target goal) [2, 209], see Figure 2.31; LQG controllers

making use of Kalmann filters for state estimation and LQR as control policy to

effectively guide the needle tip through any observable noise in the imaging system

[210].

All the previous examples are partially autonomous control procedures which require

an operator to perform certain tasks in order to effectively use the steerable needle

device but is not limited to manually driving the needle with controls. Based on the

available literature, there are strides being made towards fully autonomous steerable

needle devices which can complete all the necessary steps independently. This involves

effectively generating accurate paths in a full feedback loop. For example, ultrasound

images can be used to determine the coordinates and the pitch-roll angles of the needle

tip based on the needle rotation speed [54]. Another method to emerge involves the

robot guidance of steerable needles specifically by ultrasound imaging which makes use
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Figure 2.30: Needle steering robot with two stereoscopic cameras as observers and
needle controller. “Reprinted, with permission, [92]”

of a sampling consensus algorithm (RANSAC) and dynamic region of interest algorithm

to track the path of the needle. This method also innovated in terms of needle design

whereby the needle body was modified to have a hollow section which echoes in response

to the ultrasound scanning — this led to a disadvantage whereby the integrity of the
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Figure 2.31: Twelve Fibre Grating sensors located on the needle shaft during insertion
into a phantom body. “Reprinted, with permission, from [2]”

needle was particularly weaker and could be damaged during insertion [124]. Another

strategy combines inverse kinematics, collision detection, RRT, and the theory of node

addition to effectively plan an insertion procedure whereby certain high priority needle

zones are identified and characterised through effective 3D scanning of the interested

area [20]. This technique optimises the path of the needle using its vision system which

streamlines the process tremendously. the development, however, of interfaces whereby

the guidance systems can compensate for deformations, etc., with manual control are a

crucial point to note and the most promising area of research for the immediate future.

An operator may immediately intervene and offer 3rd party guidance to the controller

to maximise the final accuracy, reliability and effectiveness of the insertion procedure

into the body [215].

2.7.5 Flexible Steerable Needle Designs for Control

Until this point only the most common, traditional form of flexible steerable needles

— bevel tipped — have been discussed. This is generally known as a passivetype of

steerable needles. Much research has invested into the development of more active

needles where the needle tip itself is controlled as opposed to only the needle shaft in

the case of the bevel tipped needle. This active control allows more refined control over

the needle trajectory, but the complexity in the design and controller of these needles
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Figure 2.32: A comparison of needle types and their effects on the penetrated body.
“Reprinted, with permission, from [199]”

are increased. A few examples of such active needles are: flexure needles, programmable

bevel tip needles, pre-curved coaxial tube needles which may consist of nitinol wires,

and continuum robot based needles [185, 39, 45, 58, 217, 200], see Figures 2.32, 2.33

and 2.34. There are some situations where these specifically designed needles are more

advantageous than the traditional bevel tipped needle. These needles may provide more

stable insertion paradigms, greater achievable curvatures and flexibility, the ability to

reach more difficult targets in obscure areas, etc.

It is important to note, however, the difficulty in manufacturing more active style

needles. In many cases, these needles are prone to being weak and may fail during usage.

Additionally, their designs are often very complex, and they do not offer an obvious way

to perform one of the most fundamental functions of a needle: extracting or depositing

fluids from a body. Nonetheless, research in this area is promising, and future steerable

needle devices may utilize complex needle designs to achieve this simple requirement.
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Figure 2.33: A flexure-based needle tip before and after actuation. The needle tip bends
by an angle (� ). “Reprinted, with permission, from [45]”

Figure 2.34: A cross sectional view of the design of an active coaxial needle. “Reprinted,
with permission, from [182]”

2.8 Chapter Conclusion

This review identified the key factors associated with 3D / 4D printing fibres using

bio-based polymers. It was, furthermore, investigated what processes and materials are

involved in providing a “4D behaviour” to these bio-fibres through electroactivity. The

elucidation of the relationship between the diverse scientific fields of study (which include

Biotechnology, Additive Manufacturing, and Artificial Muscle Actuators) was the overall

outcome of this investigation. While these fields are concerned with vastly different

physics and chemistry details, there is significant overlap between them especially
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when attempting to achieve the production of bio-based constructs. The identification

of ionic and electric type EAPs, embedded 3D printing or FRESH, along with an

investigation into the potential polymers suitable to effectively fabricate a bio-fibre,

thus, provides a concise foundation from which further research can develop into their

practical implementation.

Artificial muscles are highly versatile actuators with tremendous potential within

multiple industries. Their fabrication and effective materials thus far have been limited

to purely synthetic based or non-biocompatible polymers. There is wide potential within

materials science research and the development of additive manufacturing techniques to

fabricate more sophisticated artificial muscles in more complex fashions that can match

or exceed the properties of natural muscle. Bio-inspired robotics with wearable devices

and prostheses are becoming more common within day-to-day life and it is due to the

rapid advancements within engineering, materials science, and robotics design.

It further identified an opportunity for the development of artificial muscles (electric

or otherwise) utilising 3D printing techniques such as FRESH. Similarly, it produced an

experiment whereby the basic principles and problems were tested and observed. These

observations, namely the requirement of self-healing gel matrices to function as incubators

for biomaterials, led towards the need for a minimally invasive process through which

a biomaterial could be deposited, polymerised, and subsequently embedded internal

to a pre-existing body (human, etc.). Steerable needles were, thusly, identified and

investigated in terms of its primary fields of research. Motion planning, steerable needle

control methodologies, and flexible needle design types were thoroughly defined in this

chapter.

To review in summary, these fields remain highly theoretical in implementation and

a high degree of research is required to make it feasible within medical environments.

However, steerable needles have exciting potential as a minimally invasive technique

through to enter a body causing the minimum amount of trauma possible to the body.

Furthermore, steerable needles may effectively avoid obstacles and reach difficult targets

using state-of-the-art path planning algorithms. Furthermore, in terms of the aims of

this thesis, which is to 3D print bio-fibres which have responsivity, it becomes clear

that steerable needles offer an interesting solution to this problem since, unlike other

techniques such as FRESH which can produce organs in a petri dish, steerable needles

could directly deposit biomaterials exactly where they are needed and even go a step

further and provide a mode through which these materials could be polymerised into a

fibre.

There are, however, enormous challenges in achieving these goals. The development

of effective steerable needles using the current available technology notwithstanding

these challenges. The primary problem of this thesis becomes one where a steerable
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needle device or robot must be developed which could allow the inclusion of a means

through which materials could be deposited as well as polymerised. This problem which

has multiple sub-problems which include the development or implementation of a path

planning algorithm and / or a custom control mechanism to include the deposition

of non-trivial amount of biomaterial. Therefore, in order to achieve the greater aim

of 3D printing artificial muscle fibres in vivo, this problem must be simplified into

its constituent components. These components consist of designing and developing a

steerable needle robot with 3D printing capabilities, implementing a path planning

algorithm of any kind into this robot, as well as developing a means through which the

aforementioned materials could be polymerised in place inside of a body. As a result of

these multi-disciplinary challenges, this thesis presents a step towards these ultimate

goals. Therefore, the hypothesis of this thesis is offered as:

The generation or embedding of simple bio-�bres is possible using

steerable needle technology and bio-based polymers.



Chapter 3

The development of a steerable

needle robot for 3D printing

3.1 Introduction

Time and times are but cogwheels, unmatched,

grinding on oblivious to one another.

Occasionally - oh, very rarely! - the cogs �t; the

pieces of the plot snap together momentarily

and give men faint glimpses beyond the veil of

this everyday blindness we call reality. |

Robert E. Howard

This chapter consists of investigating the design of a flexible steerable needle device

or robot (bevel tipped or otherwise) for the application of 3D printing. It attempts

to define the conditions for proprietary long injection needles (e.g., spinal tap needles)

to be robotically steered within a body or medium to fabricate or “3D print” fibres

at specific positions inside of a body. In other words, liquid polymers are injected in

this body at an end position while the needle is reversing. This assumes that the body

consists of a sufficient stiffness to keep the needle in place during its reversal.

The work in this thesis makes this assumption towards the development of an open-

loop steerable needle system. Therefore, polymers or materials will then be polymerised

and essentially drawn in the reverse of insertion for a specified length using ionic,

photo-initiated, or any feasible alternative cross-linking mechanisms to form internally

embedded fibres of certain characteristics and behaviours. An experimentation setup

is presented here where the state-of-the-art in needle steering motion planning is used

and pointed towards incorporating a liquid polymer injection procedure to enable

polymerisation processes.

74
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In order, therefore, to validate the hypothesis suggested in this thesis, it is necessary

to define the contributions of the following chapters including this chapter. Since path

planning algorithms are relatively well-established in computing workable trajectories

and due to the fact that the primary concern is in the evaluation of the potential of

steerable needles using polymerisable biomaterials, an open-loop feedback controller

using a selected path generating algorithm is developed to integrate with a custom-built

steerable needle robot with 3D printing capabilities. 3D printing capabilities in this

respect is defined as: the ability to deposit a polymer (in any state — liquid, gel, etc.)

and subsequently undergo polymerisation through any means possible.

This may result in a polymerisation process where a secondary, reactant polymer

is added to the initially deposited polymer through ionic polymerisation. Other poly-

merisation strategies may include temperature, light, etc. Therefore, the robot that is

designed henceforth is designed considering a liquid or gel injection system. This relates

to Objective 1 as defined in the Introduction as is relevant to the proposed hypothesis.

For the phantom body in which polymers are tested using this “3D printing” tech-

nique, gelatine has been selected due to it being among the most common phantom

bodies used in literature and due to its equivalent mechanical properties to human

tissue and muscle. Furthermore, since gelatine has mechanical properties that allow

for the straightforward analysis of the movement of bodies or projectiles within it,

gelatine is prepared as the suspension medium for the fibres which it is attempted to

print. Since it is already established in literature that the characteristics of the body

which is punctured by a needle may cause certain deformations in both needle and

body, it becomes necessary to evaluate this interaction in fundamental ways. A range

of gelatine concentrations with different mechanical characteristics and their response

to the steerable needle printing system is, therefore, also investigated.

Some key questions to consider in this development of a steerable needle 3D printer:

ˆ How does needle length affect curvature when insertion speed is controlled?

ˆ How do fibre characteristics vary when insertion speed and material type is

controlled across various needle lengths and insertion depths, if at all?

ˆ Can fibres be fabricated repeatably using predetermined chemistry and what are

the optimum conditions?

ˆ Does insertion speed and injection flow rate influence fibre characteristics

ˆ How does needle type (bevel, etc.), length, and or gauge affect the potential for

steerability and printability?
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3.2 Background

To begin this chapter, a definition of steerable needles is proposed as a 3D printing

technique, as outlined in table 3.1. The integration of steerable needle technology is

explored with with additive manufacturing, which necessitates a clear understanding of

the concept of steerable needle 3D printing. When attempting to reach a target within

a penetrable or puncturable body, it is crucial to consider the process of polymerizing

a material into a fibre and whether it can be deposited at the desired location and

orientation.

Table 3.1: An application case for steerable needles utilised within 3D printing technology

3.3 Motion Planning for Steerable Needle 3D Printing

This section contributed towards a publication and presentation in The 2022 28th IEEE

International Conference on Mechatronics and Machine Vision in Practice (M2VIP2022),

see Appendix C.

3.3.1 Steerable Needle Setup

Previous research into steerable needles has revealed a wide selection of needle types

with varying tips (bevel angle, etc.) and thicknesses which affect the manner in which
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its steering mechanisms operate. Bevel-tipped needles are well known to curve along the

direction of its bevel when it experiences a resistant force when penetrating a body of a

certain stiffness and are the most commonly used needle in the medical percutaneous

intervention procedure. Ultimately, it is the stiffness of a body which influences the

maximum curvature over insertion length a needle of certain characteristics can achieve.

Alternatives to the bevel-tip [185, 199, 41] are consistently investigated and proposed

to allow for greater curvatures over lesser insertion lengths in terms of tip design, material

selection, etc. This work is primarily concerned with developing an approach to allow

for any steering mechanism within the motion planning, control scheme, and 3D printer

“setup”. The only condition remaining is the requirement of an inner diameter of the

needle to allow for the deposition of material once a trajectory is achieved.

Utilising the most critical research [218, 63] in steerable-needle-motion-planning

techniques for resolving start to end-position trajectories within a medium, this work

attempts to inject and polymerise a bio-material from end-position and along the path

and for whatever length and in whatever orientation is arbitrarily desired by a user.

Since there are limitations in the maximum curvature of long needles [148, 159], a

model is developed to determine the maximum curvature and the conditions where an

end-position cannot feasibly be resolved [63] using the proposed needle 3D printing

system.

The needle path operates similarly to how a bicycle is ridden. Inserting the needle

moves the bicycle forward. Rotating the needle reorients the front wheel of the bicycle.

This causes the bicycle (or needle) to travel along the path that this reorientation radius

specifies according to constraints. A reference transformation matrix between three

frames is defined in terms of:

ˆ The world to the needle tip

ˆ The needle tip to the next point on the curvature path

ˆ This consists of a rotational matrix and a translation vector

Controlling the motion of the needle tip in real space:

ˆ Knowing the next position and orientation of the following point, the rotational

angle and arc distance between positions can be deduced

Another key consideration of this work lies in the orientation in which a material is

desired to be polymerised (a bio-fibre) along its trajectory from the end position. In

other words, if the desired orientation of the fibre is a straight line from the end point to

an arbitrary point along its trajectory, the trajectory must be tailored algorithmically

to enable the reaching of the end position in a desired orientation.
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3.3.2 Kinematics for 3D Printing

Fundamentally, steerable needle approaches are defined as non-holonomic systems (e.g.,

a bicycle) [218]. Inserting the needle forward moves the “bicycle” forward and when it

is rotated the front wheel of the bicycle “reorients” and the path of the needle changes

according to the expected radius of travel induced by this reorientation. The key variable

in controlling steerable needles within a body is its maximum curvature(� max ) which

is dependent on the properties of the needle design and the body within which it is

inserted. From a functional perspective of bevel-tipped needles, the direction of the

trajectory changes as the direction the bevel is facing changes when axially rotated.

There are three main categories to any steerable needle kinematic problem: 1.

The configuration space and the respective poses of both needle and body; 2. The

control variables of the needle tip pose with respect to its desired motion trajectory; 3.

The constraints associated with controlling the needle tip pose and motion within an

electro-mechanical system for automation.

Configuration Space: Two spaces worthy of consideration in the path planning

approach are defined. First, the pose of the tip of the needle at each iterative point

within its trajectory (� � S"(3)). Second, the regions in which the needle tip will

travel or the 3D workspace (W� R) which is sub-defined into goal regions (Wgoal) and

obstacles(Wobs).

Control Variables: Following the approach from [63], the control variables are

further defined as: the starting pose or configuration (� start ); the end goal pose (pgoal);

the allowable tolerance (� > 0); the maximum insertion length(lmax ); and the maximum

curvature (� max ).

Constraints: For simplicity, a sub-definition is presented below, of the behaviour of

bevel-tipped needles with respect to the Pfaffian constraints (the constratins expressed in

Pfaffian forms which involve the skew-symmetric matrix that encodes the non-holonomic

constraints) associated with the non-holonomic model approach [218] for the purposes

of 3D printing:

ˆ Constraint 1: Straight lines are achievable when the axial velocity (rotation) >

insertion velocity (insertion) — this is defined as continuous-motion.

– Normally, a bicycle moves in straight lines when the front wheel is re-oriented

and is kept stable but in this case the wheel must continually rotate at a

velocity greater to that of the insertion velocity.

ˆ Constraint 2: Curves are constrained through step-wise (start-stop) movements

between orientation turns and insertion arc lengths — defined as position / step-

based discrete motion, where other works have explored time-based discrete motion

(e.g., duty cycling to achieve certain trajectories and end-positions [125]).
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– In order to achieve a certain turn radius required by the motion planner,

the front wheel of the bicycle has to turn a certain angle from its current

position before moving forward (being inserted further).

Now, having defined a 3D workspace (i.e., the penetrable soft body) in terms of its

dimensions and inner obstacles using CT scans, 3D scans, etc., it is then proceeded

to define the behaviour of the needle within this workspace in terms of its � max . This

is done to enable the motion planning algorithm to resolve a trajectory from � start

and pgoal. It is suggested here that there are multiple approaches in order to solve this

problem. 1. Experimentally measure the maximum curvature over insertion length using

any measurement tools available (e.g., computer vision, high-spec. cameras). 2. Define

a relationship between the rheological properties of the soft body and the properties of

the needle to approximate � max .

Once this is achieved and a motion plan generated in terms of positional vector

coordinates (the first coordinate is the start and the last is the goal coordinate) within

the 3D workspace, the work can proceed to the overall control scheme which interprets

these vector coordinates and calculates the machine code necessary to achieve each

individual or discrete pose along the path of the motion plan.

3.3.3 Path Planning Approach

Motion planning for steerable needles is an area of intense study especially with regard

to its primary applications within the medical field, since targets must be reached while

avoiding critical anatomical structures within the body. Various methods [125, 210, 187,

57] in literature have been proposed recently to develop an optimal motion planning

approach in order to avoid these internal obstacles while still feasibly reaching a target

as quickly as possible along the shortest achievable path. These methods, however, are

not necessarily able to guarantee a motion plan in finite time or at optimal cost.

A recent paper by [63] presents a run-time efficient motion planner based on RRT,

AO-RRT, and Resolution Complete Search (RCS) that returns a motion plan (trajectory)

within finite time while avoiding any internal obstacles. The algorithms proposed by

this paper, for the generation of motion plans to enable the 3D printing of polymers

internal to the trajectory achieved when a needle is experimentally steered within a

body, is utilised to enable the motion planning of this work. The given algorithm takes

a series of inputs such as the maximum curvature of a needle, a 3D representation

of the environment with goal regions and obstacles, and implements a planner that

utilizes point clouds and 3D visualization software to represent the coordinate data of a

trajectory within the world reference frame.

This algorithm can be used to plan the motion of a steerable needle in a 3D

environment, taking into account the maximum curvature of the needle and the presence
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of obstacles. The planner uses the 3D representation of the environment to divide it into

goal regions and obstacles, and then generates a trajectory that avoids the obstacles and

reaches the desired goal regions while respecting the maximum curvature of the needle.

To represent the trajectory in the world reference frame, the algorithm utilizes point

clouds and 3D visualization software. The point clouds represent the trajectory data,

while the 3D visualization software provides a visual representation of the trajectory

within the context of the environment. This allows for easy visualization and analysis

of the trajectory, and can aid in verifying that the planned motion of the needle is safe

and feasible within the given environment.

Generally, the world frame is recorded using MRIs, CT scans, or ultrasound to

produce 3D coordinate data which represents the body that is to be punctured with a

steerable needle. These techniques may also identify any obstacles of note within the

areas that it scans. This is critically important to the path planning process. Once

this body data is recorded, consisting of goal regions and obstacle regions, then set

registration is performed which converts the body data into usable coordinate space.

This coordinate space known as the world frame inhabits the allowable regions that the

needle tip is allowed to travel. If the needle tip coordinates violate the area, then the

path planner fails to generate a trajectory. The experiments presented in this thesis

employ the approach proposed by Fu et al. to prepare and represent the body space.

This approach is implemented using a combination of proprietary software such as

SolidWorks, CloudCompare, and MeshLab.

The strategy developed by Fu et al. provides a systematic method to prepare and

represent the body space for experiments. By utilizing proprietary software such as

SolidWorks, CloudCompare, and MeshLab, this strategy can be effectively implemented.

SolidWorks allows for the creation of 3D models of the objects of interest, while

CloudCompare and MeshLab enable the processing and manipulation of point cloud

data for further analysis.

By utilizing this approach and software tools, the body space can be accurately

and efficiently represented for experimental purposes. This allows for the investigation

of various characteristics and properties of the body space, providing insight into the

behavior of objects within the space and aiding in the development of novel techniques

for manipulation and control.

Before an output trajectory is generated there are two key control inputs that need

consideration:

ˆ The maximum radius of curvature or deflection over length that is available to

the needle on insertion — units (mm/mm).

ˆ The start and goal position coordinates with orientation (x-y-z, pitch, yaw, and

roll).



CHAPTER 3. STEERABLE NEEDLE ROBOT FOR 3D PRINTING 81

Figure 3.1: Input diagram detailing the input process towards steerable needle 3D
printing

ˆ The diameter of the needle.

From these inputs, the path planning algorithm uses one of its searching algorithms

to generate a trajectory from the entry to the goal point while avoiding all obstacles

between the two. This trajectory is generated into a series of points with specific position

coordinates and orientations. Depending on the length of the trajectory path, many

coordinate positions are produced as output. In order to utilise these coordinate position

in the control mechanism of the steerable needle robot, they must be re-registered with

the world frame after which they may be used in several calculations to determine the

exact motions required by the robot to complete the path.

3.4 Control Scheme for 3D Printing

In order to effectively observe, continually track, and control a steerable needle as it

punctures a body reference transformation matrix between two frames is defined: the

current needle pose frame and the immediate next needle pose frame. This consists of a
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Figure 3.2: Output diagram detailing the outputs towards steerable needle 3D printing

rotational matrix and translation vector of these two frames on the motion path until

the end position. By knowing these individual orientations, the rotational angle and

arc distance between the current pose and the next pose can, thus, mathematically be

calculated. This is done using unit-vector mathematics and trigonometric calculations.

Hence, the motion is subdivided into individual paths from the current position to the

next position (n -> n+1). The length between these paths can be considered to be ’arcs’

and the angle between them can be calculated using the vector angle at which the next

pose differs to the current pose. Referring to constraint 2, defined earlier, the needle

tip must be at a certain angle in order to curve towards the position of the next pose.

These arcs, therefore, have a certain radius of curvature if the next pose is at a different

rotational position to the current.

Instituting this into our control scheme, the following may further be defined:

ˆ Control Law 1: When there is no rotation between poses (angle = 0), then the

arc between them is straight.

ˆ Control Law 2: When there is rotation between poses (angle > 0), then the arc

has a curvature as described by the highest possible � max possible over the arc
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length.

ˆ Control Law 3: Straight lines are achievable the rotation velocity (w) is equal to or

greater than the insertion velocity (u) as a ratio (u/w) of pitch — linear distance

traveled per radian of rotation. The curvature (� ) -> 0 across the insertion length

at speed.

ˆ Control Law 4: Curves are possible when the rotation velocity (w) is less than

the insertion velocity (u), then the curvature (� ) tends towards � max across the

insertion length at set speed according to the ratio.

In order to exemplify Control Law 3 and 4, we first attempt to calculate the linear

velocity of the rotational drive by relating it to the radius of curvature we are interested

in travelling by the rotational speed (times the pitch) + insertion speed of the needle

base. In this case, however, since we want the radius to be 0 it would result in no

rotational velocity at all. But there is a difference we must recognize, the rotational

velocity of the base of the needle and the rotational velocity of the needle in the direction

of its radius. We can only effectively control the base of the needle. But we know that

the forces acting on the bevel tip will force the tip to travel in the direction of its angle

if it does not rotate. The simplest way to understand this behaviour is to understand

the behaviour of a screw. When a screw is inserted into an object, it is simultaneously

rotated. This is represented by the linear distance traveled by the screw per radian

of rotation known as pitch. Since forces will act on the bevel tip of the needle it will

continually create “rotations” as it is inserted like the pitch of a screw.

Another analogy to this problem could be defined as follows: straight lines behave

similarly to drills wherein the constant rotation results in a straight path, i.e., the needle

tip is not given enough time to curve since the angle of the bevel tip is continually

changed. Curves behave similarly to a bicycle in the sense that when the needle is

inserted into the body, it only curves for as long as the “wheel” or bevel direction is in

the direction that causes that turn, i.e., the rotational velocity is 0.

Therefore, the path planner generates a coordinate trajectory path that is then

analyzed through mathematical manipulations to determine the precise motions required

to transition from position n to n+1 . For example, a trajectory with 44 discrete points

must be converted into specific motion actions from position n to n+1 . Since the

controller proposed by this thesis is developed to act independently of time, a process is

used where an arc is estimated between each discrete point. A Python script, see Figure

3.3 was written in order to handle the coordinate frame matrix transformation of these

coordinate position as well as mathematically calculate the motor motions required to

fulfil a path from the n to n+1 position — this path section is described as an arc where

the entire trajectory is merely a sequence of arcs. This arc consists of a length and a
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Figure 3.3: The python code which calculates the angle between two coordinate positions
and performs a conversion into machine interpretable distance

rotational angle (or twist / bend) from the first position to the second position.

Since position n+1 is offset from position n in terms of its rotational orientation

in 3D-space as well as a certain x-y-z distance, linear algebra is used to calculate the

angle between the vectors of n and n+1. This angle equates to the dot product of the

unit-vectors of these two positions. This angle which is calculated in radians is then

further converted into degrees and finally into a number of the rotational steps of a

drive shaft attached to a pulley, this is covered in more detail in the upcoming section.

Following the calculation of the total motor steps required to rotate the needle shaft

an x number of degrees relative to the orientation of position n+1 to n, the total arc

length is calculated that the needle tip must travel to reach n+1 which equates to

the insertion length and hence motor revolutions. This distance is essentially equal to
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the hypotenuse of a right triangle. Logically, if the number of position coordinates is

increased, then the resolution with which this hypotenuse angle can be calculated will

be more accurate in the final result. The arc lengths and angle changes associated with

each coordinate position are recorded, and the resulting data is automatically converted

into machine code (gcode). This code can be effectively interpreted by the controller

board of the steerable needle robot, enabling it to precisely execute the motions required

to follow the original trajectory path.
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Figure 3.4: A visualisation of the gelatine phantom body with planned trajectory. The
Blue points represent the entire (obstacles and goal regions) target body in the Real
Space where it is not necessarily aligned with the steerable needle coordinate frame. The
Green points represent the extracted obstacles of the body, that must be avoided by
the needle. This body of points is now registered (or aligned) with the steerable needle
coordinate frame. The Red points represent an example generated trajectory based on
an entry coordinate position and a goal coordinate position, taking into account the
needle parameters.
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Table 3.2: Output trajectory coordinates from the RCM motion planner with input,
where the Cartesian coordinates are x-y-z, and the vector coodinates Nx-Ny-Nz which
represent the coordinates three-dimensional space. The Scalar value represents a colour-
coding for recognisability when computed graphically.

x y z Nx Ny Nz Scalar

-115.871 139.202 -613.251 -0.603443 -0.716415 -0.0984383 -0.33603

-114.685 138.66 -614.767 -0.606876 -0.715867 -0.0894014 -0.333531

-113.527 138.095 -616.297 -0.610249 -0.715247 -0.0803556 -0.330999

-112.399 137.504 -617.839 -0.613561 -0.714556 -0.0713017 -0.328434

-111.3 136.89 -619.393 -0.616811 -0.713793 -0.0622407 -0.325836

-110.231 136.252 -620.958 -0.62 -0.712959 -0.0531735 -0.323205

-109.193 135.59 -622.534 -0.623127 -0.712054 -0.044101 -0.320542

-108.186 134.905 -624.12 -0.626192 -0.711077 -0.0350241 -0.317847

-107.209 134.197 -625.716 -0.629194 -0.710029 -0.0259436 -0.31512

-106.26 133.471 -627.319 -0.630403 -0.709773 -0.022584 -0.313537

-105.312 132.747 -628.925 -0.630339 -0.710128 -0.0233902 -0.312801

-104.365 132.027 -630.532 -0.630274 -0.710482 -0.0241964 -0.312064

-103.417 131.311 -632.141 -0.630208 -0.710836 -0.0250026 -0.311328

-102.468 130.599 -633.752 -0.630142 -0.711188 -0.0258087 -0.310591

-101.519 129.892 -635.364 -0.630075 -0.71154 -0.0266148 -0.309853

-100.57 129.189 -636.978 -0.630006 -0.71189 -0.0274209 -0.309115

-99.6208 128.49 -638.594 -0.629937 -0.71224 -0.0282269 -0.308377

-98.671 127.796 -640.211 -0.629868 -0.712589 -0.0290329 -0.307638

-97.7208 127.106 -641.83 -0.629797 -0.712936 -0.0298388 -0.306899

-96.7703 126.42 -643.45 -0.629725 -0.713283 -0.0306447 -0.30616

-95.8194 125.738 -645.072 -0.629653 -0.713629 -0.0314506 -0.30542

-94.8687 125.061 -646.696 -0.629988 -0.714158 -0.0315534 -0.303477

-93.9331 124.39 -648.332 -0.6317 -0.715293 -0.0292506 -0.297415

-93.0191 123.725 -649.982 -0.633383 -0.716395 -0.0269465 -0.291338

-92.1269 123.068 -651.647 -0.635037 -0.717464 -0.0246412 -0.285249

-91.2567 122.418 -653.326 -0.636661 -0.7185 -0.0223347 -0.279146

-90.4086 121.774 -655.019 -0.638256 -0.719502 -0.0200271 -0.27303

-89.5829 121.139 -656.726 -0.639821 -0.720471 -0.0177187 -0.266901

-88.7796 120.51 -658.447 -0.641356 -0.721407 -0.0154094 -0.26076

-87.999 119.89 -660.18 -0.642862 -0.72231 -0.0130994 -0.254608

-87.2411 119.277 -661.927 -0.644331 -0.723156 -0.0107556 -0.248532

-86.5057 118.671 -663.685 -0.645754 -0.723921 -0.0083412 -0.242632

-85.7928 118.072 -665.455 -0.64715 -0.724655 -0.00592641 -0.236721

-85.1027 117.48 -667.236 -0.648518 -0.725357 -0.00351136 -0.230801

-84.4354 116.895 -669.029 -0.649858 -0.726028 -0.00109616 -0.22487

-83.7909 116.317 -670.832 -0.651169 -0.726668 0.00131909 -0.21893

-83.1696 115.747 -672.645 -0.652453 -0.727276 0.00373428 -0.21298

-82.5713 115.184 -674.468 -0.653708 -0.727853 0.00614931 -0.207021

-81.9963 114.628 -676.302 -0.654935 -0.728398 0.00856407 -0.201053

-81.4446 114.08 -678.144 -0.656134 -0.728912 0.0109785 -0.195076

-80.9164 113.54 -679.996 -0.657304 -0.729394 0.0133924 -0.189091

-80.4117 113.008 -681.857 -0.658446 -0.729845 0.0158057 -0.183098

-79.9306 112.483 -683.726 -0.65956 -0.730264 0.0182184 -0.177097

-79.7987 112.336 -684.257 -0.65987 -0.730377 0.0189015 -0.175396
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3.5 Steerable Needle 3D Printer

3.5.1 Definition

An electro-mechanical system (see Figure 3.5) is presented where three main modules

are used to achieve the defined control scheme for the motion planning approach: 1. An

insertion and rotation mechanism whereby a long, flexible needle may be steered.

2. A computer vision camera system whereby the experimental results may be

collected and the needle internal to the body monitored if it is not opaque. Furthermore,

alternatives are being investigated within the current setup, such as ultrasound imaging,

magnetic resonance, strain sensing, etc., to track the needle inside of an opaque body

where cameras are unsuitable, for future experiments. This system is intended for

use as a 3D printer whereas a material is “extruded” or deposited in place, it is

polymerised in place. As such, 3D printable material would need to be identified and

/ or designed to conform to the constraints and intentions of this system, where, for

example, photo-polymerisation is not effective when it needs to penetrate or diffract

through a body.

3. An injection system and procedure which enables the deposition and

polymerisation of a material inside of a body. It is this addition to the steerable needle

system that defines the 3D printer capability, where the steerable needle is means

through which to penetrate a body to deposit a 3D printable material.

3.5.2 Vision System

Thus far, multiple methodologies (which have previously been explored and defined)

through which to track and quantify the motion of the needle within a body have been

explored. To succinctly recap, these methods include: stereoscopic vision in the case of

non-opaque bodies; Ultrasound or magnetic resonance; strain sensors and magnetism

where the deflection of the needle has an electro-magnetic output in terms of strain.

The initial experiment approach involves the use of stereoscopic cameras to monitor

the x-z (side view) and x-y (top view) planes, thereby allowing us to triangulate through

measurement (computer vision, etc.,) the exact coordinate positions of the needle tip as

it is inserted. The Intel RealSenseT M depth camera allows for effective tracking of the

needle tip through its in-built calibration software, wide field of view, and associated

real-time viewer which enables the recording and measuring of the needle tip. These

cameras have proved, thus far, able to effectively track the needle tip and allow for

relatively precise measurements along the x-z and x-y planes to validate the accuracy

of the insertion mechanisms compared to the coordinates generated by the motion

planning algorithms.

The accuracy of these cameras’ coordinates is verified through their built-in distance
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Figure 3.5: Steerable Needle 3D Printer with dimensions and the robotic coordinate
frames

measuring capabilities, which are demonstrated by measuring the distance between the

rear supporting frames of the body platform. This measurement, which is confirmed by
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Figure 3.6: A view of the steerable needle 3D printer with all its respective components

a stainless-steel ruler, is 48.3cm. Consequently, this system is utilized to triangulate

the needle’s position within the gelatine body by measuring the distance between the

needle tip and its entry point, which is a known coordinate location within the system.

Subsequent chapters will delve into two pivotal experiments that necessitate the

utilization of the vision setup described in this paper. The first experiment entails

measuring the maximum curvature of a 19G bevel-tipped needle, which is inserted to a

maximum depth of 150mm inside a gelatine body that has been prepared beforehand.

By analyzing the needle’s maximum deflection curvature, a feedback loop is established

into the path planning algorithms, which enables the creation of more intricate needle

trajectories that can be simulated in 3D space. Consequently, a second experiment

is proposed, which involves measuring, cross-referencing, and statistically analyzing

the real coordinates from more complex motion plans, where the needle must navigate

through intricate curves and twists to reach its intended endpoint.

3.5.3 Phantom Body

Since steerable needles involve penetrating a body to reach a distant position, it is

necessary for experimentation purposes to prepare a suitable body that enables the
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Figure 3.7: The calibration truth using the side-view Intel RealSenseT M camera

characterisation of our 3D printing system. Historically, gelatine is used for steerable

needle testing, thus, moulds of 250 bloom type A gelatine are prepared for these

experiments. The rheological characteristics (yield modulus, stiffness, etc.) of the

body or suspension medium (in this case gelatine) have a direct relationship with the

maximum curvature which a needle can reach at any given time during its insertion, see

3.6.

Therefore, it is speculated that such a relationship can be generalised depending on

these rheological characteristics and thus the maximum curvature can be approximated

without experimental testing to a satisfactory degree. For example, if the needle must

travel through a body without the in-built capability to sense the stiffness or forces

which will act on its bevel (thus affecting the maximum curvature) then at least knowing

the rheological characteristics of the body through other means will allow the system

to approximate as accurately as possible the necessary motions to incur and update

the motion plan accordingly. This enables, potentially, the simplification of needle

designs to allow for better 3D printing capability. In the case of the phantom body,

the experimental setup specifically prepares the following: A stage area in which a

body may be “locked into space” with definable and known entry points; a modular

sheathing guidance frame translatable in the x-z axes to allow for a number of different

entry points to the body, see Figure 3.8. A sheath is essential towards ensuring that the

needle tip passes as close as possible to the needle entry point. For reference, entry holes

of the sheath are 1mm in diameter, therefore an allowance of 1mm error at the entry

must be considered. The phantom body, which is prepared as a solution of gelatine, is

moulded into a custom-built transparent box (330mm x 110mm x 270mm) which allows
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Figure 3.8: The phantom body stage, gelatine housing which is used the phantom body
with resealable entry holes, and needle guidance sheath.

for the entry of the needle through a repeatably sealing system. The procedure through

which this phantom is prepared will be discussed in more detail in Chapter 4.

3.5.4 Injection System and Procedure

The core of our research involves proposing a procedure through which a material

may be polymerised using steerable needles. After reaching the end-goal position, the

polymer is slowly deposited while the needle retracts, and since backwards motion has

a mostly negligible effect on the needle (depending on the body characteristics), the

needle will conform to the path it has already created. Through these means fibres can

be effectively fabricated with certain characteristics and behaviours inside of a body, see

Figure 3.9. The injection module consists of three essential axes: 1. the insertion axis

or “z-axis of motion”; 2. The “y-axis” which pumps the attached syringe loaded with

polymers; 3. the “x-axis” which controls the rotation of the needle shaft using a pulley

mechanism which drives the trajectory that the needle takes. It is in the open-loop

control of these axes that the trajectory generated by the motion can be fulfilled. These

axes are assembled with NEMA17 motors and trinamic stepper drivers controlled by
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Figure 3.9: Designed Injection System for 3D printing polymers in the Steerable Needle
3D Printer

a DUET3D motherboard. For the purposes of injection, a general-purpose luer lock

10mL syringe is used which is fixed into an interchangeable locking mechanism for a

syringe pump — the “y-axis”. This axis has an actuation distance of 150mm through

which the plunger of the syringe can travel at maximum 100mL.

Before the syringe is assembled into the system, a calibration procedure is initiated

to align the axis. Upon completion of the homing process and storage of the current

position, the axis automatically moves to a loading position. The syringe can now be

securely fastened to the system with the plunger in an extended position, and filled

with the desired liquid polymer for injection. Once the syringe is loaded, the needle

is attached to the syringe’s locking mechanism in a safe and secure manner. Due to

the mechanical layout of the rectangular-shaped needle locking mechanism, a detection

process is employed to ensure that the bevel-tip faces downwards. With the completion

of this calibration step, the y-axis is now ready for needle steering, followed by the

subsequent deposition and polymerization of the desired polymer.



CHAPTER 3. STEERABLE NEEDLE ROBOT FOR 3D PRINTING 94

3.6 Needle-Body interactions and strategies to account for

body and needle characteristics

Numerous models have been proposed in the literature that aim to identify the de-

formation of body structures (such as skin, tissue, and muscle) as a needle punctures

these areas. The ultimate goal of these models is to develop a feedback loop control

system that enables the needle to adjust its movements based on its surroundings.

[52, 14, 183, 124]. Such a system precludes the usage of sensor integrated needle designs

such optical fibres, force-torque sensors, etc. For the purposes of the proposed robotic

system in this thesis, such modifications to the needle presents several challenges towards

depositing the less than perfectly liquid (bio)polymers — in other words viscous materi-

als. These two key challenges include: Needle inner diameter w.r.t polymer viscosity; A

closed-loop feedback controller which can continually update needle tip position such as

those proposed in literature. Since, this thesis is concerned with proposing a flexible

needle steering system with 3D printing capabilities, these challenges must be further

defined and developed towards resolving them. Firstly, since no needle type could be

identified in literature which suits the purpose of the proposed system, general spinal

tap and other clinical needles have been selected which at least could deposit a polymer

satisfactorily.

However, future work could investigate the design and development of a flexible

steerable needle with sensing capabilities incorporated. Secondly, an open-loop system

which has been presented in the previous chapters was developed to enable the testing

and evaluation of the core research questions and hypothesis. While this system cannot

at the time of writing continually update its position and account for different material

properties along its, it can, however, through “pre-procedure or printing” prepare for

such circumstances if the material properties could be accurately estimated. There are

several challenges associated with this since, when a steerable needle is driven through

the body the mechanical properties can differ vastly and is rarely perfectly homogeneous.

This is another area which requires significant research and development.

Having defined these challenges, an opportunity is presented of a unique solution

to the problem of material or body identification. Hyperspectral imaging is often used

in overhead agricultural surveying technology to detect and offer insights into a wide

range of information regarding the quality and yield of crops. This technique has in

recent years pushed further ahead and is reported to even be able to classify samples

at the molecular level. Often this is only used as a quality control measure, but this

technique has been identified by this thesis as potentially capable of offering insights

into the material type and properties of the phantom body or tissue that is to undergo

steerable needle 3D printing [44, 170]. As a non-destructive, cost effective, time effective
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analysis technique, it is, therefore, a promising avenue of research to further enable the

goals of this thesis and account for the challenges previously discussed. By integrating

machine/deep learning, this technique could be utilized to estimate the mechanical

properties of bodily materials [156, 213].

Coincidentally and promisingly, hyperspectral imaging has reported use in several

medical applications such as the diagnosis of diseases as well as image-guided surgeries,

which according to literature is done collaboratively with other techniques such as

ultrasound, etc. [116]. As an overview, hyperspectral imaging is defined as an analysis

technique which uses a light emitting and receiving feedback system which can quantify

the diffuse reflectance of samples [44]. It detects the reflectance quantified against the

wavelength of light emitted ranging from ultraviolet to infrared. This multi-spectral

data goes through further processing which can provide 3D spatial data from these

2D detections, known as a hypercube, of the sample that was scanned. These light

interactions allow this technique to detect spectral differences, see Figure 3.10. This

analysis technique is, therefore, suitably promising to enable steerable needle 3D printing

as a control step during the total feedback loop. In other words, if hyperspectral imaging

processes can accurately identify a certain material (gels, tissue, food, etc.) then it may

through a database as well as certain further processing be able to estimate the material

stiffness and therefore its interaction with a flexible steerable needle as it punctures this

material.

Table 3.3: The spectral ranges of hyperspectral imaging

Name Spectral Range (mm)

Ultraviolet (UV) 200–400

Visible 400–780

Near Infrared 780–2500

Mid Infrared 2500–25000
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Figure 3.10: A comparison between the hyperspectral hypercube and simple RGB.
“Reprinted, with permission, from [116]”
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3.7 Using machine learning and hyperspectral imaging

to identify and predict the mechanical properties of

gelatine

To streamline steerable needle research by enabling the estimation of the maximum

curvature of deflection of the needle, hyperspectral imaging as a technique is investigated

through which to identify a material (such as gelatine) type and characteristics. Fur-

thermore, the mechanical properties of gelatine is investigated through which to build a

relationship between the hyperspectral results which is through machine learning able

to identify specific concentrations of hydrogels (such as a simple example like gelatine)

and their related mechanical properties in terms of yield strength, elastic modulus, etc.

This section contributed towards a publication and presentation in The 2022 28th IEEE

International Conference on Mechatronics and Machine Vision in Practice (M2VIP2022),

see Appendix C.

3.7.1 Introduction

Hydrogels are three-dimensional network structures able to contain large amounts of

water. They exist naturally in the form of polymer networks sourced from natural or

synthetic polymers such as collagen or gelatine [35]. [160]. Environmentally sensitive

hydrogels can serve a wide variety of applications because of their ability to respond to

environmental changes typically by exhibiting changes in volume and texture [35, 121].

Analytes and biomarkers including glucose, proteins, and DNA also elicit hydrogel

responses [224, 31]. Furthermore, these networks may be used as composites with other

polymers to result in improved mechanical properties or other desirable characteristics

which are not inherent to them, such as the capability to be 3D printed [160]. Because

of such a wide variety of response triggers, hydrogels can be incorporated into sensors

or actuators, or can be utilised in controlled drug delivery systems, biosensors, tissue en-

gineering scaffolds, artificial organs, wound healing bandages, physiological membranes,

contact lenses, and microfluidic valves. Further, natural polymers have received atten-

tion for agricultural applications for their excellent biodegradability, biocompatibility,

bioactivity, and hydrophilic character [91].

However, one of the most challenging issues during functional manufacturing of

hydrogels is to ensure that the active components can maintain their structural sta-

bility during storage using it for various aforementioned applications. The mechanical

properties described by its stiffness or otherwise (non-)elastic behaviour quantify the de-

formation of hydrogels at compression and shear, being correlated with their consistency

and density.

Mechanical testing involves physically subjecting a hydrogel to tension, compression,
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Figure 3.11: A diagram describing the HSI identification processes.

indentation, shear rheometry, etc., which may destroy the sample. Alternatively, non-

destructive techniques such as direct permeability which measures a flowing fluid through

a gel at a known rate measuring the pressure or chromatography or light-scattering which

are used to indirectly relating using mechanical estimate from certain characteristics

such as a sample’s relationship between its molecular weight and concentration. The

primary goal of these destructive techniques is to build a response profile of a hydrogel

(or otherwise) in terms of its mechanical characteristics to certain stimuli. For example,

shear rheometry or frequency-based testing can describe a sample in terms of its

viscoelastic response (e.g., storage and loss modulus). While non-destructive techniques

offer deeper insight to molecular and chemical properties such as performed by the light-

scattering technique [152]. There is, however, a desire for non-destructive mechanical

characterisation of hydrogels with good accuracy and precision that could be used

to build a deeper understanding of the direct relationship between molecular and

mechanical properties, see Figure 3.11.

In general, spectroscopy is the study of electromagnetic radiation and its production

from or its interaction with, matter [111]. More specifically, HyperSpectral Imaging

(HSI) records the so-called spectral profile of an underlying object in hundreds of narrow

contiguous spectral bands, which is used to characterise objects provided the objects

are spectrally distinct [120]. A spectral profile that includes all spectral bands is highly

accurate because it takes advantage of the physical relationship between an object

and the electromagnetic radiation it absorbs, scatters, or emits. This relationship is

based on the fundamental principle that objects interact with electromagnetic radiation

in a specific way, which is determined by their material properties and surface char-

acteristics. By analyzing the complete spectral profile, researchers can gain valuable

insights into the composition and structure of objects, which can aid in a wide range

of applications, such as remote sensing, medical imaging, and material analysis. The
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accuracy of the spectral profile is further enhanced by advancements in technology,

such as hyperspectral imaging, which provides even higher resolution and more detailed

spectral information. [166]. However, the accuracy tends to fall for complex scenarios,

for instance, characterising similar types of samples for texture analyses. It is because

each such sample comprises similar spectral characteristics, the performance of spectral

characterising is fundamentally challenging due to the curse of dimensionality [174].

In recent years, advances in machine vision increased our understanding of underlying

patterns from complex features [225].

Thus, in this chapter, a novel approach is proposed which attempts to combine

the physical principles of HSI with machine learning by utilising the physical spectral

characteristics of the underlying surface. This work aimed at developing a fast and

reproducible method using spectroscopy and machine vision to provide deeper insight into

the mechanical properties of hydrogels. In contrast to destructive sampling, spectroscopy

offers a rapid and non-destructive alternative to accurately determine the properties of

hydrogels.

3.7.2 Materials and Method

Generating Training Set

Three samples of 250 bloom 20 mesh gelatine (GELITA Australia Pty Ltd) of the

following concentrations — 3.33%, 6.67%, and 10% were prepared. These 150 mL

samples were produced by mixing the respective concentrations of gelatine powder in

cold water which were left to ’bloom’ for 15 minutes. After which, the gelatine is heated

to 60� C and immediately poured into containers. The samples are then cooled at 2� C

for 24 hours at which point they are ready for analysis.

Spectral measurements

The spectral measurements were collected using an ASD FieldSpecPro (Analytical

Spectra Devices, Inc., Boulder, CO, USA) using an ASD FieldSpec 4 Hi-Res (Malvern

Panalytical Ltd., Malvern, United Kingdom) measuring spectra in the 350 to 2500 nm

range. In the VNIR region (< 1000 nm), the instruments comprise a 512-element silicon

photodiode array to provide the spectral resolution of 3 nm and a sampling interval of

1.4 nm, see Figure 3.12. In the SWIR region (> 1000 nm), the instruments comprise

two sets of thermoelectric (TE)-cooled indium gallium arsenide (InGaAs) photodiode

arrays and provide the spectral resolution of 10–12 nm and 8 nm for ASD FieldSpecPro

and FieldSpec 4 Hi-Res, respectively with the sampling interval of 1 nm. To limit the

sampling uncertainty, a total of 30 spectral measurements were captured by randomly

changing the location of the probe within the sampling area, see Figure 3.13.
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Figure 3.12: The ASD FieldSpecPro

Figure 3.13: The measuring of the gelatine spectra using the ASD

Spectral pre-processing

Spectral pre-processing is an essential step to remove noise from the data which might

affect the model performance. Further, low signal to noise ratio regions (350–400 nm

and 2450–2500 nm) were excluded from the analyses. As derivative transformation

helps to determine the location of the spectral absorption features and to reduce the

finer scale noise [208], first derivative transformation was applied on the reflectance data

using a Savitzky–Golay filter with a smoothing window width of 13, polynomial order

of 3 and derivative order of 1.

Model development

Gaussian distribution is the basic building block of Gaussian processes [169]. With

Gaussian Process Regression (GPR), which evolves from a family of Bayesian framework,

the multivariate case of Gaussian distribution (defined by a mean vector and a covariance
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matrix) at discrete points can be derived. The discrete points are called test points.

The objective of GPR is to learn the underlying distribution of test points together

with training data as a multivariate distribution. In order to perform regression on the

training data, Bayesian inference is used to condition the probability distribution with

test and training dataset, which is also distributed normally.

Regression via supervised learning

With the above basic framework of GPR, the important question is to define the mean

and the covariance matrix. The covariance matrix is determined by its covariance

function, which is often also called the kernel of the Gaussian process. Thus, GP is

also known as kernel-based machine learning algorithm, where the kernel parameters

are determined by the choice of covariance/kernel function, as well as the data used to

make predictions.

A GP assigns probability distribution over a set of possible functions that fit the

input data and converts them into posterior probabilistic estimates [169]. GPR also

facilitates prediction uncertainty with a simple relation between covariance of train-test

data and test-test data to estimate mean of the predictions. Using that the standard

deviation and confidence intervals around the predictions could be estimated to reflect

the complex distribution of nonlinear relationships in the data.

A non-parametric Gaussian process model is specified as:

p(f (x)� ) � gp(0; k(x; x
0
) + I � � 2

y (3.1)

where x is the input training spectra, k(x; x
0
) is a kernel matrix to approximate

covariance function, which can be implemented with variety of functions and � y is

Gaussian noise. It was found that the automatic relevance determination (ARD)

squared exponential function as a useful kernel to extract gel firmness from spectra. The

model hyperparameters were optimised using a gradient based optimisation algorithm

that maximises the marginal likelihood in the training data [165, 11, 169].

A GP assigns probability distribution over a set of possible functions that fit the

input data and converts them into posterior probabilistic estimates [169]. GP also

facilitates prediction uncertainty with a simple relation between covariance of train-test

data and test-test data to estimate the mean of the predictions. Using that the standard

deviation and confidence intervals around the predictions could be estimated to reflect

the complex distribution of nonlinear relationships in the data.
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Feature selection

Hyperspectral spectra comprise of hundreds of spectral features, however, not all of

them are informative. In this section, important absorption features were observed

as predominantly located in the visible-near infrared region (VNIR) (400–1000 nm).

Further, a few weak features are present in the short wave-infrared (SWIR) region

(1000–2500 nm), representing higher overtones of SWIR absorption. Thus, full spectra

were used to develop the model. These knowledge-based spectral features emphasise the

expert knowledge and sensitivity of each spectral band to sample texture characteristics

as a tool for representing beliefs held by an expert.

Implementation

A GP learning model was developed using Python (v3.6.2; Python Software Foundation,

2019). The spectral dataset from each sample was combined and divided randomly

into training and test in a ratio of 70% and 30%, respectively. Further, since the

statistical performance of a model developed on empirical data to another dataset is

challenging [61, 68], the generalisation performance of the model was further validated

on an independent dataset. The independent dataset was collected on three different

samples and not used to train the model.

Accuracy evaluation

The confusion matrix, also known as the error matrix, was used to evaluate the

performance of the GPR classification model on the set of test data.

3.7.3 Results and Discussion

As the database contains three types of hydrogel samples (Fig. 3.14), it was noticed

that a large variation in spectra within the 350-–1100 nm spectral region, whilst a low

variation was observed in the 1100-–2500 nm region. Thus, a 350-–1100 nm spectral

region was used to develop the model. In total 90 samples were measured for each

firmness level. Further, using the statistical resampling technique 100 more samples

were created.

From the confusion matrix results shown in Fig. 3.15, it is clear that in terms

of accuracy, the GPR achieved > 90% accuracy, which can provide relatively good

performance compared to other traditional methods of measuring the gel firmness.

For the efficiency side, it is apparent that once the prediction model was developed,

the speed of prediction was good and not necessarily proportional to the amount of

data. For example, when the number of test samples was increased by a factor of three

through statistical sampling, the fraction of time taken to predict the extra samples
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Figure 3.14: Mean reflectance spectra of the three types of firmness are shown

Figure 3.15: The confusion matrix of the GPR classification model on the test samples
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is indifferent. Thus, repeatability of the prediction is easy to achieve. Finally, based

on the above experimental results, hyperspectral data with machine vision can achieve

better performance on this targeted problem.

Like any other material, hydrogels absorb, reflect, and emit the radiant flux received

per unit area (irradiance). These physical principles are used to differentiate firmness of

hydrogels to offer a cost-effective and non-destructive tool to gauge hydrogels’ firmness.

An estimation of hydrogels’ firmness using hyperspectral data is reliable and extremely

accurate because it utilises a physical relationship between hydrogels surface and its

spectral absorption features i.e., a set of narrow and contiguous bands with low noise

that are sensitive to hydrogels characteristics. When considering the widely used spectral

range of 400–2500 nm, hydrogels related absorption features predominantly located in

the visible-near infrared region (VNIR) (400–1000 nm). Further, a few weak features

are present in the short wave-infrared (SWIR) region (1000–2500 nm), representing

higher overtones of SWIR absorptions.

Recently, machine-learning algorithms (e.g., random forest regression (RFR), support

vector regression (SVR) and Gaussian Process Regression (GPR)) extended their

usefulness to estimate firmness of organic materials. However, their performance

depends on the quality of the spectral data, which is influenced by the pre-processing

techniques and the number of samples. Higher accuracy compared to the studies

over other organic materials was observed [32, 165, 234]. This might be because fruit

firmness was influenced by multiple complex physical factors (e.g., cell structure, skin

thickness, turgor pressure) and chemical (e.g., pectin concentration, water content)

whereas variability in the distribution of firmness within a sample of hydrogels is small

which does not impact the relationships between firmness and near-surface spectral

characteristics. In addition, the measurement of firmness used as training dataset is

not prone to higher error values, making it less challenging to obtain accurate firmness

readings of a sample.

Further, model uncertainty describes how well a model fits the data under given

variable conditions and this can be apportioned into different sources i.e., perturbation in

the spectral and reference sampling, instrument noise and statistical model parameters

[165]. Water content and ageing of the sample is one of the major factors that obscures

the chemical absorption across the full range spectrum. Sensor spectral quality and

viewing angles is another predominant factor that influences the hydrogel spectral

characterisation. However, it is observed that the model could predict well under these

variations i.e., could differentiate in the firmness level due to the aging of the sample,

which shows the robustness of the model. This information is critical in machine learning

based modelling studies to evaluate model reliability.

Ultimately, this model could be used in the context of the 3D printing steerable
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needle robot as an identification mechanism through which an unknown body could

be identified through its measured reflectance. This estimate can be mathematically

related to the expected mechanical properties of the body and, hence, to the expected

behaviour of the needle as it travels inside of that body. The next section explores the

mechanical properties of gelatine for an investigation into this potential.
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3.8 The mechanical properties of gelatine utilising various

testing techniques

3.8.1 Introduction

This section presents a step towards specifically exploring the mechanical characteristics

of gelatine through which to relate the HSI machine learning that was previously

proposed. It explores a range of gelatine concentrations, each with a distinct spectral

response, as well as mechanical characteristics. Therefore, to serve as a database from

which to test the HSI processes as well as the future results of the proposed steerable

needle robot.

Furthermore, two separate analysis techniques were completed, namely: a quasistatic

examination of gelatine under compression using a dynamic mechanical analyser (DMA);

and the characterisation of gelatine using rheometry to investigate the linear viscoelastic

region to acquire thereby the shear modulus through which to calculate the Young’s

modulus. These analyses were completed (similar to the experiment in the previous

section) using a range of gelatine concentration — 3.33%wt, 6.67%wt, 10%wt, and

15%wt. The key variable of interest to note in these experiments is the resulting Young’s

modulus which can further inform the behaviour of the flexible steerable needle as the

robot inserts it into the phantom body (gelatine or otherwise). It is in the effort to

develop a system where hyperspectral analysis may be used concurrent with a steerable

needle robot in order to accurately estimate the curvature of the needle as it travels

through a body that the following work is presented.
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Figure 3.16: A curing curve noting the Storage and Loss Moduli for a 3.8%wt gelatine
sample. “Reprinted, with permission, from [179]”

3.8.2 Background

There are numerous studies which investigate the mechanical behaviour of gelatine gels

due to the wide variety of applications in which they can be used — primarily in the food

and medical industries. To establish a benchmark for the experiments and to provide a

basis for comparison with prior studies in similar domains, several papers examining

gelatine will be referenced. Specifically, previous research has investigated gelatine

using rheometry, a method that is replicated in this section using the specific type of

gelatine employed in the steerable needle experiments [211, 179]. Furthermore, research

has been done into characterising gelatine using static or quasistatic compression to

analyse gelatine blocks or cubes for the stress-strain curve to determine the mechanical

properties [60], see Figure 3.17. Further research investigates the rheological properties

which include viscosity, etc., but for the purposes of this thesis, the focus will be

constrained to rheometry and mechanical testing to allow for the further development

and integration into the proposed steerable needle robot.
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Figure 3.17: The compression stress-strain curve for 5%wt and 10%wt at different strain
rates. “Reproduced from [60] under the Creative Commons Attribution License”
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Figure 3.18: Gelatine cube compression testing machine — Dynamic Mechanical Analysis
RSAG2

3.8.3 Dynamic Mechanical Analysis — Materials and Method

Firstly, large gelatine blocks (300mL) were prepared in order to perform the quasistatic

examination of four different concentrations of gelatine (3.33%wt, 6.67%wt, 10%wt, and

15%wt). The process for this preparation, repeated four times in total, is as follows:

1. 250 bloom 20 mesh gelatine powder (GELITA Australia Pty Ltd) is poured into

room temperature or below, preferably distilled, water at the specified weight —

3.33%wt at 300mL of water equates to 9.99g of gelatine powder, 20g at 6.67%wt,

30g at 10%wt, and 45g at 15%wt.

2. These mixtures are lightly stirred for approximately 5 minutes and left to rest for
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another 10 minutes — this is known as the blooming process.

3. Once bloomed the gelatine mixture is raised in temperature to approximately 75�

C and left at this temperature for another 5 minutes.

4. The hot mixture is then poured into a 500mL container.

5. This liquid gelatine is then left at 2� C for 24 hours.

6. The gelatine blocks were then removed from their containers and subsequently cut

into 10x10x10mm cubes in preparation for insertion into the compression testing

apparatus.

To conduct the compression tests, a dynamic mechanical analyzer, specifically the

RSA-G2 Solids Analyzer from TA Instruments, was utilized. The compression fixture

geometry used in this study was circular with a diameter of 25mm, and a 30N capacity

load cell was employed to record force data from each specimen. The related data was

collected using TRIOS software, also from TA Instruments, as depicted in Figure 3.18.

The following procedure was followed to load 80 gelatine specimens into the compression

fixture geometry for data collection:

1. The cube was extracted from refrigeration at 2� C measured with vernier callipers

across its length, width, and height which is recorded in TRIOS, see Figure 3.19.

2. The cube is then placed on the bottom half of the fixture.

3. The top half of the compression fixture geometry is then lowered through machine

controls to make contact with the top surface of the gelatine cube.

4. The loading gap is then updated, and the sampling rate is set to 2.0 pts/s with a

linear strain rate of 0.025 mm/s.

5. The compression is then initiated through TRIOS and the force data is recorded.

6. Once the sample has been satisfactorily compressed, see Figure 3.20, as evidenced

by the output data on the TRIOS software, the top half of the fixture geometry is

raised through machine controls to a 20mm loading gap.
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Figure 3.19: Gelatine cube compression test TRIOS settings

Figure 3.20: Gelatine cube compression test
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Figure 3.21: 3.33% gelatine compression test results

3.8.4 Dynamic Mechanical Analysis — Results and Discussion

This section reports the results from a total of 80 samples which were processed using

the procedure outline in the previous methods section. This section will continue as

follows: the output graphs for each concentration of gelatine is presented and discussed;

statistical analysis of the relationships between these concentrations of gelatine is

presented in the form of boxplots with reference linear and polynomial curvature fits;

finally, the statistical characteristics of these concentrations are presented in a table

which estimates the yield modulus (or stiffness) within a certain confidence interval.

To begin, the first group of samples which underwent compression testing were the

3.33%wt cube specimens. The stress-strain curve presented in Figure 3.21 follows a

similar pattern to the stress-strain curves of similar type in literature. Noticeably, there

appear to be one or two outliers with fracture points at higher rates of strain. This

could be due to the way that the gelatine buckles under force. In other words, these

cubes were structured such that as the compressive force begins to splinter the gelatine,

these breakages would align themselves in such a way that more force would be required

to cause the cube to fail (fully crumple and relax the stress of the load cell).
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Figure 3.22: 6.67% gelatine compression test results

Next, the 6.67% gelatine specimens are present in Figure 3.22 with a similar grouping

structure to that of the 3.33%wt specimens but at a relatively higher fracture force at

similar strain.

The 10%wt specimens graphically present a relatively dramatic jump in the stress

required to cause the cubes to fail, but again fail at a similar strain rate.

Finally, the 15%wt, see Figure 3.24 again increases significantly in fracture stress,

but at a relatively larger strain as compared to the previous specimens. This larger

strain could largely have to do with these specimens being of a much stiffer quality

than the previous which were relatively “softer” and more delicate to handle. These

specimens retain their current shape remarkably well.

In Figure 3.25, a complete visual comparison of all the specimens is presented. This

plot invariably demonstrates that at 15%wt and at an increasing rate, gelatine becomes

“stiffer” as the concentration increases. This result is expected. Noticeably, however,

this graph report interesting behaviour when the specimens are compared. The lower

concentration specimens possess particularly linear stress-strain curves. This effect is

dramatically accentuated when the two lower concentrations are compared with higher
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Figure 3.23: 10% gelatine compression test results

concentrations which tend to curve. Interestingly, the 15%wt stress-strain plot curves

even more dramatically than the 10%wt plot. This is especially true as the plot tends

towards the fracture point of the specimens. A plausible explanation for the observed

visual behavior could be that the upper specimens exhibit greater stiffness and molecular

orientation compared to the weaker specimens, hence requiring more force at a faster

rate to fracture. Interestingly, the strain rates from these graphs seem to be similar,

with only slight deviations.

In order to better understand the relationship between these concentrations, an

attempt is made to graphically demonstrate these sample blocks into boxplots which

describe this data in terms of its quartiles. This is done to ascertain visually any variation

between the samples, and any skewness or spread. Furthermore, linear regression and

polynomial regression is applied to analyse the relationship between the samples. The

fracture points, yield moduli, Young’s moduli, and strains are visually represented

henceforth.

In Figure 3.26, the fracture points of the different gelatine concentrations are

presented with both a linear and polynomial regression or fit. It is visually clear that
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Figure 3.24: 15% gelatine compression test results

there appears to be a strong linear relationship between the specimens. However, the

6.67%wt appears to tend weaker than the fit suggests.

Similarly, the Young’s modulus (refer to Figure 3.27, which is equivalent to the

slope of the stress-strain curve, between the four different specimens follows a linear

relationship of increase as the concentration increases.

Again, the boxplot of the Yield modulus (which is approximated at roughly 30%

strain) presents a similar and even stronger linear fit than the rest, intersecting the

medians of each concentration block. It is, therefore, clear that the mechanical properties

of concern to this thesis are dependent on the concentration of the gelatine during its

production. A boxplot comparing the strains of the four concentrations, however, shows

minor variation between the 3.33%wt, 6.67%wt, and 10%wt specimens with the 15%wt

specimen boxplot having a clearly higher reported strain than is initially expected. As

previously explained, this is potentially due to the way that the cubes yielded and

fractured under stress. Since the 15%wt is clearly stiffer, its fracturing may not have

occurred immediately as it did in the other specimens.

Finally, a table presenting the expected mechanical properties is presented, see Table
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Figure 3.25: All gelatine compression test results for visual comparison

3.4. According to the table, the average Young’s modulus for the gelatine concentrations

are 4.5 kPa, 14 kPa, 38 kPa, and 55 kPa, respectively, falling well within the expected

range for each concentration as compared to 3.17.

Table 3.4: Mechanical properties of each concentration

wt% Stiffness (Pa) Stiffness Stan-

dard

Deviation

Avg. 30%

Yield

Modulus

Avg.

Fracture

Point

Avg. Strain

3.33 4536.98 950.61 1729.07 5584.01 50.39%

6.67 13676.54 2514.27 5192.29 23382.46 55.43%

10.00 37668.62 8411.33 13402.31 59021.86 53.05%

15.00 54817.38 9872.19 19047.21 132806.41 63.64%
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Figure 3.26: Fracture point (Pa) box plot comparing polynomial and linear fits

Figure 3.27: Young’s Modulus (Pa) box plot comparing polynomial and linear fits
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Figure 3.28: Approximate Yield Modulus (Pa) of different concentrations of gelatine

Figure 3.29: Fracture strain (%) box plot comparison by concentration wt%
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3.8.5 Rheometery for viscoelastic testing — Materials and Method

In this section, we present an alternative method to compressively test gelatine and

characterize its stiffness. The first step involves rheological analysis, followed by an

indentation test to gain a better understanding of the surface behavior of gelatine when

subjected to a force load.

The Young’s modulus is determined by two crucial variables that are measured using

the rheological analysis method presented in this chapter: the storage modulus and

loss modulus. The storage modulus (G’) measures the material’s ability to store elastic

energy when deformed. It represents the ratio of stress to strain when a material is

subjected to a sinusoidal deformation at a given frequency. The stiffer the material, the

higher its storage modulus, and the more elastic energy it can store.

On the other hand, the loss modulus (G”) measures the material’s ability to dissipate

energy when deformed. It represents the ratio of the viscous stress to strain when a

material is subjected to a sinusoidal deformation at a given frequency. The more viscous

the material, the higher its loss modulus, and the more energy it dissipates as heat.

[185, 211].

Given this background, the following methodology is presented:

1. Prepare three pots filled with 300mL of room temperature water (may be distilled,

but this is not significant for the experiments).

2. Mix 3.33%wt, 6.67%wt, 10%wt of gelatine 250 bloom powder in each pot, stirring

gently to prevent clumping.

3. Let the mixture bloom at room temperature for roughly 10-15 minutes until

thickened.

4. Warm each pot to roughly 60� C and simmer for approximately 10 minutes or

until the solution is liquid and has reached temperature.

5. Extract the hot gelatine liquid with a syringe and deposit into 20mL test tubes

for each concentration of liquid gelatine.

6. Pour the remaining gelatine into 400mL containers.

7. Store the containers of gelatine at 2� C for 24 hours.

There are two parts of this examination of gelatine: 1. Rheology using a parallel-disc

geometry (Anton Paar Physica rheometer (MCR301)); 2. Texture analysis (Texture

analyser TAXT plus) with a 12mm circular probe as the “bloom” or stiffness indentation

test.

The rheology was completed using the following method:
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1. Rheometer with a parallel disc-geometry – Anton Paar Physica rheometer (MCR301)

[185]

2. Determine the response of the gelatine to a strain change at a constant velocity

(e.g., 10 rad/s) to determine the linear viscoelastic region

3. Response of the gelatine to a frequency change between 100Hz and 0.1Hz at 0.5%

strain (within the linear viscoelastic region).

4. The dynamic shear modulus, and consequently the Young’s modulus (measured

in kPa), was determined by analyzing the storage modulus and loss modulus at

various frequencies.

5. Taking the average of the storage modulus (G
0
) and the loss modulus (G

00
), the

dynamic shear modulus (G� ) can be calculated.

G� = G
0
+ G

00
(3.2)

E = 2G� (1 + v) (3.3)

6. This calculation for the Young’s modulus (E) uses a dynamic shear modulus

equation, see below, where literature defines the Poisson’s ratio as (v) = 0.5 [211],

see the equations 3.2 and 3.3.

An indentation test as texture analysis of the gelatine samples were completed using

the following procedure:

1. The containers holding the samples were stored at 2 � C before each indentation

test. It is important that the specimens are kept at temperature to maintain the

integrity of the surface of the gelatine.

2. The texture analyser with a 12mm circular indentation fixture probe is raised to

a 10mm loading gap.

3. The container is then placed on the specimen stage.

4. The probe is lowered until making contact with the upper surface of the gelatine

5. The indentation procedure which consists of lowering the probe a distance of

4mm is then initiated across different portions of the surface area a total of ten

repetitions.

6. A force by distance value (N/mm) is then determined, which elucidates the

compressive stiffness of a material.
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7. In order to calculate the material behaviour in terms of Young’s modulus, the

equation 3.5 was used, based on 3.4 where E is the elastic modulus, P is the

force at maximum indentation depth, R is the contact radius of the probe, h is

the depth of indentation considering potential “sink-in”, and v is the assumed

Poisson’s ratio at 0.5 (an incompressible solid) [43], and where pm is the mean

contact pressure (pm = P
� � R2 ).

P =
2 � E � R � h

1 � v2 (3.4)

pm =
2 � E � h

� � R � (1 � v2)
(3.5)

Using these methodologies, it is attempted to offer another methodology through

which to characterise the mechanical (elastic) properties of the gelatine samples, as

an effort towards generalising the viscoelastic properties of a range of gelatine types

which the hyperspectral machine learning model may be used as a prediction model.

It is in this prediction of the viscoelastic properties that the control mechanisms of

the proposed steerable needle robot may be further informed. Please refer to the

background subsection, which presents some previous work into similar gelatine samples

for reference.

3.8.6 Rheometery for viscoelastic testing — Results and Discussion

In Figure 3.30, a curve can be observed that is consistent with previous research [179].

As the temperature of the gelatine sample is lowered from room temperature (21�

C) to 2 � C, the ”curing” process begins, and the curve begins to flatten out. This

indicates that the gelatine is undergoing a curing process, after which both the shear

and loss modulus tend to increase over time due to the compressive ”packing” of the

gelatine. This results in a slight upward skewing of the results. For the 3.33%wt gelatine

concentration, a storage modulus of 1420 Pa and a loss modulus of 12.70 Pa were

obtained using rheological analysis.

When these values are applied to the equations 3.2 and 3.3 with an assumed Poisson’s

ration of 0.5, the Young’s modulus is thence calculated as 3054.30 Pa.
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Figure 3.30: The Storage and Loss Moduli related to a decrease in temperature graph
of a 3.33%wt as recorded over time
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Figure 3.31: The Storage and Loss Moduli related to a decrease in temperature graph
of a 6.67%wt as recorded over time

In Figure 3.31, a similar curve to the previous gelatine concentration is seen, but with

a much greater storage modulus (tending towards 4000–4500 Pa). It is interesting to

note that the loss modulus is less than the storage modulus by a factor of 10. Repeating

the process using the equations 3.2 and 3.3, the Young’s Modulus (E) can be calculated

at 6.67%wt gelatine at 15270.77 Pa.
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Figure 3.32: The Storage and Loss Moduli related to a decrease in temperature graph
of a 10%wt as recorded over time

In Figure 3.32, the storage and loss modulus increase substantially in comparison to

the lesser concentrations. The storage and loss modulus tends towards greater figures

than in the 6.67%wt gelatine specimen ( 15000 Pa). Again, using the calculations as

presented by this methodology, the Young’s modulus is estimated at 37502.81 Pa. Please

refer to table 3.5 for a comparison of the values using rheometry.

Table 3.5: The mean averages of the storage modulus and loss modulus of the viscoelastic
response rheometry along with the calculated Young’s modulus for 3.33%wt, 6.67%wt,
and 10%wt gelatine

Concentration Storage Mod-

ulus (Pa) —

Mean

Loss Modulus

(Pa) — Mean

Calculated Young’s

Modulus (Pa), where

v = 0.5

3.33% 1420.00 12.70 4260.17

6.67% 4260.17 51.00 15270.77

10% 15270.77 153.00 37502.81
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Figure 3.33: A graphic representation of the indentation test, specifically for the 10%wt
specimen

Next, the results from the indentations testing using a texture analyser are presented.

In order to understand the output,the following terms are defined which will be used

accordingly: Bloom strength is a measure of the strength of a gelatin or agar gel. It is

the force required to depress a standard probe of a certain size into the surface of a gel

to a specified depth.

Bloom strength as reported in the thesis has the unit of N/mm. We compare the

bloom strengths in this unit across different concentrations of gelatine. In industry,

bloom strength is defined as “Bloom grams” or “Bloom units”. This is where 0.098

N/mm = 1 Bloom unit. For the purposes of comparison, this thesis does not make this

conversion since it is an unnecessary step in understanding how gelatine strengths when

its concentration increases.

Figure 3.33 shows graphically the response of the gelatine to the 4mm indentation

by the 12mm diameter probe. In this graph, the peak point indicates the gel strength of

bloom value of the gelatine samples. This specific graph refers to the 10%wt specimen

with the other specimens having identical peaks at lower values. This “gel strength”

is an indication of the stiffness of the gelatine in terms of N/mm. Extrapolating the

values, as is presented in Table 3.6, the stiffness of the gelatine concentration 3.33%wt,

6.67%wt, and 10%wt are 0.68 N/4mm (0.17 N/mm), 2.75 N/4mm (0.69 N/mm), and

5.63 N/4mm (1.41 N/mm), respectively.

These equate to bloom strengths of approximately 70, 275, and 560 depending on the

concentration of gelatine. Bloom strength indicates that the cohesive molecular strength

(by the average molecular weight of its constituent parts) of gelatine and thereby its
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strength or stiffness [89]. Technically, this bloom strength only strictly accounts for the

6.67%wt as per the rigours of the bloom strength test [43], however, it is used here for

the other specimens in order to gain insight into the behavioural changes of gelatine as

its concentration decreases or increases from this midpoint.

There appears, however, to appear to be a minor discrepancy between the reported

bloom strength by the manufacturer of the gelatine and the test. This could be due to

other additives to the used water in which the gelatine powder “bloomed”. It varies by

a minor degree, and for the purposes of this thesis, adequately serves to demonstrate

the strength of the gelatine that is used in the flexible steerable needle experiments and

for further feedback control using HSI and machine learning.

In order to calculate the estimate Young’s Modulus, follow the equation 3.5 was

followed and through fitting the output data of the indentation test in terms of its

maximum force at the indentation depth, the Young’s modulus was calculated, see Table

3.7.

Table 3.6: A table which presents the raw results from the indentation tests and the
stiffness of the three gelatine specimens

Table 3.7: Indentation test results along with a calculated E value.

wt% P R h v Calculated E

(Pa)

3.33 0.693 6 4 0.5 3446.70

6.67 2.826 6 4 0.5 14055.37

10 5.808 6 4 0.5 28886.62

The calculated Young’s modulus is particularly varied from these calculations when

compared to the mechanical compression tests performed in the previous section. This

is due to other forces playing a role in the indentation testing procedure which is not

accounted for in the calculations of E. As a result, the adhesion forces between the

surface of the flat indentation probe may in fact vary the contact radius and thus
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skew the applied load over the surface area. There is a precedent for this behaviour in

literature [43, 64, 115].
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Table 3.8: A comparison table of the Young’s modulus determined through uniaxial
compression, oscillatory rheometry, and indentation

wt% Compression — E (Pa) Rheometry — E (Pa) Indentation — E (Pa)

3.33 4536.98 4260.17 3446.70

6.67 13676.54 15270.77 14055.37

10 37668.62 37502.81 28886.62

3.8.7 Discussion & Conclusion

In conclusion, this section has explored the physical properties of gelatine using qua-

sistatic uniaxial compression, rheometry, and indentation testing. The comparison

table presented above shows the Young’s modulus obtained through compression and

rheometry are particularly closely aligned, and therefore more precise representations of

the mechanical characteristics of the gelatine samples. However, the indentation test

results were affected by the adhesion between the probe and the specimen, which is a

well-known issue in the literature. Further development of a mathematical approach to

address this problem is needed.

Uniaxial compression of the gelatine specimens provided the clearest stress infor-

mation as to the mechanical properties while the rheometry investigation provided

insights into the viscoelastic properties of gelatine over time and temperature. This is

significant due to the fact that it demonstrates the changes that gelatine undergoes over

temperature and time. At high temperatures the gelatine weakens and becomes more

liquid while over prolonged periods of time the gelatine becomes stiffer. This growing

increase in stiffness is due to a settling nature of the gel as well as an aging process. If

the gelatine were to age for longer periods of time (+48 hours), it can be expected to

become stiffer and harder due to the aging of the gelatine molecules. This is worthy

of a future study whereby these changes may be explained as to the reasons why and

how. For the purposes of this thesis, however, the compression test is suitable enough

to provide the stiffness information required to begin drawing a relationship between

flexible steerable needle and body interaction characteristics through hyperspectral

prediction.
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3.9 Chapter Discussion & Conclusion

Steerable needle 3D printing is a technique which holds many possibilities in terms

of polymer research and real-world applications. This chapter proposed an adapted

steerable needle robot utilised as a 3D printing system which defines and advances an

approach to utilise advanced motion planning algorithms and control in the pursuit

of 3D printing polymers at a specific end-goal for a certain length. The fabrication

of a system of interconnected fibres within a body that possesses internal obstacles is

the goal of this research. Future work involves the development and testing of more

advanced polymers and polymerisation techniques (e.g., shape changing, electro-activity,

etc.), advancing the accuracy and reliability in reaching end-goal positions using refined

control schemes and robotic mechanisms, and providing case studies and use-cases where

this technique may have the most impact.

Hydrogels are characterised by various techniques to determine their mechanical

or rheological properties such as their yield modulus, stiffness, cohesiveness, viscosity

index, consistency, etc. From the presented models, it appears that HSI could effectively

simplify the measurement procedure, allowing for a more straightforward characterisation

of hydrogel samples, especially when considering a database of gel properties may be

built for comparison and prediction. In recent years, machine vision-based algorithms

have been successful in solving data classification and pattern recognition problems.

Typically, nonparametric regression approaches split the data into training and

validation datasets. Being sampled from the same population the validation dataset is

not truly independent. This statistical linkage causes high accuracy at the validation

stage of the model development, which however is less likely to extend on an independent

data. To date, there are a limited number of studies, which have investigated model

transferability with the aim of developing a model in one location and applying it

on different samples or times. Independent validation is considered as a most robust

method for assessing model’s ability to achieve the transferability thus used in this

section on an independent dataset. The independent dataset was not included in the

training or test data. A satisfactory range of the model accuracy is observed which

might be attributed to richness of the training dataset achieved by samples combined

with the capabilities of GPR modelling.

Furthermore, a novel approach of combining the principles of HSI with machine

learning by utilising the physical spectral characteristics of hydrogel samples of varying

mechanical properties such as stiffness. It can be, hence, concluded that the developed

method is fast and reproducible to serve as part of the aforementioned steerable needle

control system in relation to an estimation system based on a mechanical property

database of hydrogels, polymers, or even tissue.



Chapter 4

Characterising a steerable needle

robot to “3D print” biomaterials

in a phantom body

A man can travel further in a single thought

than he could in an entire lifetime. The distance

travelled towards such palaces is in�nite, but to

reach even a fraction of such distances under

the gaze of Sol is to toil one moment to the next

ever onwards. There is a cost that must be paid

to build these roads called the schools of

knowledge which make up the in�nite palace.

4.1 Introduction

This chapter describes the development and characterization of an open-loop, flexible,

steerable needle robot for 3D printing, as introduced in Chapter 3. In addition to

examining the properties of a potential phantom body in which the robot will operate

and proposing a new method for estimating these properties using HSI and machine

learning models, the chapter focuses on the behavior of the long, flexible needle as it is

inserted into the phantom body, as well as the robot’s ability to accurately place the

needle at any desired point. The chapter’s main objective is to address Objective 2

outlined in the Introduction.

There are two accuracy quantities that are necessary to consider in a steerable

robot: 1. the accuracy of the target location generated by the motion planner with

130
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respect to the coordinate location in the body under operation; 2. the accuracy of the

electro-mechanical system to reach this target considering obstacles, body stiffness and

other characteristics, and the machine “smoothness” or stability [114, 217]. Literature

states that the medically constrained accuracy of any minimally invasive technique is

defined at approximately 3mm. Therefore, it is the further purpose of this chapter to

define the proposed steerable needle robot with respect to this constraint, see Figure 4.1

for an overview on the order of operations for the robot.

This chapter aims to evaluate the performance of the proposed flexible steerable

needle robot for 3D printing in a phantom body. Two experiments are presented to

achieve this goal. The first experiment aims to determine the maximum radius of

curvature or deflection of the steerable needle within the phantom body. This is crucial

since the exact needle properties related to the phantom body are unknown. Previous

work involving HSI and a machine learning model attempted to estimate the deflection,

but this process is still in development. Thus, manual experimentation is required to

determine the deflection. The experiment is conducted using the Intel RealSenseT M

cameras as presented in Chapter 3. The machine vision system triangulates the end

coordinates of the needle tip by assessing its distance from the known outer edges of

the stage frame.

The second experiment in this chapter involves selecting an entry point and a target

point within the phantom body, and using the motion planner to generate the optimal

trajectory between these two points. The proposed path ”slicing” method is then

implemented to generate the machine code for the steerable needle robot. The purpose

of this experiment is to assess the accuracy of the steerable needle robot in executing

its control operations. The focus of this experiment is not on the accuracy of the

motion planning algorithms, as those have already been suggested in the literature [63].

The outcome of this experiment is to estimate the accuracy of the robot in reaching

a relatively complex target with no obstacles. This experiment is a preliminary step

towards conducting further experiments with the robot in the future.

From these experiments it is possible to identify the limitations of the proposed

steerable needle robot in terms of its current design from the motion planning stage to

the operation stage. Several opportunities, therefore, are discussed which would improve

the design and implementation of this robot for the application of “3D printing” in

vivo. For example, several improvements can be made to the electro-mechanical systems

of the robot as well in terms of its “fineness” of actuation since machine “jitter” may

impact the needle insertion. This assertion, among others, is explored in this chapter.

4.2 Materials and Method

The materials used in the following investigative experiments are as follows:
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Figure 4.1: The flow of operations in order to run the steerable needle robot

ˆ The steerable needle robot loaded with a 19G, 10 inch or 254mm needle

ˆ The phantom body prepared within a special experimentally designed holding

container (as presented in Chapter 3) as 250 bloom, 20 mesh gelatine powder

mixed with water at 10%wt and left to set for 24 hours at 2� C.

Experiment 1 — the determination of the deflection of a 19G needle as controlled

by the developed robotic system:

1. Set the maximum insertion depth @ 135mm in motion planner.

2. Set the insertion speed in the controller @ 5mm/s.

3. Remove the phantom body from cold storage and position on the testbed aligning

the needle entry sheath.

4. Initiate insertion without rotation with the needle tip in the calibration position.

5. Record the end position of the needle tip using the machine vision setup.

(a) Use Intel RealSenseT M camera depth measurement system to triangulate the

end-point coordinates, see Figure 4.5.

(b) To determine the effective deflection, � , using coordinate triangulation, first,

locate the entry point of the deviated needle curve. Next, draw a straight

line from the entry point to intersect the deviated needle curve at a tangent

point. The hypotenuse of the resulting right triangle, formed by the straight

line and the two legs representing the distance between the entry point and

the tangent point, and the distance between the tangent point and the tip of
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the deviated needle curve, indicates the length of curvature. Measure the

length of the hypotenuse, which is the length of curvature, � , in accordance

with equation 4.1.

6. Repeat x20

� =
q

(xopp)2 + (xbase)2 (4.1)

radius (r ) =
H
2

+
W 2

8H
(4.2)

� = 2arcsin (
c
2r

) (4.3)

L = r � � (4.4)

Once the coordinate positions are recorded, and the coordinate triangulation is

performed using trigonometry, statistical analysis on the output data is performed.

The mean deflection is determined, the error, as well as the standard deviation. The

coordinate triangulation is performed by measurements of the distance between the

needle tip to the: top of the gelatine body; entry point of the gelatine body. The output

coordinates are thus compared with the theoretical coordinates as input into the motion

planner.

Table 4.1: Controllable vs. Unknown

Known and Controllable Unknowns

Insertion Depth (100mm –

200mm)

Maximum Needle Curvature

Needle Gauge (19G) Needle accuracy — point to point

Insertion Speed Homogeneity of “printed” materials

in place – What is volume for dis-

pensing? Over or under injection

Rotation Speed – Rotation

(Yes / No?)

Effectiveness at producing in-vivo fi-

bres using chemistry – described by

the polymerisability of the materials

using the injection process

Gel Concentrations (3.33% –

15%)

Relationship between yield strength

and needle curvature
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Experiment 2 — the determination of the accuracy of the steerable needle robot as

a whole:

1. Set the maximum insertion depth @ 135mm in motion planner.

2. Set the maximum insertion speed in the controller @ 5mm/s.

3. Define the entry point coordinates — set at x = 0mm, y = 125mm, z = 60mm.

4. Define the target goal coordinates within the gelatine phantom body — set at x

= 133mm, y = 116.50mm, z = 60mm.

5. Run the motion planner to generate the trajectory output in a series of coordinate

points.

6. “Slice” or run machine code generator script, disregarding any “injection” or “3D

printing procedure”, to convert coordinate points into machine translations and

rotations.

7. Upload the machine code to the steerable needle robot.

8. Start the steerable needle robot, see Figure 4.4.

9. After completing the operation, record the end distances from the reference points

of the needle tip, see Figure 4.5, using the machine vision setup and calculate the

coordinate position using the equations 4.2, 4.3 and 4.4.

10. Repeat x20

The maximum radius of curvature can be calculated using equation 4.1 based on

measurements of the needle tip in the phantom body. To obtain these measurements,

the length from an imaginary straight line starting from the entry point to a horizontally

drawn line intersecting the needle tip is measured. Additionally, the distance between

the tip and this length is measured to obtain the variables xopp and xbase, respectively.

In terms of determining the coordinate position of the needle tip, the length from the

entry point in terms of the y axis is equivalent to the coordinate position. However, the

x axis coordinate must be calculated using equations 4.2, 4.3 and 4.4, where the radii (r)

of the arc may be calculated using the height (H) between a chord (c) (which describes

the length of an imaginary line drawn between the entry point and the current needle

tip point) and the arc. The variables H and c is measured using the vision system. The

equation 4.2 derives from the intersecting chord theorem. Once the radii are calculated,

the initial angle (in radians) between them is calculated by dividing the chord length

by double the radius from which an inverse sine on the result is performed. This angle
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Figure 4.2: A diagram depicting the arc of a circle and its constituent lengths and
angles.

Figure 4.3: Another diagram depicting the arc of a circle and its constituent lengths
and angles with a theoretical needle trajectory.

values is then converted to degrees and the arc length (which denotes the x coordinate)

is calculated using the equation 4.4, see Figure 4.3.

Furthermore, utilising the steerability metric as proposed by [185] which is defined

as the ratio of deflection divided by insertion length. Steerability defined by a ratio

which is less than 1 (ratio < 1) dictates that the needle deflection is smaller than the

insertion length, and similarly when the ratio is greater than 1 (ratio > 1) the deflection

is larger than the insertion length. Thus, it serves as a metric to determine how much a

needle can deflect for a certain length and therefore explains the limits of reach that a

needle possesses inherently.
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Figure 4.4: The steerable needle robot during operation.
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Figure 4.5: A graphic representation of the indentation test, specifically for the 10%wt
specimen
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4.3 Results

The aim of the designed experiments was to evaluate the performance of the proposed

steerable needle robot within a phantom body. The following results attempt to define

several factors associated with this performance, namely: the deflection associated with

a needle as it interacts with the axial forces the body subjects its tip to; and the average

reported accuracy of a trajectory generated by a motion plan utilising the previously

acquired deflection value. Since this robot prototype is constrained by the needle size

which it uses to attempt a 3D printing paradigm, the needle was tracked “offline” using

the machine vision system as previously presented.

In Table 4.2, the results from experiment one is recorded and calculated to find

the average deflection of the needle. In these results, it is clear that the needle has a

maximum deflection of 20.96mm over an effective length of 135mm. When this deflection

is subjected to the steerability metric, the result is particularly small which indicates

relatively weak steerability. This is due to multiple factors: the 19G needle has an outer

diameter of 1.067mm which is comparatively large to the needles using in literature

[14, 81]; the mechanical properties of the stainless steel (304) needle results in greater

rigidity and less flexibility which subsequently lowers the effective steerability.

This leads to the argument that a balance between steerability and what is now

defined in this thesis injectability of a steerable needle is required in order to maximise

the capabilities of a steerable needle robot. This, again, must also consider the tracking

systems which play a significant role in the final accuracy of the system. These are

complex problems that require development in order to achieve the ultimate aims which

this thesis works towards.
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Table 4.2: The effective deflection of the 19G needle using the steerable needle robot.

# Insertion

Length – IL

(mm)

Deflection For

Length – DF

(mm)

Effective De-

flection – Ratio:

DF / IL (mm)

1 135.0 20.10 0.149

2 135.0 21.50 0.159

3 135.0 20.60 0.153

4 135.0 19.90 0.147

6 135.0 21.30 0.158

7 135.0 20.10 0.149

8 135.0 21.50 0.159

9 135.0 20.30 0.150

10 135.0 21.62 0.160

11 135.0 20.09 0.149

12 135.0 20.41 0.151

13 135.0 22.16 0.164

14 135.0 21.52 0.159

15 135.0 21.51 0.159

16 135.0 21.13 0.157

17 135.0 21.99 0.163

18 135.0 21.13 0.157

19 135.0 20.48 0.152

20 135.0 19.96 0.148

Mean Deflection 20.96 0.155

Standard Deviation 0.734 0.005
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In Table 4.3, the results from experiment two are recorded and the x-y coordinates

were calculated in attempt to determine the accuracy of the needle, excluding the

z-axis at this time. The reported accuracy in the x-plane is approximately 2.13mm

and in the y-plane it is 5.55mm. In Figure 4.6, there is little consistency in the output

coordinates. Combining these reported accuracies, a general accuracy is calculated

at 5.94mm. This is weakly comparable to other steerable needle robots reported in

literature [2, 181, 52, 124]. It is worth noting, however, that the robot used in these

experiments used an open-loop control scheme as opposed to other work. This accuracy,

however, sets a good basis and platform for future research to refine the proposed

systems and enable mechanism tailoring for a 3D printing application.

Table 4.3: The accuracy using a generated motion path towards a certain coordinate
point within the body.

# Theoretical

Coord. x

Theoretical

Coord. y

Real

x

Real

y

Coord. Diff.

x

Coord. Diff.

y

1 133.00 116.50 134.13 126.58 1.13 10.08

2 133.00 116.50 130.19 123.71 2.81 7.21

3 133.00 116.50 133.01 123.04 0.01 5.87

4 133.00 116.50 130.31 123.18 2.69 6.68

5 133.00 116.50 138.44 121.22 5.44 4.72

6 133.00 116.50 130.98 123.79 2.02 7.29

7 133.00 116.50 130.91 122.03 2.09 5.53

8 133.00 116.50 132.27 122.87 0.73 6.37

9 133.00 116.50 139.50 123.97 6.50 7.47

10 133.00 116.50 137.34 117.37 4.34 8.31

11 133.00 116.50 131.88 117.33 1.12 0.83

12 133.00 116.50 133.24 125.80 0.24 7.65

13 133.00 116.50 135.08 125.25 2.08 8.75

14 133.00 116.50 132.81 118.39 0.19 1.89

15 133.00 116.50 137.64 119.07 4.64 2.57

16 133.00 116.50 135.45 117.77 2.45 1.27

17 133.00 116.50 133.55 121.62 0.55 7.46

18 133.00 116.50 132.56 120.06 0.44 3.56

19 133.00 116.50 130.63 118.79 2.37 2.29

20 133.00 116.50 133.69 121.75 0.69 5.21

Accuracy 2.13 5.55

Standard Deviation 1.85 2.68
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Figure 4.6: A scatter plot depicting the real x-y coordinates compared to the single
point depicting the intended coordinate target.

4.4 Discussion

It is clear from these results that there are several limitations associated with the

experiments as well as the proposed steerable needle robot design. The accuracy

experiment was constrained to the x-y plane in order to simplify the assessment planned

needle trajectory. The open-loop feedback associated with the camera visualisation

system is another limitation due to the “offline” procedure currently instituted in the

proposed robot. This significantly impacted the final accuracy of the system.

The final accuracy of a steerable needle robot could be influenced by various factors,

including the roughness of the motor actuation. In particular, the rotation axis of

the robot could be subject to irregularities that affect the smoothness of movement.

Additionally, the forces exerted on the needle by the body during rotation can exacerbate

this issue, leading to slight kinking and friction that further negatively impact accuracy.

Therefore, it is crucial to ensure that the motor actuation is as smooth as possible and

that the needle’s interaction with the body is minimized to optimize accuracy.

Several improvements can be made to the steerable needle robot as a result of

these experiments: 1. a closed feedback loop can be developed in conjunction with

a more accurate and effective visualisation system utilising scanning technology like
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electromagnetic tracking or Fibre Bragg Sensors; 2. more precise and finer control motors

could be installed to minimise actuation jitter and improve the actuation precision.
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4.5 Conclusions

This chapter presented two experiments for the assessment of the proposed steerable

needle robot for the application of 3D printing (bio)polymers. The first experiment

was a functional step towards the preparation for the trajectory generation of an entry

point to an end goal. In the proposed system, the deflection of the needle over a set

insertion length is required in the generation of possible trajectories. Once the deflection

is manually acquired — in future it may be acquired using “online” tracking systems as

well as the HSI approach previously described — the motion planner can generate a

trajectory for the steerable needle robot.

This leads into the second experiment presented by this chapter. This experiment

utilised trigonometry in conjunction with measurements taken by a machine vision

system. The results from these calculations allowed for the determination of the

coordinate points of the steerable needle tip in the real-world frame. These real

coordinates were then compared with the theoretically defined and input coordinate

points of the motion planner. Subsequently, the outcome accuracy as defined by this

experiment is an acceptable starting point considering the limitations and constraints

currently associated with a steerable needle robot for 3D printing. However, this

accuracy may be refined utilising more advanced technology and techniques as well as

the further advancement of certain aspects of this technology from a research point of

view.

In future, several steps may be taken in order to refine the robot: first, more

intelligent tracking and visualisation systems may be employed consisting of fibre optic

sensors, electromagnetic tracking, ultrasounds, or CT scanning; secondly, the tracking

system will be integrated in a closed feedback loop with the motion planner in order to

enable “live” and “online” updating of the needle trajectory as it travels through a body;

thirdly, a needle may be designed with greater tracking and steerability capabilities while

simultaneously allowing for the 3D printing of relatively large quantities of polymers.

Thus far, several key aspects of a steerable needle robot have been explored — the

electro-mechanical systems in conjunction with a control scheme and a motion plan, a

methodology through which to assess and begin to estimate the properties of a phantom

body, and the assessment of a steerable needle robot specification as presented by this

chapter. This definition of the steerable needle robot is floating in the sense that upon

refinement of its aspects these experiments may be repeated in order to improve the

output accuracy. It is now possible to relatively accurately reach a target within a

body, and thus the next stage of this research would be to investigate the “3D printing”

process as applied to a steerable needle robot as well as the characterisation of the “3D

printed” output as a result.



Chapter 5

An evaluation of steerable needle

3D printed bio-fibres

What we plant in the soil of contemplation, we

shall reap in the harvest of action. | Meister

Eckhart

This chapter presents the extraction, washing, and mechanical analysis of “3D

printed” calcium alginate fibres embedded using the steerable needle robot proposed

by this thesis. It also contributed towards a publication and presentation in The 16th

Global Congress on Manufacturing and Management (GCMM 2022), see Appendix C.

5.1 Introduction

In this thesis, we previously defined the use of steerable needles for various surgical

tasks that require flexible bevel-tipped needles, as is well-known in the medical field.

These tasks may include drug delivery [41], catheter insertions [81], biopsies [46], or any

other procedure that requires the navigation and reaching of specific targets within the

body.

This study focuses on the novel concept of 3D printing a biopolymer effectively in

situ for future in vivo use in the field of medical technology. To achieve this, we must

address several challenges, such as establishing a three-dimensional (3D) coordinate

space [42] to correctly identify internal structures and critical areas for the procedure,

as well as steering a needle of specific geometries along a curvilinear path towards the

end-goal. Additionally, an unexplored concept involves depositing fibres, wires, or other

polymerisable materials to create new structures or facilitate regeneration.

Exploring this concept has the potential to revolutionize regenerative medicine by

144
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enabling the development of new treatment modalities. However, achieving this goal

requires addressing several challenges, including the biocompatibility of the materials

used, optimizing the deposition process, and accurately navigating the needle towards

the target site.

By overcoming these challenges, we can unleash the potential of 3D printing in situ

as a powerful tool for regenerative medicine. The innovative approach of depositing

new structures or materials within the body can open up new possibilities for treating a

range of medical conditions. Through this study, we aim to contribute to the growing

body of research in this exciting area of medical technology.

Medical application of this concept is still blue-sky research, however, a step towards

this ultimate idea is presented here using the latest concepts in steerable needles [159]

and attempting an integration with polymer chemistry and mechanisms often associated

with 3D printing. This work explores a methodology through which simple fibres can

be 3D printed in a phantom body (e.g., gelatine) avoiding all internal obstacles and

following a specific curved trajectory. This involves using passive steerable needles (e.g.,

bevel-tipped) with well-defined kinematics to manipulate the needle tip to a point in a

specific orientation.

This study explores the concept of utilizing steerable needles to 3D print biopolymers

such as sodium alginate in a specific orientation inside a soft body. The system is reversed

while concurrently depositing the biopolymer using a syringe pump system integrated

with the steerable needle mechanisms. However, there are several challenges associated

with this process. One of the main issues is the difficulty in initiating the polymerization

process concurrently with the deposition of the material, similar to conventional Fused

Deposition Modelling (FDM) techniques where a change in temperature can fuse polymer

to polymer. In this case, temperature-based polymerization is challenging since the

temperature at which polymers are injected into the body must be lower than the

human body temperature ( 37ºC) [131]

To validate the hypothesis that steerable needles can function as a mechanism for

3D printing polymers in a pre-defined soft body, the polymerization process is simplified

by utilizing a well-known polymer interaction called ionic polymerization [202]. Sodium

alginate and calcium chloride are combined, where an ionic interaction occurs to form a

solid fibre as a gel. Despite this, there are still several material science challenges that

must be addressed to achieve the research’s goal. This chapter fulfills Objective 3 as

described in the Introduction.

Since sodium alginate and calcium chloride cross-link to form calcium alginate gels

relatively well known in the biomedical field, etc. [7], this polymer chemistry was

selected as the basis for this investigation into the effectiveness of steerable needles as a

3D printing (or additive manufacturing) mechanical approach which holds the advantage
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Figure 5.1: The chain conformation of the alginate molecular chain — G block — in
response to a calcium ion. “Reproduced from [178] with permission from the Royal
Society of Chemistry under the Creative Commons Attribution License”

of enabling the potential printing inside a pre-existing system or body as opposed

to the traditional approach. This “injection” system deposits sodium alginate in the

specific length and orientation that is desired inside of the phantom body. Subsequently,

calcium chloride is added to the mixture and polymerisation is initiated, hence the

“gelling” of the two polymers resulting in an embedded calcium alginate fibre. This

work explores only a simple and unresponsive embedded calcium chloride fibre, however,

a 4D printing aspect can be associated with this process where using certain polymers

can be polymerised and embedded while simultaneously performing a certain function

or providing reactivity to stimulus (such as heat, light, or electrical current, etc.) [102].

A technique through which a fibre or networks of fibres can be embedded in a soft

body using certain polymerisation processes is presented in this chapter. Furthermore,

the fibres were investigated for their physical characteristics in terms of diameter and

mass as well as their mechanical properties in terms of linear density, tenacity, and

elongation break.

5.2 Background

Alginate is a linear polysaccharide polymer which is, generally, extracted from brown

algae. Due to its ability to gel or crosslink with polymers that possess metal ions, it

offers a variety of different preparation strategies, such as electro-spinning, wet-spinning,

freeze drying, and morphology of outputs like hydrogel fibres, fabrics, membranes, etc.,

[230]. Alginate polymerises through a process where the carboxyl groups of alinate and

metal ions (calcium ions Ca2+ ) form a coordination bond with the molecular chain of

the alginate, see Figure 5.1. Alginate fibres are used in biomedical applications such as
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tissue engineering scaffolds for skin, heart, microvessels, as well as for the reconnecting

of severed muscle tissue [93]. It is effective as a tissue engineering scaffold due to its

capabilities as an extracellular medium matrix which supports the encapsulation and

growth of cells towards normal and stable cell function. Furthermore, it is considered

to be an ideal biomaterial due its ability to imitate the physiochemical environment of

the biological tissue and its biocompatibility, it serves as an effective material for tissue

repair and regeneration.

Alginate fibres are known for their excellent hydrophilic properties and high moisture

absorption capacity. These fibres can store water up to ten times their own weight,

making them ideal for various biomedical applications [167, 214]. Recently, Roopavath

et al. [178] reported the development of a 3D printable nanoparticle ink for bone

regeneration, which utilizes a sodium alginate and gelatine composite to form a bone-

graft. However, their proposed hydrogel ink falls under the traditional paradigm of 3D

printing, where the bone graft must be surgically implanted after fabrication.

One of the main challenges associated with alginate fibre fabrication is the uncon-

trollable rate at which the fibres form. This can result in uneven structure and weaken

the overall structural integrity of the fibre, leading to poor distribution of stress and

concentration of stress in certain focal areas of the fibres, resulting in fibre failure at

those areas. Although several studies have attempted to prolong the fibre formation rate,

they have reported a decrease in the mechanical performance of the fibres [104, 135].

To address this issue, further research is required to optimize the fabrication process

and improve the mechanical properties of alginate fibres.

A key reported challenge in the fabrication alginate fibres is the uncontrollable

rate at which the fibres forms. This can cause uneven structure in fibres and create

weaknesses in the total structural integrity of the fibre in question. This results in poor

distribution of stress and a resulting concentration of stress in certain focal areas of

the fibres and thence fibre failure at these areas. Several works attempt to prolong

this formation rate but, have reported a decrease in the mechanical performance of the

fibres [104, 135].

Theoretically, the steerable needle technique proposed in this thesis could offer

methodology through which inks such as this may be directly 3D printed in situ and in

vivo. Such combination of advanced materials science and robotics presents a promising

opportunity for significant impact within the medical industry. For the purposes of

this thesis, the mechanical properties of alginate fibres “3D printed” by this technique

are explored to gain further insights into the capabilities and limitations of the flexible

steerable needle 3D printing approach.
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Figure 5.2: A bone-graft 3D printing process using alginate based bioink. “Reproduced
from [178] with permission from the Royal Society of Chemistry under the Creative
Commons Attribution License”
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5.3 Materials and Method

5.3.1 Gelatine Phantom Preparation

The gelatine phantom is prepared using 250 bloom 20 mesh gelatine (GELITA Australia

Pty Ltd). The gelatine powder is mixed into 10 litres of cold water at a concentration of

10%. This mixture is left to ‘bloom’ for 15 minutes after which it is heated to 60º C and

kept at this temperature while stirring for 10 minutes. The liquid gelatine is then poured

into a custom-built acrylic tank (330mm x 110mm x 270mm), specifically to enable

the testing of the steerable needles within the experimental platform. Once poured

by running the gelatine liquid down the side of the tank to minimise the formation of

bubbles, the tank is stored at 2º C for 24 hours after which it is used to test the 3D

printing of fibres within 72 hours.

5.3.2 Sodium Alginate Preparation

Alginic acid sodium salt from brown algae (W201502 Sodium Alginate, Sigma-Aldrich)

was used in this study as the injectable polymer. Anhydrous, granular calcium chloride

(C1016 Sigma-Aldrich) served as the material through which the sodium alginate was

cross-linked. The needle used is a 10-inch, 19G, stainless steel (304) needle courtesy of

Sigma-Aldrich (Z219355). A concentration of 2% sodium alginate solution in distilled

water is prepared in a 100mL screw-cap tube and placed on a rocker platform at 21º C

overnight until fully dissolved.

5.3.3 Calcium Chloride Preparation

A calcium chloride bath is prepared of approximately 15 litres water at 5% calcium

chloride concentration. The solution is stirred until all granules have dissolved.
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Figure 5.3: The side view of the steerable needle testbed with a view of the gelatine
phantom body.

5.3.4 Steerable Needle Experimental Setup

To achieve the deposition of the sodium alginate solution, a custom steerable needle test

bed was designed as previously shown in chapter 3 which consists of motors, a syringe

pump, a needle sheath for stability, stereo-cameras to observe the needle associated

with a computer vision system, and a platform (including a tank which consists of 6

entry points spaced 20mm apart) for the gelatine solution which can be used for other

solutions or bodies, see Figure 5.3 and 5.4. This testbed makes use of several control

kinematics based on previous research and achieves the generation of a simulation

trajectory using steerability algorithms. This is integrated using a custom kinematics

“slicer” which converts the coordinate-based trajectory into achievable motor positions.

The kinematics, accuracy and position verifiability of start point to end goal using this

system was explored in chapter 4. In the case of this experiment, no specific trajectory

was entered and the needle was simply inserted with no rotation.
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Figure 5.4: The top view of the steerable needle testbed with a view of the gelatine
phantom body.
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Figure 5.5: A view of alginate fibres formed in situ of the gelatine phantom body.

5.3.5 Calcium Alginate Fibre Formation Process

Using the steerable needle testbed controlled with a neutral path trajectory, i.e., simple

insertion (150mm total) and full needle deflection without any steerability motions

performed, the prepared sodium alginate solution which is loaded in a 10mL syringe is

attached to the pumping mechanism of the testbed. Once the needle tip has achieved

the end point of the trajectory, the controller begins the deposition process as the

needle retracts from this position at a rate of 2mm/s. Sodium alginate solution is

deposited at a rate of 0.01mL/mm over the entire insertion length. This equates to a

total deposition of 1.5mL in the trajectory the needle has taken. This process may be

repeated across the width and height of the gelatine tank, depending on the available

entry point, and since the path of the needle could be controlled, a network of fibres

could be prepared, but this is relegated to a future work where a network of simple

fibres is 3D printed. Once all desired trajectories are deposited with the sodium alginate

solution, the gelatine body or tank is lowered into the 15L 5% calcium chloride solution

bath. The polymerisation effect is instantaneous, since the solution fills the still open

cavities formed by the needle, see Figure 5.5. With more situationally effective polymer

chemistry this process could be achieved even while the needle is still depositing. As a

result, while the fibres are embedded in the gelatine, they have an equivalent length

of 150mm and an effective diameter roughly equal to the diameter of the 19G needle.

This may vary slightly due to mechanical jittering while the needle is traveling through



CHAPTER 5. STEERABLE NEEDLE BIO-FIBRES 153

Figure 5.6: Separated blocks ( 250mm x 200mm x 150mm) of the gelatine phantom
body enclosing the formed alginate fibres which is ready for extraction by subjecting
the blocks to a temperature > 35� C.

the gelatine and due to possible uneven cross-linking, which may have a double effect

of affecting the morphological structure and subsequent mechanical properties of the

sodium alginate due to the speed at which it occurs [104].

5.3.6 Fibre Extraction Process

It is necessary that fibres are extracted from the gelatine for the purposes of mechanically

testing the fibres which are embedded in the gelatine phantom. This is to determine the

effectiveness of the polymerisation process by testing the homogeneity of the resulting

fibres and the suitability of steerable needles in depositing a polymer and hence acting

as a 3D printing technique. Since the gelatine body melts at approximately 35º C, and

from literature the resulting calcium alginate fibres have a melting point far beyond

that of gelatine, the gelatine was heated, and the fibres removed. When these fibres are

extracted using precision tweezers from the molten gelatine, they must be washed in

cold water otherwise the gelatine acts as an effective coating. This process is incredibly

delicate since calcium alginate fibres are particularly weak and tend to break apart
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Figure 5.7: Partially-extracted calcium alginate fibres formed inside of gelatine using
sodium alginate as the deposition and calcium chloride as the “binder” or reactant. The
gelatine melts at > 35� C.

when wet. Unfortunately, the true length of fibres could not be preserved during this

process. Once the varying length fibres are dipped in cold water and gently stirred to

remove any attached gelatine, they are stored in a screw cap tube. For the purposes of

these experiments, ten fibres were left to dry at 21º C and another ten were stored in

distilled water, see Figures 5.6 and 5.7.
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Figure 5.8: Cylinder tension fixture resulting a break of a calcium alginate fibre under
load.

5.3.7 Calcium Alginate Fibre Mechanical Measurements

The mechanical analysis of the fibres was performed using an RSA-G2 solids analyser

(TA Instruments, USA) using a quasi-static tensile testing geometry, see Figure 5.8.

The linear rate of the geometry is 0.025mm/s acting in tension sampling 2.0 pts/s.

Since the fibres were not formed perfectly evenly across their respective lengths and

rarely conformed to a true cylindrical shape, the fibre diameters were approximated

before undergoing any testing by recording the smallest diameter where they were

most likely to break first. Secondly, the lengths and weights of the dry and wet fibres

are recorded in data before being loaded into the geometry. Furthermore, this testing

procedure complies with the ISO 5079:1999 standard to determine the breaking force

and elongation at break of individual fibres. As such, the approximate linear density

(dtex) of the fibres is determined to be equivalent to their overall mechanical strength

through tenacity (cN/dtex) as a more accurate indicator than stress-strain since there is

measurement error associated with the fibre diameters. Elongation at break, also known

as ultimate elongation, is a measure of a material’s ability to stretch before breaking. It

is expressed as a percentage of the original length of the material and represents the

maximum deformation the material can undergo before failure. When a material reaches

its elongation at break point, it is no longer able to maintain its structural integrity and

will fracture. The fibre masses, lengths, and minimum diameters with respect to their
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moisture content is also explored in the results. As the fibres are extracted and washed,

measure respective lengths and weights were measured immediately. After measuring

their respective diameters, the fibres are then left to dry for an hour in a temperature

and humidity-controlled environment. The fibres were then stored in multiple screw-cap

tubes differentiating wet and dry.

5.4 Results and Discussion

The dry fibres exhibit a tenacity of approximately 7.5 ± 3.6 cN/dtex, with an elongation

break of 0.624 ± 0.403, while the wet fibres show a tenacity of approximately 0.190 ±

0.096 cN/dtex, with an elongation break of 1.4 ± 0.5. These results clearly indicate

that the dry fibres possess greater strength, as evidenced by their higher tenacity, and

require more force to break as compared to wet fibres. However, the elongation break

of dry fibres is lower than that of wet fibres, suggesting a lower level of plasticity.

Since the 19G needle has a nominal outer diameter of 1.067mm and it would

be expected that the diameters of the fibres to equate to this value, however an

approximately 26% reduction in diameter on average is seen in the results. This is most

likely due to the sodium alginate not filling the entire cavity of the needle left by the

needle when deposited. Furthermore, a shrinkage of the fibres is observed which is due

to their total moisture content. The dry fibres possessing little to no moisture content,

while the wet fibre possessing a variable quantity. One reducing factor for the accuracy

of these results is the immediate drying effect caused by the surrounding environment

as the fibres were loaded into the testing geometry. This effect may skew the results

slightly. Interestingly, it can be noted that the dry fibres have an average mass of

0.0030 ± 0.00136g, while the wet fibres have an average mass of 0.0324 ± 0.0231g. This

indicates a large variability in the total masses of the fibres specific to their moisture

content. This difference is related to the total lengths associated with the fibre, but

their total moisture content is the deciding factor in their masses.

As such, some dry fibres may not have perfectly dried out before testing and may

have contained more moisture content than the rest, while some wet fibres dried out

more than others before being tested. This is a limitation of this study. In any case,

these differences are slight when comparing characteristically dry fibres with wet fibres

– a mass difference of approximately 9.2%.

Interestingly, when this study’s tenacity is compared to literature which reports

a tenacity of approximately 10.21 cN/dtex for dry fibres and 2.51 cN/dtex for wet

fibres [55] of 100% sodium alginate. These reported values are significantly different

compared to the values found here (namely 7.26 cN/dtex dry to 0.19 cN/dtex wet).

This is particularly evident in the comparison of the wet fibres’ tenacity. However, when

a gelatine / alginate blend fibre (namely a 3:7 ratio of alginate to gelatine) is considered,



CHAPTER 5. STEERABLE NEEDLE BIO-FIBRES 157

Table 5.1: fibre Properties by Dry / Wet

Type Diameter

(mm)

Mass

(mm)

Length

(mm)

Tenacity

(cN/d-

tex)

Elongation

Break

Dry 0.2390 ±

0.0729

0.0030 ±

0.0014

45.7590 ±

12.5725

7.2592 ±

3.5538

0.2390 ±

0.4029

Wet 0.3130 ±

0.0738

0.0324 ±

0.0232

55.9240 ±

16.1040

0.1899 ±

0.0958

0.3130 ±

0.5213

the values begin to align more closely – as reported 9.15 cN/dtex to 0.95 cN/dtex, see

Figure 4. The conclusion is made in this paper that as gelatine content increases, so

does the alginate fibre proportionally weaken. Therefore, the possibility that there is an

interaction between the polymerisation of sodium alginate using calcium chloride and

the gelatine phantom is considered.

Further investigation is required to exactly pinpoint whether the extraction process

which heats both the gelatine, and the fibre causes an effective footprint on the alginate

fibre weakening the fibre after its gelation. Another hypothesis is the effect that the

heated gelatine has potentially caused the gelatine to bind to the alginate fibre which is

also heated to the same degree thus altering its mechanical properties and essentially

producing a hybrid fibre, particularly in the wet state which is the greatest indicator

that there is an interaction when compared to literature. Alternatively, the calcium

chloride and sodium alginate contents have a direct effect on the properties of the fibre

with literature reporting a direct relationship between concentrations of calcium chloride

and sodium alginate interactions to create fibres with greater linear densities. Another

consideration to make is the process through which the fibres are formed which may

directly impact the properties of these fibres. There is, however, relatively good parity

with the tenacity properties reported by other works [25, 167, 216].

In terms of fibre homogeneity as it is polymerised, the relative weights by length of

the fibre must be considered with respect to their estimated diameters. Since length is

not a significant factor due the loading geometry fixing the fibres and only 20 mm being

effective per fibre. However, when the approximate minimum diameters are considered

as recorded before loading into the tensile testing geometry, it can be concluded that

there is some shrinkage associated with the evaporation of the moisture content. This

corresponds with the recorded weights in Table 5.1 where the dry fibres are demonstrably

lighter than the wet fibres. Furthermore, the fact that certain structural discrepancies

may exist between the fibres is observed because of the fabrication, extraction, and

drying processes. Namely, the specific morphology and structural integrity non-visible

unless magnified using a microscope (e.g., SEM). These factors primarily contribute to
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Figure 5.9: Dry / Wet tenacity graphs which depicts the mean value across the population
of samples and allows their visual comparison.

the variations observed in the measurements and explains the differences between fibres

as observed in the tensile test.
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5.5 Chapter Conclusions

This chapter presented a novel approach to fabricating calcium alginate fibres essentially

in vivo. It further explored the experimental setup required to achieve the task of

depositing and subsequently polymerising a fibre. The cross-linking of two biopolymers

(sodium alginate and calcium chloride) results in a relatively homogeneous fibre of a

specific length and in a specific orientation embedded in a phantom tissue (gelatine) to

simulate the human body. Relatively homogeneously formed calcium alginate fibres were

observed using the tensile testing apparatus through the tenacity model of interpretation

using steerable needles. The variations between fibre samples are because of the relative

moisture content of the fibres, as well minor difference in their formation during the

cross-linking process.

As such, steerable needles arranged in a 3D printing setup holds much potential

especially when the challenges associated with the interface of biopolymers and the

human body can be overcome. This research contributes to a body of work which seeks

to define steerable needles as principal method in the 3D printing of structures internal

to pre-existing bodies (human or otherwise) and seeks to play a part in the future

fabrication of structures such as muscle, nerves, bone, etc.

Future work involves: the formation of complex calcium alginate networks in vivo

using a phantom like gelatine; an investigation into the characteristics of these fibres

while still embedded in the body; the application of fibres in vivo with 4D capability

(i.e., reactivity to outside stimulus); the further advancement of a 3D printing capable

steerable needle system to enable different polymerisation strategies in any suitable

body; the improvement of the control systems of a steerable needle 3D printer; the

investigation, utilisation, and development of suitable (bio)polymers which can be used

in this system effectively. The preceding topics are concerned mainly with enabling the

polymer chemistry to effectively fabricate fibres of certain characteristics using steerable

needles as the primary deposition modality.



Chapter 6

Discussion

The price of inaction is far greater than the cost

of making a mistake. | Meister Eckhart

The experiments and chapters presented in this thesis aimed to establish a fun-

damental basis for the development of steerable needles in 3D printing applications,

particularly in medical surgery for animals and humans. The study established a process

to embed fibres using steerable needles in any desired shape or trajectory. In the

future, additional experimentation can be conducted to achieve fibre networks, utilize

various polymer chemistry to achieve responsiveness to stimuli, or employ different

polymerization strategies using steerable needles. These advancements will contribute

to the development of more sophisticated and effective medical techniques, benefiting

both animals and humans. This chapter explores these aims with respect to the research

questions and aims as presented in Chapter 1. See Table 6.1 for a concise presentation

of these questions, aims, and the objectives. With regard to the original hypothesis that

was presented as a result of certain proof-concept-experiments and logical deduction

based on literature, it is clear that its validation consisted of the product of the research

questions, objectives, and outcomes which were developed through this research endeav-

our. In its validation, the ultimate question presented itself as, “How can 3D printing

be achieved in vivo assuming that certain polymers desire to be embedded which offer

certain functionality (e.g., shape changing behaviour)?”. This question summarises the

final goal of this thesis and seeks to answer it in technological and experimental terms.

The generation or embedding of simple bio-�bres is possible using

steerable needle technology and bio-based polymers.
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Figure 6.1: A table summarising the research questions, aims, and outputs.
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Chapter 2 performed a relatively large and indistinct survey (at the beginning) of

the fields of bioprinting, 4D printing, polymer chemistry, artificial muscles and their

associated fabrication techniques. It sought to identify and define research opportunities

within or as a conglomerate of these specialties. From a broad perspective of the

development of artificial muscles in terms of chemistry, manufacturing approaches, and

performance, a further view was developed to attempt a relation between this and the

field of 4D printing and / or bioprinting techniques.

Having thus established a solid literature basis for artificial muscles, their associated

polymer chemistry, and potential techniques through which to 3D print them, certain

proof-of-concept experiments were conducted in a simple manner to determine the

fundamental theories which dictate the mechanisms associated with bioprinting or 4D

printing. It is from these experiments that the opportunity of steerable needles as a 3D

/ 4D or bioprinting technique was identified. It is within the technological advancement,

this thesis proposes, that the goal to achieve the embedding of artificial or natural

muscles (as regeneration) in vivo. This seems, from a bird’s eye perspective, akin to

the realms of science fiction, however, the research opportunity remains and is worthy

further development and investigation.

In order to gain a comprehensive understanding of the principles, kinematics, algo-

rithms, and mechanisms of steerable needle robotics as a minimally invasive approach

to surgical operations targeting specific diseases and organs in humans, an in-depth

investigation was conducted. This chapter involved a thorough literature search, which

was narrowed down to specific technologies that formed the basis for further develop-

ment and alignment with the topical ideas proposed in this thesis. The following list

summarizes the outcomes of this chapter:

1. Defined artificial muscles in terms of polymer chemistry and manufacturing

approaches.

2. Reviewed additive manufacturing technology towards the fabrication of artificial

muscles.

3. Identified opportunities using the aforementioned technology for the fabrication

of artificial muscles.

4. Performed a proof-of-concept experiment to identify and summarise the current

challenges and properties associated with these techniques.

5. Identified an opportunity using steerable needle technology to answer these chal-

lenges.

6. Undertook research to present a definition and exploration of steerable needle

technology.
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Chapter 3 utilised the outcomes of chapter two to undertake the development of a

steerable needle robot in terms of its constituent components (see Objective 1). This

included the implementation and development of the principles explored in chapter two.

Namely, a motion planning algorithm was implemented to generate a path from several

input variables — the needle properties, the entry point and goal point, the target body

(assumed to be a gelatine block in experimentation, any obstacles within the body (set

to none for experimentation purposes). A steerable needle robot with an injection or

deposition system was then designed and built according to the specifications outlined in

literature. This consisted of the development of an insertion and rotation mechanism; a

visualisation and / or tracking system (stereoscopic cameras in the case of this thesis); an

injection and needle positioning mechanism with respect to the actuation elements. This

development forms part of the first sections (3.1–3.4) of this chapter. However, during

this development a key problem was presented that needed immediate addressing: the

needle-body interaction and a need to evaluate, estimate, and integrate this interaction

in some form with the control mechanisms of the proposed robot.

As such, the latter sections of this chapter (3.5–3.9) explored the needle-body

interactions associated with controlling a steerable needle using an electro-mechanical

system. The behaviour of a needle as it travels through a body is related to the properties

of the needle and the properties of the body in which it is inserted. The properties

of the body were then explored in literature and an opportunity using hyperspectral

imaging was identified for the evaluation and estimation of body properties before,

during, or after a needle travels through this body. It then undertakes the building and

comparison of approaches which estimate the mechanical properties of a body (e.g.,

gelatine). It is theorised from this work that these mechanical properties can be used in

conjunction with hyperspectral imaging to estimate the needle-body interaction so as

to take part in a closed feedback loop with steerable needle robot.

As a result of this chapter, a steerable needle robot is proposed with a hyperspectral

imaging and camera system for the tracking and updating of a needle as it is inserted

into a body during operation. The camera system, however, as proposed is only done

for experimentation purposes as presented in chapter 4 and future work may be done

where another methodology for tracking a needle is used such as: Fibre Bragg Sensors,

CT scanning, ultrasound, etc. It is also clear as an outcome of this chapter that while a

simple bevel-tipped needle can sufficiently be used for the application of 3D printing,

new and more effective steerable needles may be designed to allow for optimal needle

steerability with respect to a 3D printing application.
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Chapter 4 presents an experimentation methodology for two key factors related

to steerable needle robots. The first factor involves the maximum radius of curvature

or deflection of a steerable needle as its tip interacts with the body. This is heavily

related to the work presented in the latter sections of chapter 3. This characterisation

of the deflection of the steerable needle robot contributes towards further development

of the implemented control strategy to optimise the “reach” of a needle with respect to

the possible / feasible trajectories towards a goal point. It is the relationship between

the deflection of the needle as it is inserted into a body and the mechanical properties

of that body which is a highly interesting and promising area in steerable needle and

future research. Regardless, this chapter presented a methodology to estimate the mean

deflection of the needle and thereafter attempted to utilise this deflection in a coordinate

truth experiment where a custom trajectory is loaded, and the robot performs the

operations to reach an arbitrarily selected end goal. Objective 2, as defined in the

Introduction of this thesis, was achieved in chapter 4 effectively defining and exploring

a potential methodology and associated parameters necessary to steer a needle tip of a

certain geometry towards an end-goal accurately.

This second experiment involved a series of mathematical operations utilising several

measurements made (within a certain level of accuracy) using the computer vision

system as presented in chapter 3. These operations calculated the x and y coordinates

of the needle tip after the insertion operation was completed and offered a direct

comparison with the theoretical and expected “perfect” coordinates which thus offered

a conclusive estimation of the accuracy to which the steerable needle robot is capable

at this stage in development. For the applications of 3D printing as well as considering

the other research in the pipelines as presented in the latter sections of chapter 3, the

reported accuracy of approximately 6mm within a target goal is acceptable for the

next step which is to perform 3D printing operations in situ towards eventual in vivo

implementation.
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Chapter 5 explored the specifications and procedures required in using a steerable

needle robot to perform “3D printing” operations. This chapter, therefore, performed

this exploration inn relation to the hypothesis and Objective 3 which dictated that a

process to produce fibres in situ be demonstrated and that these fibres be investigated

in terms of their structures and properties. Specifically, it presented the scope and

metrics required in terms of a retraction rate — deposition rate ratio in order to not

cause an “overload” in the deposition of material as well as a procedure through a

biopolymer such as sodium alginate may be polymerised using its ionic gelling reaction

with calcium chloride. As a result of this successfully proposed procedure, calcium

alginate fibres could be effectively embedded in the phantom body. There are several

limitations involved with this, however, being that the calcium chloride solution had to

be added to the already deposited sodium alginate solution after its embedding. Future

work could involve streamlining this procedure through the design of more advanced

polymers which could theoretically be 3D printed in a continuous manner as opposed to

the start-stop strategy as presented in this chapter.

These fibres once printed were then duly extracted out of the gelatine phantom

body. Since calcium alginate fibres have different mechanical properties to the gelatine

in which it was 3D printed, the fibres could safely be extracted after the melting of

the gelatine body at a specific temperature. There were several challenges associated

with this which is similarly reported in literature. When bioprinting is performed,

the resulting printed material is usually particularly weak and can be destroyed easily

without the support of an extra suspension matrix with which to support its structural

integrity. This was the experience in the extraction of the calcium alginate fibres since

they are in their printing supported by the gelatine in which they were placed to exist.

In any case, the fibres were preserved as best as possible through this extraction

process, but since the fibres were approximately 135mm long embedded, they broke apart

usually in half or in quarters. This resulted in slight difficulty in accurately reporting the

average lengths and weights of the resulting samples. As such, the resulting fibres then

underwent tensile testing in order to determine two potential facts: 1. the properties of

the fibres compared with each other (i.e., is there consistency between the fibres utilising

the steerable needle robot procedure?); 2. the properties of the fibres as compared to

the fibres found in literature utilising other fabrication methodologies. It was found

that the calcium alginate fibres differ greatly between the wet and dry states as well as

slight differences in their properties.

As reported in literature, this is the tendency of calcium alginate fibres due to

the speed of their gelation which causes inconsistency in their respective structures.

There were, however, differences observed with the fibres as reported in literature with

the fibres produced by this technique being slightly stronger in tenacity than their
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equivalents in literature. This could be due to several factors which merit further

investigation: 1. the extraction process heats the alginate and the gelatine at the same

time and since the molten gelatine covers the alginate and despite attempts at washing

these fibres there may be a thermal reaction between these two gels which could explain

their greater strength; 2. the fibre source as well as the concentration of the alginate

in solution with water may also contribute to their properties; 3. the water used in

solution may contain certain minerals and other elements which contribute to slight

variation in the preparation of the sodium alginate solution and as a result impact its

mechanical properties after polymerisation.



Chapter 7

Thesis Conclusion and

Recommendations

This thesis identified several opportunities within research fields not necessarily and

obviously associated with each other. From artificial muscle fabrication to 3D printing

with biopolymers and, finally, steerable needle robotics, it is clear that the potential

research topics can be vast. Aspects of steerable needle robotics alone merit substantial

amounts of research and development to effectively contribute towards the field and

its effective understanding of the steerable needles. Therefore, with respect to the

hypothesis as proposed with this thesis a final question is asked: “Can steerable needle

robotics be used to 3D print biopolymers in situ or, otherwise, inside of a body?” In

order to answer this question, the problems of this thesis are firstly summarised below:

ˆ Artificial muscles and potential 3D printing techniques to effectively fabricate

them.

ˆ Polymer chemistry with respect to effective polymerisation strategies considering

the constraints effected by steerable needle robotics.

ˆ The motion planning, electro-mechanical systems, visualisation systems, and

control systems present an extreme challenge in realising the ultimate aim of 3D

printing in vivo.

ˆ The associated polymer deposition strategy and polymerisation mechanisms in-

volved in this process.

From these stated problems, which this thesis has attempted to account for and in

some cases solve, certain contributions towards the combined field of steerable needle

3D printing may be suggested, as below:

ˆ A developed steerable needle robot with 3D printing capabilities.

167
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ˆ A visualisation and control feedback system design using hyperspectral imaging

and machine learning as an alternative method to machine vision as previously

proposed in literature for steerable needle robotics.

– This involves the estimation of the mechanical properties of the operable

body in question using hyperspectral imaging, etc.

– Thereafter utilising a mathematical relationship between these properties

with respect to the needle properties in order to accurately steer the needle

through the body.

ˆ A methodology through which polymers may be deposited using a steerable needle

robot.

ˆ A suggested polymerisation strategy using said polymer chemistry in order to

effectively polymerise the aforementioned materials in situ

There remains, however, exciting potential in future research regarding the topics of

this thesis.

ˆ The development of a more advanced integration between the hyperspectral

imaging and machine learning model and the control and visualization systems of

the steerable needle robot.

ˆ The improvement in mechanism of the steerable needle robot in terms of its

actuation capabilities as well as its polymer deposition capabilities

– For example, a system could be developed where multiple polymers could

be printed using the steerable needle robot at the same time or at least

subsequent to each other using advanced mechanical design approaches and

technology.

ˆ The development of polymer chemistry specifically for this application of 3D

printing in vivo using flexible steerable needle robotics.

ˆ The design and engineering of a flexible steerable needle specifically for 3D printing

while considering sensor integration, etc.
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Another example of a more practical experiment which can be done in future is

to effectively redo the experiment done by Luigi Galvani in 1780 where for the first

time it was discovered that electricity can cause a physical response from muscle fibres.

This experiment involved the replacement of the sciatic nerve in the leg of a frog with

copper wire. It may be suggested that using the steerable needle 3D printing robot as

proposed by this thesis that this sciatic may be replaced with conductive (bio)polymers

without resorting to the need for open surgery. This is one potential proof-of-concept

experiment which holds much value in the future of steerable needle 3D printing.

As a result, the conclusion can be made, when considering the proposed hypothesis

presented through the conducted research as well as the thesis as argument in presenting a

case for, that steerable needle robotics can, in fact, be used for 3D printing. Furthermore,

steerable needle robotics holds great potential as a 3D printing or bioprinting technique

since it steps away from the convention of petri dish 3D printing and offers a direct

solution to potential problems within multiple industries, most notably, the field of

tissue regeneration. A future, such as those imagined in science fiction, may be achieved

through the continuation of research as presented by this thesis.
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[94] E. Käpylä, T. Sedlač́ık, D. B. Aydogan, J. Viitanen, F. Rypáček, and M. Kellomäki.
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Appendix A

Raw Alginate Tensile Test Results

BL1
Young's
Modulus

Fracture
Point

Approx.
Diam.

Mass Length Wet /
Dry

dtex Fracture
Force (N)

cN/dtex Initial L Final L Elongation
%

Elongation
delta

1 2.66E+07 1.56E+07 1.50E-
01

5.30E-
03

5.86E+01 Dry 9.04E+02 2.76E-01 3.05E+00 1.99E+01 2.00E+01 1.01 0.15

2 1.02E+07 1.63E+07 2.70E-
01

4.60E-
03

4.23E+01 Dry 1.09E+03 9.32E-01 8.57E+00 2.00E+01 2.06E+01 1.03 0.52

3 1.95E+07 2.47E+07 1.40E-
01

1.20E-
03

3.92E+01 Dry 3.06E+02 3.80E-01 1.24E+01 1.99E+01 2.03E+01 1.02 0.31

4 1.51E+07 1.80E+07 1.60E-
01

1.90E-
03

3.57E+01 Dry 5.32E+02 3.63E-01 6.81E+00 2.00E+01 2.03E+01 1.01 0.27

5 7.78E+06 1.59E+07 2.70E-
01

4.40E-
03

6.54E+01 Dry 6.72E+02 7.21E-01 1.07E+01 2.00E+01 2.05E+01 1.02 0.45

6 1.69E+06 8.76E+06 3.50E-
01

2.90E-
03

3.24E+01 Dry 8.96E+02 8.42E-01 9.41E+00 2.00E+01 2.10E+01 1.05 1.03

7 1.40E+06 1.47E+06 3.10E-
01

2.80E-
03

3.49E+01 Dry 8.03E+02 1.11E-01 1.38E+00 2.00E+01 2.03E+01 1.01 0.25
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8 2.02E+05 3.88E+06 2.90E-
01

1.41E-
02

4.10E+01 Wet 3.44E+03 3.73E-01 1.08E+00 2.00E+01 2.38E+01 1.19 3.84

9 2.36E+05 1.10E+06 3.80E-
01

1.46E-
02

4.13E+01 Wet 3.54E+03 8.33E-02 2.35E-01 2.00E+01 2.28E+01 1.14 2.75

10 3.45E+06 9.24E+06 3.00E-
01

9.00E-
03

6.18E+01 Wet 1.46E+03 5.29E-02 3.63E-01 2.00E+01 2.08E+01 1.04 0.84

BL2 Young's
Modulus

Fracture
Point

Approx.
Diam.

Mass Length Wet /
Dry

dtex Fracture
Force (N)

cN/dtex Initial L Final L Elongation
%

Elongation
delta

1 3.71E+07 1.34E+07 2.10E-
01

2.20E-
03

4.05E+01 Dry 5.43E+02 4.64E-01 8.55E+00 2.00E+01 2.02E+01 1.01 0.21

2 2.97E+05 5.78E+06 2.30E-
01

2.90E-
03

4.32E+01 Dry 6.71E+02 2.38E-01 3.55E+00 2.00E+01 2.46E+01 1.23 4.55

3 3.65E+05 2.11E+06 2.10E-
01

7.92E-
02

5.17E+01 Wet 1.53E+04 1.73E-01 1.13E-01 2.08E+01 2.33E+01 1.12 2.56

4 3.24E+06 2.99E+06 3.00E-
01

1.70E-
03

6.53E+01 Dry 2.60E+02 2.11E-01 8.11E+00 2.00E+01 2.02E+01 1.01 0.20

5 9.87E+04 1.99E+06 3.20E-
01

3.33E-
02

4.64E+01 Wet 7.18E+03 1.54E-01 2.14E-01 2.00E+01 2.80E+01 1.40 8.00

6 1.78E+05 1.05E+06 3.50E-
01

1.54E-
02

3.97E+01 Wet 3.88E+03 1.01E-01 2.61E-01 2.00E+01 2.33E+01 1.17 3.33

7 5.89E+04 3.31E+05 2.80E-
01

1.66E-
02

7.01E+01 Wet 2.37E+03 2.04E-02 8.60E-02 2.00E+01 2.14E+01 1.07 1.42

8 5.72E+04 1.07E+06 3.50E-
01

3.50E-
02

8.47E+01 Wet 4.13E+03 1.02E-01 2.48E-01 2.01E+01 2.81E+01 1.40 8.00

9 5.57E+04 3.92E+05 3.40E-
01

6.46E-
02

6.75E+01 Wet 9.57E+03 3.56E-02 3.72E-02 2.00E+01 2.23E+01 1.11 2.30

10 2.09E+04 6.42E+05 4.20E-
01

3.71E-
02

6.27E+01 Wet 5.92E+03 8.90E-02 1.50E-01 2.00E+01 2.65E+01 1.32 6.50

11 6.63E+04 1.06E+06 4.80E-
01

9.80E-
03

3.91E+01 Wet 2.51E+03 1.92E-01 7.68E-01 2.00E+01 2.81E+01 1.41 8.13

12 2.50E+05 4.33E+06 1.80E-
01

1.94E-
02

3.35E+01 Wet 5.78E+03 1.10E-01 1.91E-01 2.00E+01 2.68E+01 1.34 6.80
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BL3 Young’s Modu-

lus

Fracture Point Approx. Diam. Mass Length Wet /

Dry

1 4.69E+06 2.12E+06 0.25 N/A N/A Wet

2 6.98E+05 6.09E+05 0.57 N/A N/A Wet

3 8.56E+04 9.23E+05 0.41 N/A N/A Wet

4 1.10E+06 9.10E+05 0.41 N/A N/A Wet

5 6.73E+04 1.04E+06 0.36 N/A N/A Wet

6 4.63E+05 1.03E+06 0.47 N/A N/A Wet

7 9.28E+04 6.06E+05 0.56 N/A N/A Wet

8 7.63E+04 1.67E+06 1.01 N/A N/A Wet

9 1.40E+05 1.07E+06 0.41 N/A N/A Wet

10 9.92E+04 1.01E+06 0.53 N/A N/A Wet

11 4.33E+07 4.14E+07 0.25 N/A N/A Dry

12 1.89E+06 7.25E+06 0.41 N/A N/A Wet

13 7.02E+06 1.80E+07 0.38 N/A N/A Dry



Appendix B

Raw Gelatine Compression Test Results

wt% Young’s Modu-

lus

Approximate

Yield Modulus

@ 20% strain

Approximate

Yield Modulus

@ 30% strain

Fracture Point Fracture Strain

3.33 4.34E+03 9.01E+02 1.61E+03 5.78E+03 53.87%

3.33 4.39E+03 9.55E+02 1.59E+03 3.54E+03 46.12%

3.33 6.43E+03 1.29E+03 2.23E+03 5.15E+03 46.83%

3.33 4.82E+03 1.02E+03 1.89E+03 6.00E+03 51.98%

3.33 3.06E+03 6.57E+02 1.23E+03 4.32E+03 53.17%

3.33 5.04E+03 1.07E+03 1.92E+03 1.03E+04 58.34%

3.33 3.75E+03 8.17E+02 1.38E+03 1.66E+03 34.24%

3.33 3.94E+03 8.50E+02 1.55E+03 7.38E+03 57.23%

3.33 4.81E+03 1.02E+03 1.76E+03 3.77E+03 46.60%
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3.33 4.25E+03 8.96E+02 1.63E+03 5.62E+03 46.60%

3.33 3.76E+03 8.17E+02 1.46E+03 1.17E+04 65.38%

3.33 6.94E+03 1.48E+03 2.70E+03 6.83E+03 48.63%

3.33 3.73E+03 8.18E+02 1.45E+03 6.81E+03 57.62%

3.33 4.55E+03 9.71E+02 1.68E+03 3.03E+03 42.46%

3.33 5.09E+03 1.09E+03 2.01E+03 5.42E+03 47.82%

3.33 5.36E+03 1.14E+03 2.07E+03 3.24E+03 39.09%

3.33 3.45E+03 7.48E+02 1.37E+03 4.35E+03 53.58%

3.33 5.27E+03 1.10E+03 2.02E+03 5.86E+03 48.16%

3.33 4.49E+03 9.82E+02 1.75E+03 3.89E+03 45.54%

3.33 4.25E+03 9.04E+02 1.58E+03 6.94E+03 59.45%

3.33 3.56E+03 7.89E+02 1.43E+03 5.69E+03 55.45%

6.67 1.33E+04 2.71E+03 5.03E+03 1.47E+04 51.10%

6.67 7.71E+03 1.59E+03 2.99E+03 2.07E+04 61.94%

6.67 1.09E+04 2.28E+03 4.48E+03 1.84E+04 53.95%

6.67 1.41E+04 2.86E+03 5.52E+03 2.10E+04 53.34%

6.67 8.93E+03 1.89E+03 3.57E+03 6.17E+04 72.35%

6.67 1.11E+04 2.27E+03 3.98E+03 2.90E+04 66.18%

6.67 1.66E+04 3.44E+03 6.06E+03 3.20E+04 61.32%

6.67 1.39E+04 2.83E+03 5.55E+03 4.01E+04 62.30%

6.67 1.49E+04 3.03E+03 5.29E+03 1.98E+04 54.93%

6.67 1.25E+04 2.56E+03 4.76E+03 3.89E+04 65.89%

6.67 1.23E+04 2.56E+03 4.46E+03 1.06E+04 48.23%
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6.67 1.46E+04 2.96E+03 5.54E+03 2.20E+04 54.13%

6.67 1.62E+04 3.34E+03 5.85E+03 1.33E+04 48.09%

6.67 1.75E+04 3.58E+03 6.40E+03 2.18E+04 53.61%

6.67 1.41E+04 2.91E+03 5.61E+03 1.47E+04 50.31%

6.67 1.66E+04 3.47E+03 6.02E+03 2.34E+04 55.82%

6.67 1.47E+04 3.01E+03 5.71E+03 1.57E+04 48.30%

6.67 1.43E+04 2.94E+03 5.56E+03 2.17E+04 53.60%

6.67 1.49E+04 3.04E+03 5.70E+03 1.39E+04 46.43%

6.67 1.46E+04 3.04E+03 5.78E+03 1.43E+04 46.74%

10 3.32E+04 8.20E+03 1.45E+04 4.46E+04 50.88%

10 2.38E+04 4.62E+03 8.61E+03 1.18E+04 36.63%

10 4.72E+04 9.26E+03 1.56E+04 1.72E+05 71.53%

10 4.06E+04 8.17E+03 1.36E+04 1.77E+05 70.51%

10 3.92E+04 8.02E+03 1.41E+04 3.16E+04 46.85%

10 3.99E+04 8.08E+03 1.46E+04 3.29E+04 46.22%

10 3.39E+04 6.94E+03 1.20E+04 1.67E+04 40.83%

10 5.17E+04 1.03E+04 1.73E+04 7.98E+04 59.12%

10 2.82E+04 5.65E+03 1.01E+04 2.61E+04 48.46%

10 2.63E+04 5.38E+03 9.94E+03 1.29E+04 38.41%

10 3.32E+04 6.80E+03 1.20E+04 3.51E+04 59.54%

10 3.30E+04 6.82E+03 1.23E+04 2.74E+04 45.35%

10 2.90E+04 5.91E+03 1.10E+04 3.90E+04 52.12%

10 3.52E+04 8.00E+03 1.36E+04 4.01E+04 50.65%
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10 4.35E+04 8.90E+03 1.62E+04 4.27E+04 50.07%

10 5.94E+04 1.19E+04 1.89E+04 1.76E+05 70.69%

10 3.74E+04 7.58E+03 1.32E+04 7.11E+04 60.53%

10 4.15E+04 8.36E+03 1.47E+04 2.52E+04 41.85%

10 3.60E+04 7.42E+03 1.28E+04 3.21E+04 52.27%

10 4.18E+04 8.17E+03 1.29E+04 7.61E+04 62.38%

10 3.72E+04 7.50E+03 1.35E+04 6.93E+04 59.22%

15 5.95E+04 1.19E+04 1.90E+04 1.76E+05 70.69%

15 5.08E+04 1.02E+04 1.82E+04 1.48E+05 64.55%

15 5.53E+04 1.13E+04 1.94E+04 1.46E+05 66.41%

15 6.77E+04 1.36E+04 2.32E+04 1.34E+05 62.92%

15 5.12E+04 1.03E+04 1.87E+04 1.21E+05 63.59%

15 4.71E+04 9.63E+03 1.71E+04 1.53E+05 68.49%

15 5.19E+04 1.03E+04 1.78E+04 1.37E+05 63.85%

15 5.01E+04 1.02E+04 1.78E+04 1.02E+05 62.39%

15 3.88E+04 7.97E+03 1.69E+04 1.38E+05 65.72%

15 7.57E+04 1.50E+04 2.61E+04 1.34E+05 60.11%

15 7.26E+04 1.09E+04 1.93E+04 1.55E+05 66.18%

15 6.22E+04 1.24E+04 2.15E+04 1.51E+05 64.91%

15 5.28E+04 1.06E+04 1.92E+04 1.91E+05 69.22%

15 4.23E+04 8.50E+03 1.50E+04 1.71E+05 68.84%

15 6.37E+04 1.29E+04 2.25E+04 7.90E+04 53.04%

15 5.61E+04 1.11E+04 1.92E+04 6.64E+04 55.14%
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15 5.14E+04 9.65E+03 1.75E+04 1.54E+05 68.86%

15 3.97E+04 7.95E+03 1.46E+04 5.85E+04 56.50%

15 5.42E+04 1.09E+04 1.92E+04 7.75E+04 55.20%

15 5.31E+04 1.07E+04 1.89E+04 1.64E+05 66.20%
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