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Abstract 

 

3D Printing of Soft and Biological Materials: Applications to 

Human Cochlear Modelling and Beyond 

Iek Man Lei 

 

3D printing has emerged as a promising tool for on-demand and rapid fabrication of materials. 

The field of soft material printing typically utilises inks that exhibit viscoelastic properties with 

elastic moduli in the kPa – MPa range, such as hydrogels and elastomers. Although soft 

material printing has been frequently used for creating biomimetic mini tissues, its ability to 

imitate organ functions as a direct result of organ anatomy is yet to be fully realised, and 

continued innovation in printing method and flexible machinery are needed to drive the field 

forward.  

My PhD thesis focuses on advancing the field of soft material printing. Specifically, 

there are three main scopes in my work. Firstly, I developed an affordable and fully 

customisable extrusion-based printing platform for soft materials. The platform is equipped 

with multiple printheads for heterogeneous construct printing, and heating systems and a UV 

module for tuning the material rheology during and after printing. A detailed assembly 

instruction and the software design are provided, hence new users can facilely replicate the 

platform and contribute to the continued development of the platform. In summary, it is 

anticipated that this entirely hackable platform can facilitate the widespread adoption of the 

technology, overcoming the cost and flexibility barriers presented in commercial systems. 

Secondly, to realise the potential of 3D printing for imitating physiological phenomena related 
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to anatomical structures, I created 3D printed cochleae that exhibit similar electro-anatomical 

features resembling human cochleae. These biomimetic cochlear models were integrated with 

machine learning to advance clinical predictions of ‘current spread’ for cochlear implant (CI) 

patients. The co-modelling framework demonstrated autonomous predictions of patient electric 

field imaging profile or cochlear geometry, unfolded the electro-anatomical factors causing CI 

stimulus spread, assisted on-demand printing for CI testing, and inferred patients’ in vivo 

cochlear tissue resistivity by CI telemetry. This framework might facilitate physical modelling 

and digital twin innovations for neuromodulation implants in healthcare. Lastly, I demonstrate 

the high flexibility and versatile functionalities of the custom-made 3D extrusion printing 

platform. Apart from 3D CAD models, the standard geometry input used in 3D printing, the 

platform accepts unconventional geometry inputs to suit different needs, including coordinates, 

equations and pictures. Advanced operations, such as liquid dispensing, printing with variable 

speed and non-planar printing, are permitted with the platform. With the aid of support baths, 

heating and UV tools, a wide variety of soft materials, including naturally derived hydrogels, 

pH-responsive hydrogels and elastomers, were successfully printed using the platform. 

Overall, the perspective provided in this work might guide new users to efficiently design 

printing processes for soft materials that do not possess suitable rheological and mechanical 

properties for creating 3D structures with conventional extrusion methods. 
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ts Time interval between consecutive steps of the stepper motor 

V Intracochlear voltage 

Vref Reference voltage of the motor drive 

V̇s Steady-state extrusion flow rate 

Wc Cochlear width 

x’, y’ Transformed coordinates relative to the base of the uArm for printing 

xprint, yprint Coordinates of the geometry relative to the stage centre 

xshift, yshift Shifting values of the x, y positions in calibration 

z Transimpedance or impedance 

|z| Plateau impedance magnitude or Plateau transimpedance magnitude 

Z0 z position of the stage 

zshift Shifting value of the z position in stage calibration 

β, Rotation angle used in transformation 

γ Interfacial tension 

εf Optimal MAPE threshold used in 3PNN inverse prediction 

π Osmotic pressure 

ρmatrix Resistivity of the electro-mimetic bone matrix 

σbone Bone conductivity 

τ Shear stress 

τy Yield stress 

𝜃  Angle between a horizontal line and the line connecting the base and the stage centre  

𝜌  Density 

�̇�  Shear rate 

n Flow index 

k Consistency index 



  1.1    Introduction 
  

1 

 

 

 

Chapter 1  

Literature Review 

 

1.1    Introduction 

The advent of 3D printing opens up unprecedented freedom to create complex architected 

matter from a wide variety of functional materials, revolutionising a range of research sectors, 

such as material science, biomedicine and robotics [1–4]. Unlike conventional manufacturing 

methods, such as solvent casting or soft lithography that require toxic solvent and time-

consuming fabrication process [5], the key advantages of 3D printing are its flexibility in rapid 

prototyping to shorten design cycles [4] and its capability of creating structures with 

heterogenous architecture and composition across different length scales [2, 4, 6]. Since the 

invention of the first 3D printing method by Charles W. Hull during 1980s in the form of 

stereolithography [7, 8], this technology have been widely adopted in myriad applications, from 

3D printed anatomical models for surgical planning to patient-specific implants [9], from 

fluidic devices to bio-functional tissue models [1, 4], and many more.  

Notwithstanding the exciting advancements in 3D printing technology, notable 

challenges, such as limited selection of compatible materials and the need for increased feature 

resolution and speed, are yet to be overcome [8, 10]. Conventional materials used in 3D printing 

are in the form of thermoplastic filaments, photocurable resins, ceramics or metal powders [6, 

11]. However, the Young’s moduli (E) of these materials are in the MPa – GPa range [12, 13] 

that are in general too rigid and stiff for mimicking the wide spectrum of the stiffness of native 

biological tissues, ranging from E ~ 1 kPa (very soft tissues) to E ~ 10 GPa (hard tissues) [14] 

(see Figure 1.1). To unleash the vast potential of 3D printing for tissue engineering and soft 

robot applications, new printing strategies have been developed, enabling fabrication of 

functional soft materials, from elastomers (E = ~ 0.05 – 2.4 MPa [15]) to hydrogels (E = 2 – 

300 kPa [6]).  
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This chapter begins by reviewing a wide variety of soft and biological polymeric 

materials, with a focus on their features and crosslinking methods. An overview of the 3D 

printing strategies is then presented, focusing on the extrusion-based 3D printing technologies. 

Finally, the emerging trends in embedded 3D extrusion printing and sacrificial printing for 

architecting soft materials and vasculature-like networks are comprehensively discussed.  

 

Figure 1.1| Approximate Young’s modulus of selected hydrogels, rigid materials and 

biological tissues.  Reproduced from [14]. 

 

 

1.2    Hydrogels 

Hydrogels are formed by three-dimensional entangled networks of viscoelastic polymers 

networks that retain large amount of water in swollen state [16, 17]. Their good 

biocompatibility (i.e. good permeability for oxygen and nutrients) and/or stimuli-responsive 

functionality have endowed them with vast applications in soft electronics and tissue 

engineering [14, 18]. Based on their natural or synthetic origins, hydrogels can be classified 

into two groups. Naturally-derived hydrogels include proteins (e.g. collagen, fibrin, silk, 

Matrigel and extracellular matrix) and polysaccharides (e.g. alginate, chitosan, agarose and 

cellulose derivatives). They typically have advantages of cell-adhesive characteristics or 

biocompatibility, but are subject to batch-to-batch variability [19]. On the contrary, 

synthetically-derived hydrogels offer long-term stability, greater flexibility in tailoring 

properties and improved batch-to-batch consistency [16, 20], but they lack biological moieties 

for cell interaction and degradation, therefore require functionalisation with cell-adhesion 

motifs (such as RGD peptides) [19, 21]. Representative examples of synthetic hydrogels are 

polyethylene oxide (PEO), poly(acrylic acid) (PAA), polyvinyl alcohol (PVA) and Pluronics.  
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On the other side, hydrogel can be classified based on their ionic charges. For example, 

anionic hydrogels contain carboxyl groups (-COO-); cationic hydrogels contain amine groups 

(-NH3
+); amphoteric hydrogels contain both carboxyl and amine groups, and non-ionic 

hydrogels only contain hydroxyl (-OH) or amide (-CONH2) groups. Table 1.1 – 1.2 provide a 

detailed summary of the signature features and the usual physical crosslinking method of 

common hydrogel materials. The sections below discuss the crosslinking mechanisms of 

hydrogels, reinforcement methods and their stimuli-responsive behaviours. 

 

1.2.1 Crosslinking mechanisms 

The crosslinking of hydrogels controls their mechanical and swelling properties. This increases 

its viscosity for printing and preserves its shape after printing [22]. Various crosslinking 

mechanisms have been reported in literature, including physical (i.e. ionic, self-assembly 

induced by pH and temperature, cryogelation and host-guest interaction) and covalent 

crosslinking (i.e. UV, wet-chemical and enzymatic crosslinking) [17]. The advantages of 

physical crosslinking are its reversible interactions without the need for toxic solvents, however, 

physical hydrogels are in general mechanically weaker than covalent hydrogels [22, 23].  

 

1. Physical crosslinking  

1. Ionic/electrostatic interaction 

Ionic crosslinking can be happened via two routes– (1) via ionic crosslinking with metal ions 

(Figure 1.2a.i) and (2) via electrostatic interaction (Figure 1.2a.ii). The former is usually used 

in crosslinking negatively charged polysaccharides, such as sodium alginate and gellan gum 

that crosslink with multivalent cations (e.g. Ca2+ and Fe3+) [17, 24]. The latter occurs when 

mixing oppositely charged polyelectrolytes to result polyelectrolyte complexes [17, 23]. 

Chitosan is a typical example that forms polyelectrolyte complexes with proteins and 

polyanions (e.g. tripolyphosphate (TPP) and alginate) [17, 25]. Of these two routes, 

electrostatic crosslinking with polyelectrolytes are more cell-friendly as metal ions might cause 

potential cytotoxic effects [23].  
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Table 1.1| Features and the typical physical crosslinking methods of natural 

hydrogels. GelMA: Gelatin methacryloyl.  

 Materials 
Cell 

adhesive 

Functional 

groups 
Origins Features 

Crosslinking 

methods 
Ref. 

P
ro

te
in

s 

Collagen ✓ 
-NH3

+
 

-COO- 
Mammal 

• Type I: skin, vasculature, bone 

• Type II: Cartilage 

• Type IV: basement membrane 

• Thermal 

(37oC) 

• pH 7 

• Enzymatic 

[26] 

Fibrin ✓ 
-NH3

+
 

-COO- 
Mammal 

• Involved in blood clotting 

• Fast degradation 

• Very weak mechanical 

properties 

[27] 

Matrigel ✓ 
-NH3

+
 

-COO- 
Mouse 

• ECM secreted by mouse tumor 

cells 
[27] 

Silk fibroin ✓ 
-NH3

+ 

-COO- 
Silkworm • Weakly adhere to cells [28] 

Gelatin ✓ 
-NH3

+;-

COO-
 

Mammal, 

fish 

• Elastic 

• Denatured form of collagen 

• pH swelling  

• Thermal 

 (< 25oC) 
[29, 

30] 

GelMA ✓ 

-NH3
+

 

-COO- 

-MA 

• Low swelling compared to 

gelatin 

• Thermal  

(< 25oC) 

• UV 

[27] 

P
o

ly
sa

cc
h

a
ri

d
es

 

Hyaluronic 

acid / Sodium 

hyaluronate 

X 
-COO- 

-OH 

Mammal, 

bacteria 

• Ink thickener 

• Good shear thinning properties 
• Thaw-freeze 

[31, 

32] 

Agarose X -OH 

Seaweeds 

 

• Brittle 

• Good stability 

• Thermal 

(< 20-70 oC) 
[27] 

Sodium 

Alginate 
X 

-COO- 

-OH 

• Popular hydrogel in bioprinting 

• Good printability after ionic 

crosslinking 

• Ionic [27] 

Carrageenan X 
-SO3

- 

-OH 

• Ink thickener 

• 3 types: ι-, κ- and λ- types 

• Only ι- and κ- can be 

physically crosslinked 

• Monovalent ions are effective 

on κ- type 

• Ionic 

• Thermal 

(< 40-70 oC) 

[33] 

Gellan gum X 
-COO- 

-OH 

Bacteria 

 

• Brittle 

• Ionic 

• Thermal 

(< 40-65 oC) 

[34] 

Xanthan gum X 
-COO- 

-OH 

• Thickener 

• Effective crosslinking with 

trivalent ions 

• pH-resistant properties 

• Ionic [35] 

Carboxy-

methyl-

cellulose 

X 
-COO- 

-OH 

Plant 

• Ink thickener - [36] 

Methyl-

cellulose 
X -OH • LCST hydrogel 

• Thermal 

(LCST 

> 60 oC) 

[37] 

Hydroxy-

propyl 

cellulose 

X -OH 

• LCST hydrogel 

•  Enhanced ionic conductivity 

properties 

• Thermal 

(LCST 

> 30 oC) 

[37, 

38] 

Chitosan ✓ 
-NH3

+
 

-OH 

Shrimp 

shells 

• Only natural cationic 

polysaccharide 

• Antibacterial 

• pH-responsive swelling 

• Thaw-freeze 

• pH 

• Ionic 

• Thermal 

[33, 

39] 

 

 

 



  1.2    Hydrogels 
  

5 

 

 

 

Table 1.2| Features and the typical physical crosslinking methods of synthetic 

hydrogels. PVA: Polyvinyl alcohol, PEO: Polyethylene oxide, PEG: Polyethylene glycol, 

PEGDA: Poly(ethylene glycol) diacrylate  and PNIPAM: Poly(N-isopropylacrylamide). 

Materials 
Cell 

adhesive 
Functional 

groups 
Features 

Crosslinking 

methods 
Ref. 

Glycerol X -OH 
• A humectant 

• A softener  
- [29] 

Polyacrylamide X -CONH2 
• Used in tough hydrogels 

• Elastic, stretchable, swellable 
• Chemical [40] 

Poly(acrylic 

acid) 
X -COO- • known to swell in alkali 

• Adhesive and stretchable 
• Chemical [41] 

PVA X -OH 

• Act as a coagent to promote intermolecular 

interaction 

• Good stretchability 

• Thaw-freeze 

• Chemical 

(borax) 

[38, 42] 

PEO / PEG X -OH 

• Ink thickener 

• Act as a coagent to promote intermolecular 

interaction 

- [42] 

 PEGDA X -OH • Brittle • UV - 

Pluronic F127 X -OH 

• Excellent printability 

• Sacrificial material 

• CMC ~ 21w/w%, CMT ~ 10oC 

• Thermal [43] 

PNIPAM X -CONH- 
• Thermo-sensitive hydrogels 

• LCST ~ 30oC 
• Thermal [44] 

 

 

Ionic crosslinking usually happens rapidly, as a consequence, the printed filaments can 

be poorly cohered [23]. Ionic gelation can be slowed down with the use of metal salts that 

dissociate slowly, such as CaCO3 and CaSO4, or by incorporating retarding agents, such as 

Na2HPO4 that competes with the reaction between alginate and Ca2+ [45, 46]. A number of 

factors is known to affect the ionic crosslinking density, including concentrations of the 

oppositely charged molecules, pH controlling the ionisation degrees of polyelectrolytes, and 

solvents as further addition of salts can cause electrostatic screening effect [47, 48]. Ionic 

crosslinking is reversible by adding a chelating agent, such as sodium citrate or EDTA 

(ethylenediaminetetraacetic acid) that competitively bind with divalent and trivalent metal ions 

[49]. 

 

2. Macromolecular self-assembly 

Self-assembled hydrogels are formed by spontaneous assembly of polymeric chains into 

compact configurations (e.g. coiled-coil and beta sheet) via physical interaction induced by 
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external stimuli [50] (Figure 1.2b.i). Various intermolecular interactions are involved in 

macromolecular self-assembly, such as hydrophobic interactions (Figure 1.2b.ii), hydrogen 

bonding and Van der Waals interactions [50]. Thermal and pH- induced self-assemblies are the 

common methods used in crosslinking proteins, such as collagen and extracellular matrix, 

which gel at physiological temperature and pH [50]. In particular, under physiological 

conditions, collagen molecules undergo fibrillogenesis to form a triple helical structure [51]. 

HEPES [52], 10x PBS and NaOH [53] solutions are commonly used to neutralise collagen and 

extracellular matrix (ECM).  

Similarly, owing to the increased physical interactions induced by temperature, 

thermal-responsive hydrogels self-assemble and undergo phase transitions at their critical 

temperatures that are defined by lower critical solution temperature (LCST) or upper critical 

solution temperature (UCST) [50, 54] (Figure 1.2b.iii). The strength of the interaction can be 

tuned by the polymer concentration and molecular weight. UCST hydrogels, including gelatin 

and agarose, undergo gel formation upon cooling at a temperature below their UCST [55, 56]. 

On the contrary, gelling of LCST hydrogels occurs when increasing the temperature above 

their LCST [56]. This is attributed to the increased hydrophobicity (hydrophobic interaction) 

caused by the weakening of hydrogen bonding at higher temperature, and therefore increased 

insolubility [56]. Many cellulose derivatives, such as methylcellulose and hydroxypropyl 

methylcellulose, are examples of LCST hydrogels due to the presence of hydrophobic alkyl 

groups in their molecular structures [37]. Other notable LCST hydrogels are poly(N-

isopropylacrylamide) (PNIPAM) that gels at > 32 oC in water [44] and PEO-PPO-PEO triblock 

copolymers (also known as Pluronics or Poloxamer) that self-assemble into micelles when the 

concentration and temperature are above their critical micelle concentration (CMC) and critical 

micelle temperature (CMT) [37].  

The intermolecular interactions between self-assembled polymers can be promoted by 

various coagents. For example, NaCl, PVA and PEG have been used to promote gelation of 

collagen [42, 57], and a supplement of salt in a Pluronics solution facilitates the gelation by 

lowering its CMC due to the salting out effect [58].  
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Figure 1.2| Crosslinking of hydrogels. a(i) Ionic crosslinking of alginate with metal 

ions Ca2+, forming ‘egg-box’ junctions between alginate chains . a(ii) Electrostatic 

crosslinking between polyelectrolytes . b(i) Self-assembly of hydrogels induced by 

different physical interactions, such as b(ii) hydrophobic interaction. b(iii) Schematic 

showing the sol-gel transition of UCST and LCST hydrogels; c) Freeze-thaw cycles to 

form microcrystalline regions in hydrogels . d) Guest-host interaction between host 

molecules containing β-cyclodextrins (β-CDs) and ‘guest’ molecules containing 

adamantane moieties (ADs). e) Covalent crosslinking. Reproduced from [23, 54, 59–64].  

 

 

 

 

3. Cryogelation via freeze-thaw cycles 

Cryogels refer to macroporous gels developed by repeated freeze-thaw cycles [65]. During the 

freezing process, the polymeric chains are forced aligned into a microcrystalline structure due 
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to ice formation (Figure 1.2c) [65, 66]. As the number of freeze-thaw cycles increases, the 

strength and the stability of the crystallites increase due to the increased physical aggregation 

held together by hydrogen bonding [67, 68]. PVA, which contains abundant hydroxyl groups, 

is a well-known example of cryogels. In addition, most polysaccharides are capable of forming 

cryogels [65]. The key advantage of this method is that no toxicity issue is resulted as the 

method does not require any crosslinking agent [67], however, the preparation is usually long 

and require a number of days for repeating the thaw-freeze cycles. 

 

4. Host-guest interaction 

Host-guest interaction involves ‘guest’ molecules adhere to a parent ‘host’ network via 

hydrophobic and van der Waals interactions to form physical supramolecular hydrogels [69]. 

Classic host-guest hydrogels used in biomedical applications involve a ‘host’ hydrogel 

containing amphiphilic β-cyclodextrins (β-CDs) and a ‘guest’ hydrogel containing 

hydrophobic adamantane moieties (ADs) [69] (Figure 1.2d). β-CD is a truncated cone-shaped 

molecule composed of a hydrophilic outer surface and a hydrophobic cavity. The cavity attracts 

the hydrophobic AD molecule. The hydrogels typically display self-healing properties due to 

the dynamic and reversible formations of host-guest interactions [63]. 

 

2. Covalent crosslinking 

1. Photo-crosslinking  

Photo-crosslinking requires a photoreactive polymer and a photoinitiator. A vast number of 

polymers can be functionalised with photoreactive moieties (i.e. methacrylate or acrylate 

groups) for photo-crosslinking. Common examples are gelatin methacryloyl (GelMA) [70], 

poly(ethylene glycol) diacrylate (PEGDA) and hyaluronic acid methacrylate [31]. Upon photo-

radiation, the photoinitiators form reactive free radicals that initiate polymerisation, thus 

forming irreversible covalent bonding between polymer chains [23]. Common photoinitiators 

used in biomedical applications are LAP (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate) 

and Irgacure 2959 [23]. LAP is in general less cytotoxic and more water soluble than Irgacure 

2959  [17, 71], hence LAP is more commonly utilised in cell-laden materials. High level of 

light intensity, prolonged radiation time and the use of photoinitiators are known to cause 

detrimental effect on cell viability [17, 23]. It should also be noted that oxygen can inhibit free-
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radical polymerisation [23]. This problem can be suppressed via crosslinking under an oxygen-

free environment (i.e. N2) or using an oxygen scavenger, such as glucose oxidase [72].    

 

2. Wet-chemical crosslinking 

Several functional groups that are abundant in hydrogels can be used for covalent linkages, for 

instance, the amine (-NH3), carboxyl (-COOH) and hydroxyl (-OH) groups. The common 

methods are (1) Schiff’s base crosslinking that involves reacting aldehyde/ketone-based 

crosslinking agents, such as glutaraldehyde and formaldehyde, with the hydroxyl or amine 

groups of hydrogels [23, 73, 74]; (2) carbodiimide crosslinking (known as EDC) that 

effectively reacts with the amine, carboxyl and hydroxyl groups of hydrogels [74], and (3) free 

radical polymerisation from monomers [74], such as polyacrylamide (PAAm) gels formed by 

reacting bis-acrylamide crosslinkers with acrylamide monomer using ammonium persulfate 

(APS) as initiators and TEMED as catalysers [75].  

 

3. Enzymatic crosslinking 

Enzymatic crosslinking is an attractive cytocompatible approach to synthesise protein-based 

hydrogels covalently [17, 23]. Transglutaminase, thrombin and horseradish peroxide are the 

common enzymes that catalyse protein crosslinking. Transglutaminase, also known as meat 

glue, is a slow-acting Ca2+-dependent enzyme that enables crosslinking of various proteins, 

such as gelatin, fibrinogen and collagen [76], as the enzyme promotes binding of ε-amino group 

of lysine with the carboxyl groups of glutamic acids [23]. By contrast, thrombin, the key 

enzyme of blood coagulation, activates the crosslinking of fibrinogen via cleaving fibrinogen 

to fibrin monomers that polymerise to insoluble fibrin [77]. Horseradish peroxide catalyses the 

crosslinking of silk fibroin in the presence of hydrogen peroxide [28]. 

 

1.2.2 Reinforcement mechanisms 

Conventional hydrogels are composed of single networks, which are typically weak and brittle, 

causing them very difficult to manipulate and severely limiting their versatility in many 

applications [78, 79]. The brittleness of hydrogels can be attributed to two reasons – 1) the low 

density of polymer chains, and 2) the inhomogeneity of the randomly crosslinked polymeric 

network, leading to localised stress upon loading [78, 80]. Numerous approaches have been 
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reported to improve the toughness of hydrogels, including nanocomposite hydrogels and 

interpenetrating polymer network (Figure 1.3). 

 

Figure 1.3| Schematic showing the polymeric networks of traditional hydrogel s and 

three common types of reinforced hydrogels.  

 

Nanocomposite hydrogels incorporate nanoparticles with high surface-to-volume 

ratios (i.e. carbon nanotubes, hydroxyapatite and silicates) to toughen hydrogels. In the 

reinforced networks, the nanoparticles serve as reversible interlinkages between polymer 

chains. The physical interaction between the polymers and the nanoparticle surface increases 

the entanglement of polymer chains, which efficiently dissipates stress across the network [80]. 

The reinforcement mechanism depends on the properties of nanoparticles, such as size, shape 

and surface chemistry [80].  

Another reinforcement approach is achieved by an interpenetrating polymer network 

(IPN) composed of two or more polymeric networks with many physical interactions and 

entanglement between each other [81]. Various types of IPN have been developed, such as full-

IPN hydrogels that are formed by two ideally juxtaposed polymeric networks [81]. Double 

network (DN) hydrogels are a special type of interpenetrating network hydrogels. They are 

composed of two asymmetric polymeric networks that typically involve a densely crosslinked, 

rigid and brittle polymer as the 1st network and a sparsely crosslinked soft and ductile polymer 

as the 2nd network [78]. Although still elusive, the toughening mechanism of DN hydrogels is 

believed to be associated with the introduction of sacrificial bonds, where the 1st network acts 

as sacrificial bonds that break into small cluster to effectively disperse the stress, and the 2nd 

ductile network is able to deform and extend extensively (Figure 1.3) [82, 83]. DN hydrogels 

are of particular interest among other toughening methods because they exhibit extremely high 

mechanical strength [82]. Representative examples are PAMPs-PAAm hydrogels (with 

fracture compressive stress and strain of 17.2 MPa and 92%) [84] and highly stretchable Ca2+-
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alginate-PAAm hydrogels that can stretch more than 20 times of the original length by using a 

reversibly crosslinked alginate as the 1st network and a covalently crosslinked PAAm as the 2nd 

network [79].  

 

1.2.3 Swelling capability of hydrogels 

Hydrogels are notable for their swelling capability, enabling applications in drug release or soft 

actuation systems. Because of the osmolarity difference between the hydrogels and the 

surrounding medium, most hydrogels can swell. In addition, thermo-sensitive hydrogels swell 

or shrink because of the temperature-induced self-assembly behaviours, as discussed above. 

By contrast, the swelling behaviours of pH-responsive and electro-responsive hydrogels are 

controlled by their ionised functional groups (e.g. carboxyl and amine groups). The section 

below discusses the pH- and electro-responsive swelling behaviours of hydrogels. 

 

pH-responsive hydrogels  

pH-responsive hydrogels undergo swelling or shrinkage when there is a change in the 

environmental pH. The swelling capacity is controlled by the ionisation degree of the ionic 

functional groups in hydrogels. For example, when the pH of the environment is greater than 

the pKa of the carboxyl groups of anionic hydrogels (pH > pKa, Figure 1.4a.i), more carboxyl 

groups on the polymer backbones become deprotonated. This increases the hydrophilicity of 

the hydrogel and the ionisation degree of the polymer, causing the hydrogel to imbibe more 

water and swell to reduce the electrostatic repulsion between the ionised groups until an 

equilibrium is reached [85, 86]. Conversely, cationic hydrogels swell when the pH of the 

environment is less than the pKa of amine groups (pH < pKa) as this increases the amount of 

ionised amine groups on the polymer chains (Figure 1.4a.ii). The pH-responsive swelling 

behaviour could be affected by several factors, including molecular weight [87, 88], degree of 

crosslinking [89] and ionic strength [90]. The swelling behaviour is reversible by changing the 

pH environment back to the initial condition. Although pH-responsive swelling is isotropic, 

anisotropic response is achievable by incorporating an aligned fillers (i.e. cellulose) to guide 

the direction of swelling [72] or by exploiting a bilayer design composed of counter-acting 

hydrogels [91]. 
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Electro-responsive hydrogels 

Utilising the ionic functional groups of hydrogels, electro-responsive hydrogels undergo 

directional bending when exposed to an electric field in an electrolyte solution. As depicted in 

Figure 1.4b, when an anionic gel (i.e. polyacrylic acid) is placed in a saline solution (Step 1), 

under an electric field, the positively charged Na+ ions can diffuse though the gel towards the 

negatively charged cathode, however, the diffusion of the negative Cl- ions toward the positive 

anode is restricted by the anionic gel (Step 2) [92, 93]. This selective diffusion results in an 

increased concentration of anions on the gel surface facing the cathode. Therefore, water 

diffuses toward the cathode to reduce the osmotic pressure (Step 3). This in turn makes the side 

of the gel facing the anode swells more, leading to a directional bending towards the cathode. 

In reverse, a cationic hydrogel bent toward the anode due to the restricted diffusion of Na+ ions 

toward the negative cathode. Electro-responsive hydrogels have been utilised in many soft 

robotic actuation systems, such as gripping and locomotion [93, 94].  

 

 
Figure 1.4| Schematics showing (a) the pH-responsive swelling  mechanism of (i) 

anionic hydrogels and (ii) cationic hydrogels, and (b) the electro-responsive swelling  

mechanism of anionic hydrogels. π1  and π2 are the osmotic pressures at the sides facing 

the anode and the cathode, respectively.  

 

 

1.3    Silicone and epoxy resins  

Silicone elastomers and epoxy are the key materials of soft robotics and microfluidic devices. 

A broad variety of resins have been successfully 3D printed, such as epoxy [95], SU-8 (a 



  1.4    Overview of 3D printing strategies 
  

13 

 

photocrosslinkable epoxy) [96], polydimethylsiloxane (PDMS, the de facto standard in the 

microfluidics) [97], SE 1700 (a 20 wt% fumed silica-filled PDMS) [98] and ecoflex (a super 

soft and stretchable elastomer) [99]. The mechanical properties of silicone elastomers can be 

tuned by the curing temperature and the ratio of the pre-polymer base and the curing agent 

[100]. In addition, silicone thinners, thickeners (i.e. THI-VEX) and cure retarders (i.e. SLO-

JO) can be mixed with silicone elastomers (i.e. Ecoflex) for modifying its viscosity and 

increasing the pot life [99].   

 

1.4    Overview of 3D printing strategies 

3D printing, also known as additive manufacturing, is a method of creating 3D objects using 

computer-aided designs (CAD). Conventionally, CAD designs are either created from scratch 

or constructed from imaging scans (e.g. MRI or CT scans) for capturing complex anatomical 

architectures. Various 3D printing technologies (Figure 1.5), including light-based approach 

(i.e. laser-assisted printing (LAP) and photolithograph) and ink-based approach (i.e. inkjet 

printing and extrusion printing), have been explored for soft material fabrication [3, 4, 6, 8, 

101, 102]. The principles, the strengths and the limitations of the technologies are detailed 

below. 

 

 

Figure 1.5| Overview of 3D printing strategies.  a) Laser-assisted printing. b) 

Photolithography  - (i) stereolithography, (ii) digital light processing and (iii) computed 

axial lithography. c) Inkjet printing . d) Extrusion-based printing  – (i) fused 

deposition modelling and (ii) direct ink writing. Reproduced from [4, 8, 103].  
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1.4.1 Light-based approach 

Laser-assisted printing (LAP) 

Laser-assisted printing (LAP), also known as laser-induced forward transfer (LIFT) printing, 

involves focusing a pulsed laser beam onto a donor glass ribbon that is coated with a layer of 

laser-energy absorbing material on one side and a layer of printing material on the other side 

(Figure 1.5a) [8]. The laser-energy absorbing material is then vaporised, forming a vapor 

pocket at the glass-printing material interface that propels the printing material toward the 

substrate [104].  The nozzle-free and non-contact characteristics of this approach enable the 

deposition of inks with viscosity of 1 – 300 mPa/s, and innately avoid problems such as nozzle 

clogging and cell damage due to shear stress [8, 104]. By coupling with a rapid gelation kinetics, 

high printing resolution can be achieved [8]. However, the high associated cost of the system 

and its low throughput resulting from the generation of ultra-small droplets (ranging from fL 

to nl [105]) have greatly limited the wide adoption of this technology [8, 104]. 

 

Photolithography 

Photolithography can be subdivided into stereolithography (SLA), digital light processing 

(DLP) printing and computed axial lithography (CAL) (Figure 1.5b). Fundamentally, they are 

based on the same working principle that uses a light source (UV or a visible light, depending 

on the photoinitiators) to selectively photopolymerise a resin or a polymer [4]. The primary 

difference between them is the exposure approach. SLA relies on a laser to locally 

photopolymerise a voxel of material [4]; DLP uses light that is masked by a digital micromirror 

device (e.g. a projector) to cure selected area of each layer at once [4]; And, CAL is a recently 

developed approach based on vat photo-polymerisation that projects a series of 2D light images 

onto a volume of material from multiple angles [106, 107]. Therefore, CAL vastly reduces the 

build time to several orders of magnitude faster than the layer-by-layer approaches (~30 – 120 

s for centimetre-scale objects) [106].  

As this technology offers a faster print speed [106, 108] and permits the creation of 

complex features with ease at superior resolution (10 – 100 µm range) compared to extrusion-

based printing [2], photolithography becomes increasingly used in soft material fabrication [2]. 

However, numerous limitations of the technology have been reported. First, the technology is 

limited by the material choices of photocurable resin or acrylate-based hydrogels [109]. Only 

a few acrylate-based polymers are commercially available. And it is known that acrylate-based 



  1.4    Overview of 3D printing strategies 
  

15 

 

hydrogels tend to shrink during photo-polymerisation [110], which may diminish the 

dimension accuracy. Second, using photolithography to fabricate complex multi-material 

objects is not straightforward as the system cannot easily switch between different materials 

during fabrication, as opposed to extrusion-based printing [2, 10]. However, it should be noted 

that recent studies have proposed the use of a microfluidic masking device [111] or a platform 

with multi-material puddles [112] to fabricate heterogeneous objects. Finally, the use of 

photoinitiators and UV light irradiation may potentially induce cell cytotoxicity, which might 

limit its versatility in tissue engineering applications [113].   

 

1.4.2 Ink-based approach 

Inkjet printing 

In inkjet printing, soft materials are deposited in a similar way as the method used in desktop 

inkjet printers, where liquid inside the nozzle is broken into droplets by thermal or acoustic 

force, followed by the ejection of droplets onto a substrate via a drop-by-drop mechanism rather 

than as continuous filaments (Figure 1.5c) [4, 6, 8, 104]. The droplet size depends on the ink 

properties (e.g. density, viscosity and surface tension), the nozzle diameter and the velocity of 

the ejected droplets [4]. For instance, satellite droplets may form if surface tension between the 

ink and the substrate is too high, and splashing may occur if ejection is at a high velocity, 

diminishing the print fidelity [4]. The key characteristics of inkjet printing are its high 

throughput, low cost and non-contact nature, therefore droplets on the substrate will not be 

deformed by the movement of the printhead [114]. However, the technology is in general not 

suited for dispensing high viscosity (> 30 mPa/s [114]) or high cell density solution (> 106 

cells/ml [8]) because of its weak ejection force.  

 

Extrusion-based printing 

Fused deposition modelling (FDM) is the earliest form of extrusion-based printing, where a 

continuous thermoplastic filament is fed through an extruder heated to a temperature above its 

glass transition temperature during printing and the filament is solidified once it is deposited 

onto a substrate (Figure 1.5d.i) [4]. Compared with FDM, Direct Ink Writing (DIW, also 

referred to as robocasting), another extrusion-based method, allows fabrication of inks with 

broad range of viscosity (30 mPa/s to > 6 x 107 mPa/s [8], i.e. aqueous or paste-like ink) through 

a pneumatic or mechanical (piston or screw) dispensing systems (Figure 1.5d.ii) [3, 4, 6, 8].  
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Of the different printing technologies, extrusion-printing is the most popular method for 

printing hydrogels or other soft materials [2, 3, 8, 10] due to its flexibility, low cost, ease of 

use and compatibility with a wide variety of materials [4, 8, 115]. However, the technology is 

burdened by several drawbacks, including slow print speed and inferior print resolution, which 

strongly relies on the ink properties and process parameters (e.g. printing speed, extrusion 

flowrate, nozzle size and nozzle-to-substrate distance) [2, 4, 116, 117].  

In my research work, I chose direct ink writing as the fabrication approach because of 

its facile use and popularity. Below sections discuss the recent advances in extrusion-based 

printing for architecting soft materials. 

 

1.5    Embedded 3D extrusion printing 

Despite direct ink writing (DIW) is compatible with a broad variety of soft materials (e.g. 

hydrogels and elastomer) [4], soft materials in general do not exhibit sufficient mechanical 

rigidity for supporting their own weight. Therefore, they tend to collapse or sag when printing 

them in air [3, 118, 119]. As demonstrated in Figure 1.6a, the sagging issue greatly diminishes 

the print fidelity, prohibiting the printing of thick and geometrically complex structures [119]. 

To overcome this issue, a new class of printing approach termed embedded 3D extrusion 

printing has emerged for freeform fabrication of soft materials [3]. Unlike conventional in-air 

printing, embedded printing involves printing inks inside a bath of ‘sacrificial’ material that 

serves as a support bath during printing and crosslinking (Figure 1.6b) [120]. Depending on 

the ink properties, the printed structures can be crosslinked via various mechanisms (see Figure 

1.7, crosslinking method), including thermal- and photo-crosslinking, and methods involved 

crosslinking agents (such as pH, enzymatic, ionic and chemical crosslinkers). The crosslinking 

agents can be mixed with the support bath, such that the gelation process of the extruded ink 

can be immediately initiated after injection, for example, adding a CaCl2 solution to the bath 

can facilitate the crosslinking of the printed alginate ink [121]. After printing, the support bath 

(also called the matrix) can be either removed or kept in place as a permanent support (Figure 

1.6b) [120]. 
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Figure 1.6| Comparison between in-air and embedded 3D extrusion printing. a) 

Pictures showing the sagging issue in conventional in -air 3D printing. b) Schematic 

showing the embedded 3D printing process.  Adapted from [120]. 

 

 

 

 

Figure 1.7| Overview of embedded printing technology. The figure depicts the 

instability factors occurred during the printing process, types of support bath materials 

developed in literature and the crosslinking methods of soft materials. 
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The method of embedded printing not only enables fabrications of limitless shapes for 

better biomimicry (e.g. overhanging and tree-like vascular structures [122, 123]), but also 

provides prolonged crosslinking of slow-gelling soft materials to solidify before they collapse 

due to gravity [124]. In contrast to traditional in-air printing where gelation is difficult to be 

initiated at ink-air interfaces, embedded printing allows a broad range gelation mechanism by 

leveraging the ink-bath interface [121]. Regarding cell printing, support baths with aqueous 

phases of culture media can provide nutrients to cells, therefore preventing cells from 

dehydrating during printing, which commonly happens in in-air printing [121, 125]. The use 

of support baths also bypasses the need for a perfectly level platform, which is a crucial 

prerequisite in in-air printing and involves tedious operation [121]. The following sections 

thematically review the requirements on the bath and the ink properties for a successful 

embedded printing process, the potential instabilities occurred during embedded printing and 

the development of support baths in literature (Figure 1.7).   

 

1.5.1 General requirements of support bath and ink 

The rheological properties of the support bath and the ink play a crucial role in embedded 

printing process. In general, the ink materials should exhibit shear-thinning behaviour as this 

allows the flow of materials under extrusion force [8, 126] (see Figure 1.8a for typical flow 

curves of different types of materials). Furthermore, the support bath should act like a 

Bingham plastic (Newtonian) or a Bingham pseudoplastic (shear-thinning) that exhibits a yield 

stress, τy,bath [52, 121, 126]. At rest, the Bingham support bath should behave as a rigid elastic 

body. When the shear stress caused by the nozzle translation is larger than τy,bath, the bath should 

turn into a viscous fluid, allowing the nozzle to move freely across the bath [52, 97, 123, 124, 

126, 127]. After the nozzle departs and the applied shear stress drops, the support bath should 

revert to a solid-like behaviour, trapping the extruded ink in place till the printing is complete 

and the ink is crosslinked [122, 124].  

Apart from the yield stress characteristics, a universal support bath should be easy to 

remove by means of a sol-gel transition property, transparent for visualisation and photo-

crosslinking, and compatible with one or more gelation mechanisms, that is, insensitive to 

either pH, temperature, enzyme or ionic strength [96].  
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Figure 1.8| Rheological properties of materials.  a) Flow curve of different types of 

materials. The rheology of Bingham plastic materials can be described by  Herschel-

Bulkley model, where τ = shear stress, 𝜏𝑦 = yield stress, �̇� = shear rate, 𝑛 = flow index 

with 𝑛 < 1 indicates shear-thinning, and 𝑘 = consistency index. b) The characteristics of 

the storage modulus and the loss modulus of solid-like and liquid-like fluids. Determined 

by oscillatory shear measurements, storage modulus (also called elastic modulus,  G’) is 

a measure of the elastic behaviour of a viscoelastic material, whereas loss modulus ( also 

called viscous modulus, G”) represents the viscous part of the material.  

 

 

1.5.2 Instabilities caused by the mismatch properties between the ink and the 

bath  

In addition to the above prerequisites, embedded printing is generally a race against instabilities 

[122]. Several forces, such as gravity, viscous force and interfacial tension between the ink and 

the bath, will detrimentally change the shape of the printed object over time until the object is 

crosslinked [120, 122]. Recent studies have suggested that the storage modulus, G’bath, and the 

yield stress, τy,bath, of the bath should be approximately an order of magnitude less than those 

of the ink, G’ink and τy,ink, to mitigate instabilities [126, 128] (see definition of storage modulus 

in Figure 1.8b). Below summarises the common instabilities that affect the print fidelity, 

namely 1) recirculating wake, 2) gravity, 3) interfacial tension, 4) crevasses, 5) dragging, and 

6) swelling, and their potential solutions (Figure 1.7).  
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1. Recirculating wake 

Nozzle translation through a support bath could induce stress fields and create recirculating 

zones at the vicinity of the nozzle. This in turn yields and displaces the printed features [120, 

126]. This problem usually happens when the yield stress of the bath, τy,bath, is too low [126] 

and when the nozzle translation speed is too fast. Using small diameter nozzles and increasing 

the viscosities of the ink and the bath can avoid the instability [120].  

 

2. Gravity 

Gravity causes the printed features to sag when the storage modulus of the bath, G’bath, is not 

sufficiently enough to support the weight of the embedded ink [126]. Apart from using a 

support bath that has a sufficiently high G’bath, the problem can be alleviated by matching the 

densities of the ink and the bath to reduce the buoyancy difference [120, 126].  

 

3. Interfacial tension 

Interfacial instability (also known as Plateau-Rayleigh instability) usually occurs in two-phase 

(aqueous-oil) systems, where the stresses generated by interfacial tension are larger than the 

yield stress of the bath (Equation 1.1), causing the printed features to break up [97, 120, 123]. 

Breaking of the printed features can also happen when G’ink  is much lower than G’bath [126].  

 

γ

l
> τy,bath (1.1) 

where γ is the interfacial tension, l is the printed feature diameter and 𝜏𝑦,𝑏𝑎𝑡ℎ is the yield 

stress of the bath. 
 

The instability induced by interfacial tension can be mitigated 1) by increasing the 

viscosities of the ink and the bath [129], 2) by the use of surfactants (e.g. Pluronic F127, Tween, 

SDS and nanoparticles) to lower the interfacial tension, or 3) by shortening the print time using 

a faster print speed. In addition, low aspect ratio printing paths (e.g. rectilinear pattern) are 

preferred against high aspect ratio printing path (e.g. concentric pattern) as this reduces the 

Laplace pressure between the ink filament and the bath during printing (Figure 1.9a).     
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Figure 1.9| a) Pictures depicting the printing paths of rectilinear and concentric patterns. 

b) Schematic showing that the use of a fluid filler to fill the crevasse induced  by nozzle 

translation through the bath. Reproduced from [43]. 

 

4. Crevasses 

Crevasses refer to the voids induced by the nozzle when translating through the bath. Transient 

crevasses emerge when the nozzle translation speed is high, while static crevasses arise when 

τy,bath is larger than the hydrostatic pressure at the depth of the nozzle (Equation 1.2) [120, 130]. 

As a consequence, the extruded inks flow upward through the crevasses due to capillary action, 

greatly diminishing the print fidelity.  
 

τy,bath >  ρgh (1.2) 

where 𝜌 is the density of the bath, g is the gravitational acceleration and h is the depth 

of the nozzle in the bath.  

Several studies have suggested the use of thixotropic baths to avoid this problem [96, 

99, 126]. Thixotropy refers to a time-dependent viscosity recovery behaviour, that is, the 

viscosity of the bath does not immediately recover after the applied force is removed, 

facilitating the flow of the bath [126]. Ideally, the thixotropic recovery time of the bath should 

not be too long as a long recovery time might increase the risk of the formation of recirculating 

wake [122]. Alternatively, the problem can be solved by adding a low viscosity fluid filler on 

top of the bath to readily fill the voids during printing (Figure 1.9b) [43, 131]. However, this 

method might not be suited for printing three-dimensional objects.  
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5. Dragging 

Dragging of ink happens when G’ink and the ink viscosity are too large, compared to the storage 

modulus, G’bath, and the viscosity of the bath [126, 129]. Slowing down the crosslinking rate of 

the embedded ink may avoid the problem as a fast-crosslinking leads to a rapid increase in the 

ink viscosity and G’ink. 

 

6. Swelling/shrinkage behaviour  

Swelling or shrinking of the printed features is associated with the osmolarity difference 

between the ink and the bath [129, 132] and the pH- or thermo-responsive swelling behaviour 

of hydrogels. Hydrogels are known to imbibe or expel water until an equilibrium is reached. 

The swelling problem can be overcome by utilising an oil-aqueous two-phase system to halt 

water transport between the bath and the ink (further discussed in Chapter 4) [97, 133–135]. 

In addition, printing can be carried out in less stimulating conditions to slow down the 

swelling/shrinking behaviours of pH- and thermo- sensitive inks.   

 

1.5.3 General rheological characteristics of the ink and the support bath 

This section summarises the above discussion on the rheological characteristics of the ink and 

the support bath.  

• The ink should be shear thinning for extrudability. 

• The support bath should be shear thinning and exhibits a yield stress (Bingham 

pseudoplastic) for smooth transition of nozzle inside the bath.  

• A rule of thumb suggested in literature: G’bath < 10 G’ink and τy,bath < 10 τy,ink 

• Recirculating wake problem occurs when τy,bath is too low.  

• Sagging occurs when G’bath  is too low .  

• Printed features bead up when G’ink  is much lower than G’bath and when 
𝛾

𝑙
> 𝜏𝑦,𝑏𝑎𝑡ℎ, 

where γ is the interfacial tension, l is the printed feature diameter 

• Static crevasses occur when 𝜏𝑦,𝑏𝑎𝑡ℎ >  𝜌𝑔ℎ, where 𝜌 is the density of the bath, g is 

the gravitational acceleration and h is the depth of the nozzle in the bath.  

• Dragging occurs when G’ink and the ink viscosity are much larger than G’bath, and the 

bath viscosity  
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1.5.4 Development in support baths for embedded 3D extrusion printing  

Since the development of embedded printing, four classes of support baths have been used in 

literature. They are 1) soft microspheres (e.g. gelatin slurry and Carbopol), 2) guest-host 

hydrogel, 3) colloidal gels (e.g. Laponite® and fumed silica) and 4) gels in different phase to 

the ink (Figure 1.7). Table 1.3 provides a detailed comparison of the existing support baths in 

literature, highlighting their removal methods, achievable resolution, tested inks, as well as 

their features and limitations.  

 

1. Soft microspheres 

Soft microspheres are the major class of support baths used in literature. In this class, the 

microsphere size plays a crucial role in feature resolution as the feature dimension is 

theoretically limited by the microsphere size [122, 128]. A wide variety of soft microspheres 

with different microsphere sizes has been developed for this application (Figure 1.10a). 

 

1. Gelatin microspheres 

Gelatin slurry [52, 136], also known as the FRESH (freeform reversible embedded suspended 

hydrogel) method, is one of the most well-known methods in embedded printing. The method 

was first developed by Hinton et al. in 2015 (FRESH v1.0, Figure 1.10a.i), where a solid block 

of gelatin was blended into microspheres with a mean diameter of ~ 55 µm [52] and the resulted 

print resolution was ~200 µm. The work was followed by advancement by Lee et al. in 2019 

(FRESH v2.0, Figure 1.10a.ii), where print resolution was improved to ~20 µm using a 

complex coacervation approach to generate spherical gelatin microspheres with reduced 

polydispersity and smaller mean particle diameter of ~25 µm [136]. After printing and 

crosslinking, the gelatin slurry baths can be easily removed by melting it at ~37 oC [52, 136]. 

Low-cost, biocompatibility and thermo-reversibility are the key advantages of gelatin 

slurry [52]. While a wide variety of gelation mechanisms (i.e. pH, ionic and enzymatic 

crosslinking) and bioinks (i.e. alginate, fibrin, collagen I) are compatible with the gelatin slurry 

support baths, several shortcomings are noted. First, the preparation process of gelation slurry 

is relatively labour-intensive as gelatin slurry can only last for around a week. Second, the 

approach might not allow long-lasting support for inks that require long gelation above 37 oC 

[137], such as low concentration collagen, extracellular matrix (ECM) and PDMS. Third, the 

method is not compatible with inks that have gel-sol transitions at temperature around 37 oC, 

such as gelatin and low gelling temperature agarose [138].  



  1.5    Embedded 3D extrusion printing 
  

24 

 

Table 1.3| Support baths developed for embedded printing applications in literature. The references highlighted with * indicate key 

studies. Concentration is expressed as weight in volume percent (w/v%) unless specified . † denotes cell-laden bioinks. CMs:  

Cardiomyocytes, ECs: Endothelial cells, hSKMs: Human skeletal myoblasts, hMSCs:  Human mesenchymal stem cells, hESCs: Human embryonic 

stem cells, iPSCs : Induced pluripotent stem cells, hASCs: Human adipose-derived stem cells, NaAlg :  Sodium alginate, SWCNT: single-wall carbon 

nanotubes, MA: Methacrylated, PF127: pluronic F127, PF127-DA: Diacrylated pluronic F127, HA: hyaluronic acid, and Pt : platinum.  

 

Support baths Tested inks 
Compatible 

crosslinking methods 

Removal 

method 
Features Limitations 

Feature 

resolution 

(µm) 

Ref 

M
ic

ro
sp

h
er

es
 

Gelatin 

Blended 4.5% gelatin (type 

A) microspheres 

NaAlg, fibrinogen, collagen I, 

ECM
†
 

Ionic, enzymatic, pH, 

thermal  

Melt at 37oC 

 

Good viability  

with C2C12 [52, 

136, 139], 

MC3T3 [52],  

hMSC [140], 

human corneal 

keratocytes [141], 

hESC-derived 

CMs [136], 

human ventricular 

cardiac fibroblasts 

[136], hSKMs 

[57]); 
inexpensive; 

compatible with 

various 

crosslinking 

methods 

Labour-intensive 

preparation;  

Not allow 

prolonged 

crosslinking time 

at physiological 

temperature 

200 
[52]

* 

SWCNT-NaAlg-

nanofibrillated cellulose 
Ionic - [142] 

Oxidised MA- alginate
†
 UV - [140] 

carrot cells-NaAlg Ionic - [143] 

GelMA-PEDOT:PSS
†
 

Ionic, photo-

polymerisation 
- [139] 

Photocrosslinkable 

HA/calcium phosphate 
UV - [144] 

Blended microspheres of 

4.5% gelatin (type A) in 

sodium biocarbonate 

solution 

Glycol chitosan, PEG 

chitosan, collagen-chitosan 
pH, thermal 120 [145] 

Allevi gelatin microspheres NaAlg/MA-collagen I
†
 Ionic, pH, thermal - [141] 

2% gelatin (type B) in 50 

v/v% ethanol 

(coacervation) 

NaAlg, collagen I, MA-HA, 

fibrinogen
†
 

Ionic, enzymatic, pH, 

thermal 
20 

[136]
* 

NaAlg Ionic 250 [146] 

Blended microspheres of 

8% gelatin in 10% 

PVA/PBS  
ECM

†
 

Thermal, physical 

interaction with PVA 
300 [57] 

Blended 4.5% gelatin (type 

A) microspheres + 10% 

gelatin 

Xanthan gum Thermal (bath) Not removed - [147] 

Blended 4%gelatin type A  NaAlg Ionic 
Freeze, then  

melt at 37oC 
- [148] 

Carbopol 
0.2/0.7% Carbopol ETD 

2020 (10mM NaOH) 

Photocrosslinkable PVA, 

polyacrylamide, PEG, HA, 

NaAlg, PDMS, Collagen I, 

cell pellets
†
 

UV, pH  
Gentle 

agitation 

Excellent 

transparency; 

thermal stability; 

Easy preparation; 

Sensitive to pH 

and ionic 

strength 

Single cell 

width 
[122]

* 
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Support baths Tested inks 
Compatible 

crosslinking methods 

Removal 

method 
Features Limitations 

Feature 

resolution 

(µm) 

Ref 

0.9% Carbopol ETD 2020 

(pH 7.4) 
Cell pellets

†
 - Not removed 

Good viability 

(>85%) with 

MCF10A,  

MDCK, MS1, 

HAEC endothelial 

cells, HuH-7 

hepatocytes, 

CTLL-2 killer T-

cells, MSCs, 

A375, MCF7, 

PC3, primary 

osteosarcoma 

[149], HUVECs 

[150], CMs [150], 

cardiac fibroblasts 

[150] 

~100 [149] 

0.2% Carbopol ETD 2020 

(10mM NaOH) 
PEG, PEGDA, PEG-acrylate UV Harvest 24 [130] 

0.8% Carbopol ETD 2020 

(pH 7) 
NaAlg/gelatin Thermal 

Rinse with 

0.9% NaCl  
- [151] 

0.1% Carbopol 980 (pH 7) 
Bacteria solution, naproxen 

solution 
Particle crystallisation 1M NaCl 300 [152] 

M
ic

ro
sp

h
er

es
 

0.2% Carbopol ETD 2020 

(10mM NaOH)-

acrylamide-PPEGDA400 

Emulsion of silicone oil-water 

with Tween20 
UV Peeling off - [153] 

1% Carbopol ETD 2020 

(pH 7) 
GelMA/NaAlg† UV 

Rinse with 

DPBS 
100 [154] 

1.8% Carbopol ETD 2020 

(pH 7) 
MA-tropoelastin/GelMA† UV 

Rinse with 

media or 

DPBS 

- [150] 

0.4% Carbopol ETD 2020 

(pH 7) 
GelMA UV 

Rinse with 

PBS 
~200 [155] 

Pluronic 

F127 

23% PF127 
NaAlg, PEGDA/NaAlg UV, ionic Liquefied at 

4oC 

Easy to remove; 

Good viability 

(<80%) with NIH-

3T3 [156] 

Cytotoxicity 

effect, potential 

crevasse 

formation 

100  [157] 

NaAlg ionic 50  [158] 

25% PF127-DA PF127-DA UV (bath) 
Liquefied at 

4oC 
200 [43] 

25% PF127/APS 
Graphene oxide/PF127, 

MWCNT/PF127 
Chemical 

Liquefied at 

10oC 
- [159] 

10% PF127-3% Laponite 

EP 
NaAlg† Ionic 

Rinse with 

1% cold NaCl  
- [156] 

Alginate 

 

Blended 

photocrosslinkable NaAlg 

microspheres  
Cell pellet† - 

Agitation or 

spontaneous 

degradation 

Allow long-term 

culture (>4 wks); 

Good viability 

with hMSCs 

Complex 

preparation 

method  

300 [160] 

Homogenised 0.32% 

NaAlg microsphere in 1% 

xanthan gum  
ECM† Thermal 

Degraded by 

alginate lyase 

Transparent. 

Good viability 

(>95%) with 

iPSCS-derived 

CMs and ECs 

- - 
[137]

* 

Agarose 0.5% agarose fluid gel 

Gellan gum/Hydroxyapatite Thermal Harvest Non-ionic; Good 

stability against 

ionic strength; 

Unsuitable for 

detailed structure 

[124] 

- [163] 

Gellan gum, collagen, I-

carrageenan, NaAlg 
Thermal, ionic 

Gentle 

agitation 
- [119] 



  1.5    Embedded 3D extrusion printing 
  

26 

 

 

Support baths Tested inks 
Compatible 

crosslinking methods 

Removal 

method 
Features Limitations 

Feature 

resolution 

(µm) 

Ref 

Gellan gum†, laponite/gellan 

gum† 
Thermal, ionic 

Rinse with 

HBSS 

allow long-term 

culture; Good 

viability with 

C2C12 [161] and  

hASCs [162]  

250 [161] 

Platelet lysate/cellulose 

nanocrystals†, NaAlg†, 

GelMA† 

Thermal, ionic, UV 
Rinse with 

PBS 
100 [162] 

Blended 1% agarose 

microsphere  

NaAlg, collagen, GelMA, 

GelMA -matrigel-fibronectin† 
Thermal, ionic, UV Gentle rinsing - [164] 

Gellan gum 
Fragmented 0.5/1% gellan 

gum fluid gel 

NaAlg, PEGDA, gellan gum-

gelatin† 

Ionic, UV, Thermal, 

enzymatic 

Gentle 

agitation 

Enable various 

gelation 

mechanisms; 

Good viability 

with NIH-3T3 

Not suitable for 

low MW inks 
- [124] 

Organogel 
SEP-SEPS copolymer in 

mineral oil 

UV-curing silicone elastomer, 

RTV silicone elastomer 
UV 

Rinse with 

soapy water 

Allow printing of 

resin inks 

Not 

cytocompatible 
30 

[123]

* 

G
u

es
t-

h
o

st
 

Hyaluronic 

acid (HA) 

Guest-host HA 
Ad-HA†, methacrylate HA UV  Rinse with 

2% β-

cyclodextrin  

Rinse with 

2% β-

cyclodextrin 

Rapid self-

healing. Good 

viability (>90%) 

with NIH-3T3 and 

hMSCs [31]) 

Require chemical 

modification 

35 [31]* 

Agarose, HA microgels Thermal, UV ~350 [165] 

RGD modified guest-host 

HA with protease-

degradable crosslinker 

Guest-host HA UV (bath) - [166] 

C
o

ll
o

id
a

l 
g

el
s 

Laponite 

4% Laponite EP NaAlg, gelatin†, SU-8 Ionic, thermal, UV 

Rinse with 

0.9% NaCl  

High yield-stress; 

Suitable for ionic, 

thermal and photo 

crosslinking; 

Good viability 

with NIH-3T3 

[96, 156, 167],  

normal human 

dermal fibroblast 

[138] 

Not compatible 

with high ionic 

strength 

crosslinking 

agents 

- [96]* 

2% Laponite EP NaAlg/gelatin† thermal 100 [167] 

5% Laponite EP NaAlg/gelatin† Ionic, thermal, - [138] 

3% Laponite XLG NaAlg Ionic Harvest 290 [46] 

2.5% Laponite XLG-

50v/v% PEG 
Silk fibroin 

Ion-dipole interaction, 

interpenetrating 

network with PEG 

Rinse with 

PBS 
100 [127] 

3% Laponite EP-10% 

PF127 
NaAlg† Ionic 

Rinse with 

1% cold NaCl  
- [156] 

Fumed 

silica 

6% fumed silica in mineral 

oil 
PDMS, SU-8 Thermal, UV, chemical 

Rinse with 

water 
High yield-stress; 

Suitable for ionic, 

thermal and photo 

crosslinking; 

Not 

cyocompatible 

30 [168] 

3% fumed silica in silicone 

oil 
Electro 225-1, Ecoflex, PDMS UV, chemical 

Clean with 

acetone 
- 

[169]
* 

P
h

a
se

 

d
if

fe
re

n

ce
 

sy
st

em
s 

Carbopol 

1.2% Carbopol 940 (10mM 

NaOH) 
PDMS Thermal, chemical 

Rinse with 

10x PBS 
Good thermal 

stability; High 

transparency; 

Easy to prepare 

Poor fusion 

between printed 

filaments; 

Interfacial 

140 [97]* 

1.2% Carbopol 940 

(10mM NaOH) 

Photocrosslinkable 

bioelastomer 
UV 

Rinse with 

PBS 
- [170] 
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Support baths Tested inks 
Compatible 

crosslinking methods 

Removal 

method 
Features Limitations 

Feature 

resolution 

(µm) 

Ref 

0.2% Carbopol 940 (pH 7) PDMS, epoxy Thermal, chemical 

Harvest, 

Rinse with 

water 

tension between 

the ink and the 

bath may damage 

the printed 

feature 

- [171] 

0.01% Carbopol 940  

(pH 7) 
PDMS Thermal, chemical 

Harvest, 

Rinse with 

water 

- [172] 

0.5% Carbopol 940 

(pH 7) 

Urethane, epoxy, silicones, 

UV curable resin 
UV, chemical Harvest - [173] 

Fluoro-

carbon 

Perfluorotributylamine 

(FC-43) 
Agarose†, NaAlg† Thermal, ionic Harvest 

Inert, transparent, 

high buoyant, 

readily available 

material;  

Low resolution 

570 [133] 

Perfluorotributylamine Agarose† Thermal Harvest 575 [135] 

Polytetrafluoroethylene 

microparticles 
Bacteria cellulose nanofibres Ionic 

Wash with 

DIW 
500 [134] 

Fumed 

silica 

1:1 wt SE1700:PDMS PF127 - Not removed 

Transparent, good 

thermal stability 

Unknown cell 

toxicity effect 

- [126] 

1:1 wt SE1700:PDMS PF127, Pt-filled PF127-DA 
Thermal, chemical 

(bath) 
Not removed 50 

[174]

* 

1:12:12 fumed silica: 

PDMS:silicone oil 
Silver nitrate-PVA 

Thermal, chemical 

(bath) 
Not removed 300 [152] 

PEO 5% PEO (8M Da) PAA-dextran†, PVA Freeze-thaw Not removed 
Low bath-ink 

interfacial tension 

Limited choices 

of aqueous 2-

phase systems 

200 [129] 

Low 

viscosity 

Liquid 

media 

Water, Methanol, ethanol, 

isopropanol 

PDMS, ecoflex, RTV silicone 

rubbers 
Thermal, chemical 

Harvest, by 

evaporation 

Simple; 

Commercially 

available 

materials 

Limit to 2D 

patterning 
65 [175] 

Ecoflex 
Ecoflex (SLO-JO and THI-

VEX) 
PF127 

Thermal, chemical 

(bath) 
Not removed 

Stretchable 

elastomer 

Not 

cytocompatible 
- [99] 

O
th

er
s 

Ecoflex 
Ecoflex (SLO-JO and THI-

VEX) 
Carbon grease 

Thermal, chemical 

(bath) 
Not removed 

Stretchable 

elastomer 

Not 

cytocompatible 
- 

[131]

* 

HA Bisphosphonate-HAꞏCa2+ 
Photocrosslinkable 

Bisphosphonate-HAꞏCa2+† 
UV 

Acidified PBS  

(pH 5) 

Good viability 

with ASC/TERT1 

cells 

Acidic removal 

medium, pH-

sensitive 

- [118] 

Xanthan 

gum 

1.5% xanthan gum/0.5% 

MA-XG† 
NaAlg Ionic, UV Dilution  

Low cost, easy to 

prepare; Good 

viability with 

L929 

No liquefication 

mechanism for 

removal 

350 [176] 
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Figure 1.10| Selected examples of support baths used for embedded printing in 

literature. A) Soft microsphere support bath. A.i) An alginate arterial tree embedded 

in gelatin slurry (FRESH v.1.0) [52], a.ii) a collagen heart printed by FRESH v.2.0 [136], 

a.iii) a PVA octopus embedded in Carbopol [122], a.iv) an alginate construct embedded 

in Pluronic F127 support bath [158], a.v) a heart made of extracellular matrix embedded 

in a support bath composed of alginate microspheres and xanthan gum [137], and a.vi) 

silicone elastomers printed in oil-based organogels [123]. B) Guest-host system of 

hyaluronic acid hydrogels [31]. C) Colloidal gel  support bath. C.i) A photopolymerisable 

SU-8 resin embedded in a Laponite® support bath [96], and c.ii) a PDMS gecko printed 

in fumed silica-silicone oil bath [169]. D) Phase difference systems. D.i) Printing of 

bacterial cellulose ink with the use of polytetrafluoroethylene (PTFE) microparticles as 

the solid matrix [134], and d.ii) an aqueous two-phase system composed of PAA-dextran 

as the ink and PEO as the bath [129]. Scale bars, (a.i) 2.5 mm, (a.v) 0.5 cm, (b) 200  µm, 

(c.i) 200 µm, (d.i) 500 µm and (d.ii) 1 cm. Reproduced from [31, 52, 169, 96, 122, 123, 

129, 134, 136, 137, 158]. 
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2. Carbopol 

Widely used as a thickening agent in cosmetic industry, Carbopol is a jammed microgels of 

crosslinked high molecular weight poly(acrylic acid) that swells maximally at pH ~ 7 [122, 

151, 152]. Like other support baths, Carbopol exhibits a yield stress, enabling jamming-

unjamming transitions upon needle translation [122]. Among different types of Carbopol, 

Carbopol ETD  2020 is  most used for embedded  printing. A wide range  of applications has 

been reported with Carbopol as support materials. For example, it has been shown that 

Carbopol allows high speed (~1 m/s) embedded printing of suspended features with high 

fidelity (24 µm) [130], cell printing with good viability [149], embedded droplet printing for 

monitoring chemical reactions and biological assays [152] and many more (see Table 1.3).  

The key merits of Carbopol are its high transparency for photo-polymerisation (Figure 

1.10a.iiii), thermal stability, easy preparation method, low cost and small microgel diameter of 

~7 µm [121, 122]. In addition, the printed features can be readily released by adding an 

electrolyte (e.g. PBS and NaCl solutions), which de-swells and fluidises the microgel 

suspension [97, 151, 152]. However, as Carbopol microgel size is highly sensitive to pH and 

ionic strength [152], Carbopol is incompatible with inks that require ionic gelation mechanism 

[124], such as alginate.  

 

3. Pluronic F127 polymeric micelles 

Pluronic F127, also known as poloxamer 407, is a triblock copolymer arranged in a 

poly(ethylene oxide)-poly(propylene)-poly(ethylene oxide) configuration [43]. The material is 

well-known for its thermo-reversible sol-gel transition behaviour. As discussed above, at 

ambient temperature and above its critical micelle concentration (CMC ~ 21 wt%), Pluronic 

F127 self-assembles into micelles and forms a physical gel [43]. Although the material is more 

notable for its use as sacrificial inks (discussed in Section 1.6), a few studies have reported its 

ability as support baths (Figure 1.10a.iv) [43, 157, 158]. The printed features can be easily 

released from the bath by cooling to 4 oC [157, 158].  

Though a high print resolution (~50 µm [158]) is achievable with Pluronic F127, its 

capacity as sacrificial baths is limited by several limitations. Firstly, the material lacks 

sufficient storage modulus for long printing process [156], and secondly, it exhibits a high yield 

stress that might lead to the formation of crevasses [43], though it should be noted that studies 

have addressed this problem by employing a fluid filler (Figure 1.9) [43] or incorporating 



  1.5    Embedded 3D extrusion printing 
  

30 

 

Laponite® nanoclay into Pluronic F127 bath that results in a thixotropic support bath with 

reduced yield stress and increased G’ [156].  

 

4. Other hydrogel-based microspheres 

In addition to the above hydrogels, several studies have established support baths made of 

jammed microspheres of alginate (Figure 1.10a.v) [137, 160], agarose [119, 163] and gellan 

gum [124], which were produced by either homogenisation [137], shear induction during sol-

gel transition [119, 163] or fragmentation with a mesh [124], respectively. With respect to their 

removal methods, alginate microspheres can be easily fluidised by adding alginate lyase [137] 

or EDTA, whereas agarose and gellan gum microspheres do not exhibit a sol-gel transition in 

mild conditions, hence gentle agitation was used to release the printed objects [119, 124, 163] 

which could be problematic for releasing very soft gels.  

 

5. Oil-based organogels 

Akin to the above aqueous systems, an oil-based organogel support bath (Figure 1.10a.vi) has 

been developed for embedded printing complex features of resins, including a RTV (room 

temperature vulcanizing) silicone elastomer and UV-curing silicone elastomers [123]. The 

organogels (gel composed of organic phase) were prepared from a mixture of 2.25 wt% SEP 

(styrene-ethylene/propylene) copolymers, 2.25 wt% SEBS (styrene-ethylene/butylene-styrene) 

copolymer and 95.5 wt% mineral oil, which self-assembles into organogel particles [123]. The 

bath is transparent with granular size of ~ 2 – 4 µm, and undergoes gel-sol transition at a 

temperature above ~ 60oC [123]. High fidelity with print resolution ~30 µm has been 

demonstrated [123]. As mineral oils and silicone oils are immiscible, a disadvantage of this 

approach is that the support material can be presented inside the voids of the printed structures 

of silicone elastomers, causing poor adhesion between layers [169].  

 

2. Guest-host hydrogels  

The use of guest-host supramolecular hydrogels as support baths was established by Highley 

et al. in 2015 [31], which is one of the earliest works in embedded printing (Figure 1.10b). In 

the work, hyaluronic acid (HA) was modified with either adamantane (Ad) or β-cyclodextrin 

(β-CD) (Ad-HA and CD-HA) [31]. Upon mixing Ad-HA and CD-HA, supramolecular 
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hydrogels form because of the guest-host bonds between Ad and β-CD moieties [31]. The 

resulted hydrogels act like a yield-stress material and have a shear-thinning property [31]. 

Printed structures can be easily released from the support bath by adding a β-CD solution to 

disrupt the guest-host bonds, as β-CD competes with CD-HA to bind with Ad-HA [31].  

The widespread utilisation of this support bath is greatly limited by several 

shortcomings. First, the materials were prepared via chemical modification, which involves 

toxic solvents [118], and is labour-intensive for large-scale production [176]. Second, the need 

for Ad and β-CD moieties to form supramolecular hydrogels may limit the material choice 

[156]. Third, the highly hydrophobic AD moieties [118] may compromise the hydrophilicity 

of the bath.  

 

3. Colloidal gels  

Colloidal gels are physical gels formed by aggregation of sub-micron particles, leading to a 3D 

self-assembly network in a continuous medium phase [177]. Laponite® [46, 96, 127, 138, 156, 

167] and fumed silica support baths [126, 152, 168, 169, 174] are the paradigms of this class 

of support baths (Figure 1.10c). Both of them are classic rheology modifiers used in personal 

care products and paints. The common advantages of this class of material are their simple 

preparation methods (just by dispersing the particles in a medium), highly thixotropic 

properties which prevent the formation of crevasses [96] and inexpensive [156]. The 

transparency of colloidal gels depends on its particle size and concentration. 

 

1. Laponite® 

Well-known for its potential drug delivery applications, Laponite® is a disk-shaped synthetic 

nanoclay (~25 nm in diameter and ~1 nm in height) with low polydispersity, and has an 

empirical formula of Na+
0.7[(Si8Mg5.5Li0.3)O20(OH)4]

-0.7 [96, 178]. When dispersed in aqueous 

solutions, the Na+ ions and the OH- ions at the edges of the crystals dissociate, and the particles 

readily self-assemble to a ‘house-of-cards’ arrangement, forming a transparent colloidal gel 

that behaves as a yield-stress material (Figure 1.10c.i) [96, 178]. Under a stress condition 

caused by a translating needle through the Laponite® support bath, the localised ‘house-of-

cards’ arrangement is disrupted, but then rapidly recovers to trap the printed ink upon departure 

of the needle tip [96]. 



  1.5    Embedded 3D extrusion printing 
  

32 

 

Laponite® bath can be easily fluidised to release the printed features by adding ionic 

solutions, such as NaCl [96, 156] or CaCl2 [138], because this alters the ‘house-of-cards’ 

arrangement [96]. In addition, improved ease of removal can be obtained by combining 

Laponite® with Pluronic F127 to yield a thermo-responsive bath [156]. Several grades of 

Laponite® have been used in literature, including Laponite®-RDS (general grade) [156], 

Laponite®-XLG (good biocompatibility with cells due to its low level of heavy metals [178]) 

[46, 127] and Laponite®-EP (organically modified with reduced ionic strength sensitivity so 

that the gel is compatible with ionic gelation mechanisms) [96, 138, 167]. Features at ~ 100 

µm resolution can be achieved with this support bath [127, 167]. The key advantages of 

Laponite® are its non-cytotoxicity and good compatibility with photo- and thermal gelation 

mechanisms [96, 138], however the material is not suited when crosslinkers with high strength 

are required. 

 

2. Fumed silica  

Fumed silica is spherical-like shaped particles with a diameter of ~20 nm [126]. Fumed silica 

or SE 1700 (a 20 wt% fumed silica-filled PDMS) are usually used in oil-based embedded 

printing systems [126, 152, 168, 169, 174]. When an oil-based medium is supplemented with 

fumed silica, a 3D network forms due to Van der Waals force [168], yielding a thixotropic gel 

that exhibits suitable storage modulus and yield stress for embedded printing [126]. Mineral 

oil and silicone-based oils (e.g. silicone oil and PDMS) were the common dispersion media 

used in literature for two general usages. First, suspensions of fumed silica in mineral oil or 

silicone oil can be used for embedded printing elastomers, such as PDMS and UV curable 

elastomers, where the printed objects were cured and collected after printing (Figure 1.10c.ii) 

[168, 169]. Using silicone oil as the dispersion medium here might be more superior than 

mineral oil as it solves the issue of poor fusion between layers of printed structures [169]. 

Second, fumed silica-PDMS baths can be used for embedded printing sacrificial inks or 

functional inks, where the bath was cured as a permanent structure after printing [174] or was 

not removed for long-term study [126, 152].  

Features with resolution of ~30 µm were achievable with this system. In addition, its 

non-toxicity, good transparency and excellent thermal stability make it suitable for UV and 

thermal curing [168, 179]. Thus far, fumed silica has not been incorporated in aqueous 
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embedded printing systems, and its capacity for printing cell-laden bioinks is yet to be 

investigated.  

 

4. Phase difference systems 

Phase difference systems (Figure 1.10d) exploit the immiscibility or the mismatch between 

the ink and the bath phases to prohibit diffusion of small molecules [97] and swelling of 

hydrogels. These systems are especially beneficial for printing pH-responsive hydrogels that 

can swell tremendously in aqueous baths (Further discussed in Chapter 4). Notable examples 

of this class are printing PDMS or elastomers in aqueous Carbopol baths [97, 170–173] and 

printing hydrogels in hydrophobic and oxygen-permeable fluorocarbon-based baths (Figure 

1.10d.i) [133–135]. The former can be removed by adding an electrolyte solution [97], while 

the latter is chemically inert and does not exhibit a liquefying mechanism for removal.  

Several drawbacks of this approach are noted, including the cytotoxicity effect caused 

by the hydrophobic baths during printing, the poor fusion between layers and the high 

interfacial tension between phases, compromising the print resolution [97]. As reported, the 

resolution of this type of systems is ~500 µm [133, 134]. Recently, a study has solved the 

problem of high interfacial tension by employing an aqueous two-phase system comprised of 

PEO as the bath and PAA-dextran as the ink to yield a higher resolution (~ 200 µm) (Figure 

1.10d.ii) [129], however, it should be noted that aqueous two-phase systems only work with 

certain combinations of materials. 
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1.6    Printing with sacrificial inks 

Nature is replete with vascular systems, from blood and lymphatic vessels in human to the 

hydraulic vascular systems in sea stars for locomotion. There has been considerable interest in 

emulating these systems via biofabrication strategies [180]. In particular, vascular networks are 

essential for preventing hypoxia occurred in engineered biologic tissues. Several methods have 

been developed for producing vascular structures, including patterning of PDMS microfluidic 

devices using soft lithography [181], droplet-by-droplet assembly of spheroids [182], and the 

use of coaxial nozzles to produce tubular constructs [183, 184] (Figure 1.11). However, the 

capability of these methods is severely limited by their poor flexibility in producing complex 

vascular networks [132]. As an important step forward, a promising strategy that involves 

printing sacrificial (or fugitive) inks to produce temporary and removeable vasculature-like 

networks is emerged. The sacrificial inks can be printed either 1) in air then casted with a matrix 

material, 2) layer-by-layer in an alternating fashion with a permanent hydrogel ink, or 3) 

directly inside a support matrix (Figure 1.12). The surrounding matrix is then crosslinked, 

followed by the removal of the sacrificial ink to leave a hollow cavity inside the matrix [43]. 

Comparing to the layer-by-layer approach, casting and embedded printing methods allow direct 

creation of vasculature networks, therefore, reducing the fabrication time which are beneficial 

to systems that involve living cells. In addition, smooth, hierarchical and freeform structures 

with better biomimicry can be produced via embedded printing. Table 1.4 summarises the 

common sacrificial materials used in 3D extrusion printing.  
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Figure 1.11| Examples of conventional methods for producing vascular structures.  

a) Soft lithography to produce PDMS microfluidic devices. b) Kenzan method to 

assemble cell spheroids into microneedles. c) Coaxial dispensing to produce core-shell 

strands. Reproduced from [184–186]. 

 

 

 

Figure 1.12| Overview of sacrificial printing methods for producing vascular 

channel structures. a) In-air printing, followed by casting with a matrix material. b) 

Layer-by-layer printing.  c) Embedded printing of a sacrificial ink. Reproduced from [128, 

187, 188].  
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Table 1.4| Common sacrificial inks used in literature . The references highlighted with 

* indicate key studies. Concentration is expressed as weight in volume percent (w/v%); 
†

 denotes materials laden with cell. CMs: Cardiomyocytes, ECs:  Endothelial cells,  hMSCs :  

Human mesenchymal stem cells, hESCs : Human embryonic stem cells, iPSCs : Induced 

pluripotent stem cells ,  Res. : resolution,  HAMA : hyaluronic acid methacrylate, Ma : 

methacrylated, DCM:  dichloromethane, SPELA:  star poly(ethylene glycol-co-lactide) acrylate,  

DTT: dithiothreitol,  CNF:  cellulose nanofibers, PEGDMA : poly(ethylene glycol) 

dimethacrylate and PNIPAM : Poly(N-isopropylacrylamide).  

 
Sacrificial inks Matrix materials Removal method 

Fabrication 

approach 
Pros Cons 

Res. 

(µm) 
Ref. 

C
a

rb
o

h
y

d
ra

te
 g

la
ss

-b
a

se
d

 

Sucrose-glucose-

dextran 

PEGDA†, fibrin†, 
Matrigel†, alginate†, 

agarose† (10T1/2 cells 

laden) 

Dissolve in 

medium/water 

Casting 
Self- 

supporting 

material 

Require high 

temperature for 

printing and post-
printing coating 

due to its 

hydroscopic 

properties 

150 [189]* 

PDMS 
Dissolve in 

isopropanol 
300 [190] 

PDMS 

Dissolve in water 

 

150 [191] 

Sucrose-glucose PDMS, Agarose - [192] 

Sucrose-glucose-

CaCl2 
Alginate + CaCO3 - [45] 

Sucrose-corn syrup Ecoflex 200 [193] 

Glucose-fructose PDMS 1 [194] 

Isomalt 
Epoxy, agarose 250 [195] 

UV curable resin - [196] 

Maltitol PDMS - [197] 

P
lu

ro
n

ic
 F

1
2

7
 

38% PF127 Gelatin-fibrinogen 

Liquefy at 4oC or 

dissolve in water 

Casting 

Excellent 

printability 

Swelling of 

PF127 pattern 

due to large 

osmolarity 

difference; 
Potential 

cytotoxicity 

effect 

150 [76, 188]* 

25% PF127 + 1% 

PEO (8MDa) 
Gelatin-fibrinogen 20 [98] 

40% PF127 

GelMA 100 [132, 198]* 

Collagen-

microvascular cells† 
320 [199] 

Collagen 250 [200] 

HAMA 355 [201] 

30% PF127 Epoxy 330 [202] 

40% PF127 
Alginate MA-

hMSCs†, HAMA 
Layer-by-

layer 

- [203] 

40% PF127 ECM-MDA-MB-231† 500 [204] 

24.5% PF127 
GelMA- PF127 

monocarboxylate 
- [187] 

23% PF127 PF127 diacrylate 

Embedded 

200 [43] 

25% PF127 Ecoflex - [99] 

27% PF127 PDMS:SE1700 50 [174] 

G
el

a
ti

n
 

10% Gelatin-HUVEC† Collagen 

Liquefy at 37oC 

Layer-by-

layer 

Good cyto-

compatibility  
Lower resolution 

500 [205] 

7% Gelatin 
Collagen-dermal 

fibroblasts† 
200 [206] 

15% Gelatin-iPSC 

derived ECs† 

ECM-iPSC derived 

MCs† 
300 [137] 

15% Gelatin 

iPSC-derived 

Organoids/spheroids-

Matrigel-collagen Embedded 

400 [128]* 

5% Gelatin 
GelMA/HAMA-

MCF-7 or C2C12† 
- [201] 

A
g

a
ro

se
 2 – 8% agarose 

GelMA-MC3T3†, 

SPELA, PEGDMA, 

PEGDA Manual pulling or 

aspiration with 
vacuum 

Casting 

Good 
compatibility 

Limited to simple 
architecture 

150 [207]* 

Agarose Cell spheroids 
Layer-by-

layer 
900 [208] 

6% Agarose 
8% GelMA-

HepG2/C3A† 
Embedded 100 [209] 

W
a
x
 

Pressian blue paste Epoxy resin 

Liquefy at ~70 – 

80oC and remove 

under vacuum 

Casting 

Good 

resolution; 

Enable 

printing of 
thick network 

Potential 

cytotoxicity 

effect; High 

processing 
temperature 

10 [95] 

Petroleum jelly- wax Epoxy 10 [180, 210] 

Wax/mineral oil Epoxy 10 [202, 211] 

Wax-PF127/mineral 

oil 
Epoxy 100 [212] 

Paraffin wax PDMS 150 [213] 

Petroleum jelly- 

paraffin wax 
Cellulose 250 [214] 

O
th

er
s 

PEGDA-DTT-borax Fibrin, chitosan 
Dissolve in 

glucose medium  
Casting 

Sensitive to 

glucose 

Complex 

preparation 

method  

- [215] 

CNF-PNIPAM-PVA-

boronate ester 
GelMA 

Dissolve in 

glucose at ~30oC 
250 [44] 

6% Alginate-3% 

Laponite XLG 
Laponite EP-CaCl2 

Liquefy in sodium 

citrate solution 
Embedded - - 288 [46] 
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3.5% Alginate Ma-xanthan gum Dissolve in EDTA Embedded - - - [176] 

0.5% Xanthan gum  Gelatin slurry-gelatin Dissolve in water Embedded - 
Difficult to 

remove 
- [147] 

0.7% Carbopol ETD 

(pH 7.4) 
PDMS Dissolve in PBS 

Casting 

- - 180 [216] 

PVA PDMS Dissolve in water 

Simple 

fabrication 
method 

- 300 [217] 

ABS PDMS 
Dissolve in 

acetone 
Removal requires 

toxic solvents. 

Long removal 
process 

200 [218] 

PCL HAMA 
Dissolve in 

acetone and DCM 
- [201] 

 

 

Carbohydrate glass  

Carbohydrate glass (sugar glass) is an inexpensive and readily available material (Figure 

1.13a). The use of carbohydrate glass as sacrificial materials was first demonstrated by Miller 

et al. in 2012, where a mixture of sucrose, glucose and dextran was printed in air at 110 oC after 

boiling off most water content, resulted in a stiff, optical transparent and self-supporting lattice 

[189]. In the material formulation Miller adopted, glucose was used to prevent unstable 

recrystallisation of sucrose, whereas dextran mechanically reinforced the glass with enhanced 

elasticity [189, 191]. Apart from these, various types of sugar or sugar alcohol with different 

melting temperature and mechanical properties have been used for printing. They are fructose 

[194], maltitol [197], corn syrup [193, 219] and isomalt [195, 196] (see Table 1.4). These 

elegant carbohydrate lattices were shown to be castable in numerous materials, including 

agarose [189, 192, 195], alginate [45, 189], PEGDA [189], fibrin [189], Matrigel [189], PDMS 

[190–192, 194], epoxy [195], Ecoflex [193] and UV curable resin [196]. After crosslinking the 

matrix, the carbohydrate glass network can be dissolved by placing it in a water-based medium 

[189, 190, 195].  

A major drawback of carbohydrate glass is its extremely hygroscopic property, causing 

a rapid dissolution of lattices in water within seconds [195]. Therefore, an additional coating 

step of carbohydrate glass lattices, such as with a poly(D-lactide-co-glycolide) (PDLGA) [189] 

or polycaprolactone [195], is required prior to casting any water-based solution. The coating 

allows the dissolved carbohydrates flow through the channels instead of through the bulk of 

matrix [189], as such, avoiding potential osmotic damage and cytotoxicity caused by the high 

concentration of dissolved sugar [189]. Further, owing to its hygroscopicity, carbohydrate glass 

is not suitable for embedded printing application, though a study has shown that by 

incorporating a crosslinking agent (i.e. CaCl2) into the carbohydrate glass fugitive ink, the 

matrix (i.e. alginate) can be rapidly crosslinked without the need of coating [45]. In addition, 
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extrusion of carbohydrate glass requires high dispensing force and high heating temperature (> 

100oC) [220]. 

 

Pluronic F127  

Owing to its easy removal, superior printability and shear-thinning property at room 

temperature, Pluronic F127 has been a well-known fugitive material (Figure 1.13b). This 

method is pioneered by Lewis et al., who utilised the unique thermo-sensitive sol-gel transition 

of Pluronic F127 to form thermo-reversible gels that can be promptly liquified below its critical 

micelle temperature (CMT, > ~10 oC) [43]. Pluronic F127 is compatible with various 

fabrication procedures, for example, a self-supporting Pluronic F127 sacrificial template can 

first be printed, followed by matrix casting and crosslinking [76, 98, 132, 188, 198, 199, 201]. 

It can be deposited with the permanent material layer-by-layer in an alternating fashion [187, 

203, 204] or embedded printed inside a supportive matrix [43, 99, 126, 174]. Pluronic F127 

not only can incorporate with water-based matrices (i.e. GelMA-based matrices), but also oil-

based matrices (i.e. epoxy [202], Ecoflex [99] and PDMS/SE 1700 [126, 174]) due to its 

viscous and amphiphilic characteristics reducing the interfacial tension. In addition, 

crosslinking agents can be mixed with Pluronic F127 to facilitate the crosslinking of the matrix, 

such as mixing with thrombin for crosslinking fibrinogen-based matrix [188] or with CaCl2 for 

crosslinking alginate matrix [200]. This approach has been used to produce thick and 

vascularised tissues, which has thickness > 1 cm and can be perfused over long time (> 6 weeks) 

[76]. 
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Figure 1.13| Selected examples of sacrificial inks to produce vasculature in literature. 

a) Lattice made of carbohydrate glass  [189]. b.i) Perfusion network formed by Pluronic 

F127 (red) [76] and b.ii)  modified Pluronic F127 ink with PEO to prevent ‘viscous 

fingering’ and yield smooth channels [98]. c) Embedded printing a gelatin sacrificial ink 

in an organoid-based tissue matrix [128]. d.i) An agarose template and d.ii) the resulted 

perfusable channel enclosed in GelMA hydrogels with agarose removed [207]. e) a 2D 

microchannel that mimics ivy leaf venation formed by a wax-based ink enclosed in an 

epoxy matrix [211]. f) A spiral PDMS microfluidic device fabricated using a ABS  

template as the sacrificial scaffold [218]. Scale bars, (a) 1 mm, (b.i) 5 mm, (d) 3 mm and 

(e) 15 mm. Reproduced from [76, 98, 128, 189, 207, 211, 218] .  

 

A few shortcomings of Pluronic F127 are noted. First, previous study has shown that 

Pluronic F127 at a concentration >10 w/w% can reduce cell viability [221]. This may limit its 

use with sensitive cell types. Second, the required high concentration (~30 – 40 w/w%) of 

Pluronic F127 can lead to osmolarity difference between the fugitive Pluronic F127 and the 

surrounding hydrophilic matrix, causing swelling and the pronounced ‘viscous fingering’ (see 

Figure 1.13b.ii) of the fugitive template [98, 132]. Nonetheless, It has been shown that the 

‘viscous fingering’ problem can be suppressed using a modified fugitive ink composed of a 

lower concentration (25 w/w%) of Pluronic F127 and PEO [98] (Figure 1.13b.ii).   
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Gelatin 

Although the above sacrificial inks display excellent shape fidelity, they might cause cytotoxic 

effects on cells [207]. On this account, several studies have proposed the use of cytocompatible 

natural hydrogels as fugitive inks, such as gelatin [128, 137, 201, 205, 206], and agarose [207, 

208] (discussed in the below section). Gelatin can be removed easily by warming it to 

physiological temperature (~37 oC). Although self-supporting gelatin sacrificial template for 

casting cannot be constructed due to its weak mechanical properties, gelatin has been used to 

create sacrificial networks via layer-by-layer deposition approach [137, 205, 206] or via 

embedded printing (Figure 1.13c) [128, 201]. The cell-friendly characteristic of gelatin has 

showed promise in many applications. Vascularised, thick and densely cellular constructs 

composed of organoids (4 mm thick and ~ 2x108 cells/ml) have been produced using gelatin 

as a fugitive ink [128]. Gelatin sacrificial ink can also be mixed with endothelial cells to 

facilitate cells adhesion to the wall of the channels before the gelatin being washed away [137, 

205].   

 

Agarose 

Agarose is another notable example of cytocompatible fugitive inks (Figure 1.13d). Its non-

ionic characteristics prevent itself from adhering to surrounding matrix, hence sacrificial 

agarose templates can be easily removed by aspiration with a light vacuum or manual pulling 

[207–209]. The approach has been used for creating tubular cavities embedded in a wide 

variety of photocrosslinkable hydrogels [207, 209] and cell-based tubular structures [208] (see 

Table 1.4). As yet, only very simple architecture of the fugitive templates has been 

demonstrated as its ability to create branched tubes with complex vascular tree-like architecture 

is restricted by its manual pulling or aspiration removal method.  

 

Wax 

The use of microcrystalline wax and petroleum jelly as a fugitive material (Figure 1.13e) has 

been developed since 2003 by Lewis et al. [95]. Although the material is not suited for 

constructing microvascular networks in systems with cells, it is typically used in resin-based 

matrices, such as epoxy resins [95, 180, 202, 210–212] and PDMS [213]. Under ambient 

conditions, the materials display excellent printability, hence allowing fabrication of thick (~2 
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cm), high-resolution (~10 µm) and complex microvascular networks (i.e. chaotic mixers) [95]. 

The material can be liquified at a temperature above ~ 80 oC, [95]. 

 

Other sacrificial inks 

Other sacrificial inks, such as alginate [46], xanthan gum [147], Carbopol [216], glucose-

sensitive hydrogels [44, 215], PVA [217], acrylonitrile butadiene styrene (ABS) [218] and 

polycaprolactone (PCL, Figure 1.13f) [201] have also been used as fugitive inks. Their features 

and removal methods are summarised in Table 1.4. 
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Chapter 2  

Research Contribution and Thesis Layout 

 

2.1    Motivation and research aims 

3D printing has been guiding pivotal advances in many areas of science and technology. While 

conventional 3D printing technology for fabricating rigid materials is relatively mature, the 

field of soft material printing is still on its early stage. A number of challenges has significantly 

impeded the development of the technology, including the high cost and the lack of guideline 

for the standardisation of the printing process. In addition, up to now, the technology has been 

frequently used for fabricating biological mini-tissue scaffolds where shape resemblance is less 

essential, or creating complex anatomical models that do not exhibit similar electrical and 

biological properties to the native tissues. Hence, its shape-mimicking capability has not been 

fully leveraged for providing insights into human-relevant aspects. 

In this respect, my research works set out to examine the below research aims and 

questions. Emphasis is made on soft materials in this thesis due to their mechanical 

resemblance to living soft tissues, which might advance vast opportunities for many biomedical 

applications, such as tissue engineering, soft robotics and flexible electronics. In addition, 

extrusion-based 3D printing technology is of interest here due to its popularity among the 

research community, ease-of-use and good compatibility with a wide range of soft materials. 

 

1) Establishing a versatile and hackable extrusion-based printing system for soft 

materials using a robotic arm 

The overly high cost and lack of customisation options of commercial 3D printers for soft 

materials have greatly hindered the development of the soft material printing technology. On 

the other hand, although some custom-built extrusion-based systems have been reported in 

literature, their versatility is severely hindered by the lack of instruction on replicating the 
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systems. In addition, most reported open-source printers for soft materials rely on either a linear 

stage system or a modified commercial 3D printer. They are in general bulky in size, and the 

adaptation of a partially proprietary commercial 3D printer might limit their customisability. 

Therefore, reporting the development of a fully hackable extrusion-based system that can be 

compact in size and equipped with an essential set of auxiliary tools will promote facile 

reproducibility and adoption of custom-made systems. 

 

2) What are the capabilities and the advantages of a custom-made extrusion-based 3D  

printer? What are the rational factors in designing the printing approaches?  

Most reported open-source extrusion-based printers for soft materials were only tested with 

materials that have good printability (i.e. pre-crosslinked alginate) and lack an essential set of 

auxiliary tools (i.e. heaters and UV modules), which severely limits their ability to construct 

only a small subset of materials. Thus, the capability of these systems as affordable alternatives 

to commercial systems are uncertain. Therefore, this work intends to examine the capability 

and the flexibility of a custom-made printer that is equipped with essential tools for assisting 

the fabrication of soft materials.   

In addition, apart from the function of the hardware, the success of soft material 

fabrication crucially depends on the ink formulation and the printing method as most soft 

materials do not intrinsically have an ideal rheology for extrusion printing. To date, a 

comprehensive guide on the design of the printing approaches to suit different materials is still 

lacking in literature. Hence, this work aims to provide a perspective on the selection of the 

printing approach, in an effort to help new users efficiently select an appropriate printing 

strategy from a vast array of options. 

 

3)  How to model a clinical problem that is dependent on the electrical and anatomical 

characteristics of human organs by leveraging the uses of 3D printing and neural network? 

‘Current spread’ impedes the efficacy of cochlear implants (CIs) due to the intrinsic conductive 

nature of biological tissues. The ‘current spread’ problem is determined by the cochlear electro-

anatomical features and the location of the implant inside the human cochlear lumen. 

Understanding the CI stimulus spread, and how it correlates to patient-dependent factors, is 

hampered by the poor accessibility of the inner ear and the lack of a predictive testing model 
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that can replicate the CI-evoked intracochear voltage distribution in human. Therefore, there is 

a need to establish a new modelling approach that can provide clinical insight. In addition, it 

would be beneficial if the newly proposed model is economic, artificial, non-ethical and can 

be physical (non-virtual). 

As 3D printing is capable of creating low-cost anatomical phantoms and machine 

learning is a powerful tool for unfolding relationships in high-dimensional and complex 

problems, harnessing these two techniques might open possibility for modelling the CI-evoked 

intracochear voltage distribution. Therefore, this work attempts to combine 3D printing and 

neural network for developing a physical-manipulable and ethical model that can represent the 

electroanatomical-dependent voltage distribution in patients. 

 

2.2    Research contributions 

In the research work presented in this thesis, I developed an affordable and multi-printhead 3d 

extrusion printing platform and provide a detailed step-by-step instruction that will encourage 

new users to reproduce and implement the platform. The platform is equipped with an essential 

set of auxiliary tools and is controlled by hackable programmes that allow flexible and 

unconventional printing strategies, such as non-planar printing. The satisfactory performance 

and multi-functionality of this platform indicate its promising potential as an economical option 

for research groups with limited resources.  

With the developed 3D extrusion printing platform, I explored methods for printing a 

wide diversity of soft materials, including naturally derived hydrogels (e.g. collagen), synthetic 

hydrogels (e.g. PVA, Pluronic F127), pH-responsive hydrogels (e.g. poly(acrylic acid)) and 

silicone elastomers (e.g. Ecoflex). I examined the printability of inks in different support baths 

previously reported in literature. The finding provided in my work might serve as a rational 

guide, helping users efficiently design a printing method for different needs.  

I further extended this technology to model the ‘current spread’ phenomenon happened 

in cochlear implant (CI) patients. I developed a ‘3D printing-machine learning’ co-modelling 

for interpreting clinical electric field imaging (EFI) profiles of CI patients. The 3D printed 

cochleae with different electro-anatomical features can replicate clinical scenarios of off-

stimulation EFI profiles, which contain information about the induced voltage spread 

characteristics of the cochleae. The co-modelling framework demonstrated autonomous and 
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robust predictions of patient EFI or cochlear geometry, unfolded the electro-anatomical factors 

causing CI stimulus spread, assisted on-demand printing for CI testing, and inferred patients’ 

in vivo cochlear tissue resistivity by CI telemetry. This co-modelling strategy provides a new 

physical-manipulatable, ethical and economic approach, which may help reduce the need for 

animal experiments and facilitate digital twin innovations for neuromodulation implants in 

healthcare. 

 

2.3    Thesis Layout 

This thesis is composed of three result chapters (Figure 2.1). Chapter 3 documents the 

development of a custom-made 3D extrusion printing platform for soft material fabrication. 

Chapter 4 examines the performance of the custom-made 3D extrusion printing platform, and 

propose a rational guide on selecting an appropriate printing strategy for different soft materials. 

Chapter 5 presents the fabrication of the 3D printed biomimetic cochleae to replicate the broad 

electroanatomical spectrum of human cochleae and the development of ‘3D printing-machine 

learning’ co-modelling framework for providing clinical informatics of cochlear implant 

patients. The conclusions of this thesis and future work are discussed in Chapter 6. 

 

 

Figure 2.1| Overview of the result chapters.  
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Chapter 3  

Development of a Printing Platform for Soft Materials 

 

3.1    Introduction 

Hydrogels and soft elastomers are the two most-used building blocks for soft devices. Their 

softness and biomimicry have enabled their uses across a vast range of applications. For 

example, hydrogels have been used for producing bio-functional vascularised mini-tissues for 

in vitro modelling, and silicone elastomers are promising materials for soft robots. In extrusion-

based printing when using hydrogels or elastomers as inks, the resolutions are typically in the 

range of sub-millimetre (> 200 μm) [201, 222]. While extrusion rate, nozzle shape and nozzle 

diameter have the greatest impact on the resolution [223], the print fidelity is affected by the 

ink rheological and interfacial properties, the printing process and the architecture of the 

construct [224] (Figure 3.1). Therefore, printing platforms that offer a machinery resolution in 

sub-millimetre range and allow flexible control on the construct architecture are crucial to the 

success of printing. 

 

 

Figure 3.1| Factors controlling the print fidelity of soft materials. 

 

Although a plethora amount of commercial 3D printers are available in the market for 

soft material printing, their high associated cost, ranging from a few thousands up to hundred 



  3.1    Introduction 
  

47 

 

thousands of dollars [225–227], and their inability to customise attributed to their proprietary 

software greatly limit their widespread usage. Additionally, most commercial printers adopt 

CAD models as the only type of geometry input format, their capability of path-designed 3D 

printing (such as non-planar deposition and generating constructs with complex and diverse 

infill patterns) is greatly restricted. All of these constitute a barrier to innovation in research. 

As such, fully amendable and cost-effective systems would be advantageous to technology 

development and democratise the technology for new users. 

While a few custom-made bioprinting systems have been reported [225, 226, 228, 229], 

these systems are often limited by their bulky dispensing systems (i.e. using a commercial 

syringe pump for dispensing), single material deposition [225, 226], lack of heating control 

[113, 225, 229, 230], and/or the inability to customise print path, in other words, only CAD 

model geometry input is allowed [225, 226, 230, 231]. Some of these systems were developed 

by converting conventional 3D printers, of which the firmware is still proprietary, making the 

operation difficult to customise [230]. More crucially, the lack of documented assembly and 

operation instructions provided with these systems might reduce the incentives for new 

researchers to replicate the systems. 

To address the above issues, I developed a prototype of an affordable and customisable 

printing platform equipped with multiple printheads, heating systems and a UV module. The 

design of the platform is documented in detail, hence the system can be facilely reproduced by 

new users. To avoid bulky systems, the robotic arm chosen here is compact in size, 

programmable and possesses sufficiently precise machinery resolution (200 μm [232]) at a 

relatively low cost. The heating systems and the UV module allow modification of the ink 

rheology during and after printing, which is desirable for improving the print fidelity. To enable 

rapid customisation, the components of the platform were either 3D printed or can be easily 

acquired. In addition, the platform relies solely on customisable hardware and is controlled by 

a hackable Python programme. Not only can the platform allow 3D CAD model geometry input 

but also inputs of coordinates, equations and picture formats, hence enabling flexible path-

designed printing. Overall, this printing platform is sought to provide an entirely customisable 

printing system (both software and hardware) for flexible operations. With the advances in 

customisable systems, I anticipate that the wide adaptability of the soft material printing 

technology can be pushed towards, facilitating the design of new printing strategies. 
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3.2    Materials and Methods 

3.2.1 Materials 

Agarose (A9539), calcium chloride (C5670), gelatin (G1890), Pluronic F127 (P2443) and 

sodium alginate (W201502) were obtained from Sigma. SE 1700 was obtained from Dow.  

 

3.2.2 Creation of 3D printed parts 

All 3D printed parts (see Table 3.1 for the parts that were 3D printed) were designed on 

Autodesk Inventor and produced using Ultimaker S3. The parts used in the heating systems 

were printed with ABS (1621, Ultimaker) as ABS has a higher temperature resistance, and the 

rest were printed with PLA (1609, Ultimaker).  

 

Table 3.1| Part list and the breakdown costs of the printing platform.  The total cost 

refers to the associated cost of a platform equipped with 4 printheads, stage and syringe 

heating systems, a UV module and a camera. † denotes the custom-made components that 

were either 3D printed or made from aluminium as stated. * denotes the components used 

in the electrical circuit.  

Components Part number Manufacturer Cost (£) 

uArm Swift Pro Desktop Robotic Arm - Professional 

Kit 
- ufactory 749.98 

Frame  

1. Aluminium rail (20 x 20 x 350 mm) x 4 units VSLOT2020 Ooznest 10.08 

2. Aluminium rail (20 x 40 x 350 mm) x 2 units VSLOT2040 Ooznest 8.82 

3. Breadboard MB4545/M Thorlabs 184.52 

4. Clamp x 4 units CL3/M Thorlabs 14.76 

5. Rod holder 1† x 2 units - - - 

6. Rod holder 2† - - - 

7. Rod holder 3† - - - 

8. Adapter plate 1† - - - 

9. Adapter plate 2† - - - 

10. Adapter plate 3† - - - 

11. Adapter plate 4† - - - 

 Subtotal 203.42 

Printhead (Components per printhead)  

12. Stepper motor, 3.8 V 5350344 RS 31 

13. Shaft coupling PSMR19-5-5-A Ruland 18 

14. Lead screw (107 mm) 
DST-LS-6.35x2.54-R-

500-ES 
Igus 5.15 

15. Lead screw nut 
DST-JFRM-

131315DS6.35X2.54 
Igus 17.25 

16. Linear rail (100 mm) x 2 units WSQ-06 Igus 8.62 

17. Linear guide pillow block x 2 units WJ200QM-01-06 Igus 15.74 

18. Ball bearing 624ZZ NSK 3.65 

19. Aluminium rail (20 x 40 x 150 mm) VSLOT2040 Ooznest 1.89 

20. Magnet (Height 3 mm diameter 4 mm) x 6 units M1219-3 Comus 6.12 

21. Magnet (Height 2 mm diameter 3 mm) x 6 units M1219-2 Comus 2.7 

22. Stepper motor drive* A4988 Polulu 7.18 
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Components Part number Manufacturer Cost (£) 

23. Resistors (10 kΩ 0.6 W)* MF006FF1002KIT Royal Ohm 1.36 

24. Capacitor 100 µF* EEAGA1A101 Panasonic 0.06 

25. Motor holder† - - - 

26. lead screw nut mount 1† - - - 

27. lead screw nut mount 2† - - - 

28. Syringe holder 1† - - - 

29. Syringe holder 2† - - - 

30. Heating syringe holder 1† - - - 

31. Heating syringe holder 2† - - - 

 Subtotal 118.72 

Printhead (Components for whole system)  

32. Power adapter, 9V, 2A VEL18US090-UK-JA XP Power 10.24 

33. Arduino mega* A000067 Arduino 25 

34. Breadboard* TW-E40-1020 Twin Industries 4.13 

35. USB A-male to USB B-male cable* AK-300102-010-S Digitus 0.42 

  Subtotal 39.79 

Heating (Components per module)    

36. Power adapter, 9V, 2A (syringe heater) 

37. Power adapter, 12V, 500mA (stage heater) 

VEL18US090-UK-JA/ 

T6116ST 

XP Power or  

Stontronics 

10.24/ 

4.02 

38. Type K thermocouple Z2-K-1M Labfacility 4.64 

39. Thermocouple Amplifier (MAX31855K)* 269 Adafruit 12.76 

40. MOSFET* IRLR/U8743PBF Infineon 1.04 

41. Arduino Nano* A000005 Arduino 14.23 

42. Breadboard* MCO1003 Multicomp 1.10 

43. USB A-male to USB mini B-male cable* ZUV0E3058769 StarTech 1.4 

44. Al heating syringe barrel (made with aluminium)† - - - 

45. Al 35 mm petri dish holder (made with aluminium) † - - - 

 Subtotal ~37 

Heating (Components for whole system)  

46. 31 AWG Nichrome wire UMNICWIRE2 Ultimachine 5 

47. High temperature tape 051-0002 Antistat 4.27 

 Subtotal ~50 

Stage  

48. 35 mm petri dish stage† - - - 

49. 35 mm petri dish stage_heating 1† - - - 

50. 35 mm petri dish stage_heating 2† - - - 

51. 55 mm petri dish stage† - - - 

52. 90 mm petri dish stage† - - - 

53. 30 mm square container stage† - - - 

54. 38 mm square container stage† - - - 

55. Glass slide holder† - - - 

Others  

56. UV365 LED UV Torch NSUV365 Nightsearcher 162.5 

57. HD Webcam C922 Logitech 65.1 

58. Drop-in Tee Nuts, M5 (~200 units) VSLOT-H-DT-M5 OOznest 40 

59. MakerLink 90 Degree Hidden Tee Nut x 4 units VSLOT-H-ML-90H-GS Openbuilds 4.88 

60. Universal L Brackets x 4 units VSLOT-B-UL-S-C OOznest 4 

61. Jumper cables  MIKROE-511 MikroElektronika 2.41 

 Subtotal 278.89 

 TOTAL ~1870 
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3.2.3 Calibration of printhead extrusion  

The flow rate of the extruded materials of the printheads (printhead 2 and printhead 3) were 

measured using a flow sensor (Elveflow, OB1 MK3). All experiments were performed with a 

3 ml syringe. The flow sensor was connected to the Elveflow controller. First, the channel of 

the flow sensor was slowly washed with 1 ml of acetone, followed by 1 ml of ethanol and 1 ml 

of DI water. It was then dried by applying an air pressure of 400 mbar. The inlet of the flow 

sensor was connected to the needle tip of a 3 ml syringe filled with water in a printhead via a 

tubing. The outflow water was collected in a container. During the calibration experiments, the 

stepper motor was run at a sixteenth microstep resolution and at different setting of the time 

interval between consecutive steps of the stepper motor, ts. The resulted transient and steady-

state flow rates were measured every 0.05 s for at least 1 min. After finishing the experiments, 

the flow channel was washed with water and ethanol, and was dried by applying an air pressure 

of 400 mbar. The average and the standard deviation of the steady-state flow rates, V̇s, were 

calculated from the measured flow rates during the steady state period. 

 

3.2.4 Printing experiments for validating the coordinate transformation 

equations used in the control programme 

The constructs shown in Figure 3.15 were made of either agarose, alginate, Pluronic F127 or 

SE 1700. Prior to the printing experiments, 1 w/v% agarose, 3.5 w/v% alginate and 40 w/v% 

Pluronic F127 solutions were prepared by dissolving the materials in DI water according to 

their w/v concentrations. The SE 1700 ink was prepared by mixing the pre-polymer base with 

the catalyst in a 10:1 w/w ratio. The alginate ink was then pre-crosslinked by mixing a 40 mM 

CaCl2 solution in a 5:3 v/v ratio. During the printing of agarose, the printhead was heated at 40 

oC to prevent the agarose solution in the printhead from gelling. The SE 1700 and Pluronic 

F127 constructs were printed in-air, and the agarose and alginate constructs were printed in a 

gelatin slurry bath using a similar protocol described in [52, 233] (see Chapter 4). 

  

3.3    Printer assembly  

Figure 3.2a shows the overview of the extrusion-based 3D printing platform. Housed in an 

enclosure for ease of sterilisation and built on an aluminium breadboard for ease of mounting 

different modules, the printer consists of four piston-driven dispensing printheads and a stage 
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tightened to a movable robotic arm. The syringe and the stage can be coupled with heating 

modules for temperature control. In addition, a UV module and a camera can be integrated into 

the system for curing photo-polymerisable inks and monitoring the printing process (Figure 

3.2b). The syringe holders and the stages were 3D printed using either PLA or ABS, thus they 

  

 

Figure 3.2| A custom-made 3D extrusion printing platform. a) Setup overview.  

Printheads 1 – 3 can accommodate either 1 ml or 3 ml syringes, whereas printhead 4 is 

coupled with a heating system and can accommodate a 3 ml syringe. b)  Incorporation of 

(i) a UV module and (ii) a camera into the platform. c) a detailed view showing the  

design of the 3D printed stage. d) 3D printed stages  to fit various sizes of receiving 

substrates. e) Heaters. e.i) a portable 1 ml syringe heater, e.ii) a 3 ml aluminium syringe 

heater and e.iii) a 3.5 mm stage heater. f) Components of a printhead . The item number 

can be referred to Table 3.1.   
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can be easily modified to fit different sizes of syringes and petri dishes if needed. Below 

provides a detailed description of the design, assembly instructions and the electrical circuit 

diagram of the modules. Table 3.1 summarises the required components and their costs. 

 

3.3.1 Stage and robotic arm as motion module  

The motion module of this platform is composed of a 3D printed stage coupled with a robotic 

arm. Here, I adopted a compact robotic arm (uArm Swift Pro Desktop Robotic Arm, called 

‘uArm’ herein) that has adequate mechanical resolution (0.2 mm) and position repeatability 

(0.2 mm). The robotic arm is programmable with an available open-source python library 

(https://github.com/uArm-Developer/uArm-Python-SDK) [232, 234]. For ease of observation 

and centre point calibration, the 3D printed stages were designed with large open sides and a 

central hole (Figure 3.2c). Various stages with different sizes were custom-made to 

accommodate different receiving substrates or reservoirs, such as standard glass slides, petri 

dishes (90, 55 and 35 mm) and rectangular containers (40 and 30 mm) (Figure 3.2d). In 

addition, an aluminium holder was designed and made to fit with a 35 mm petri dish for heating 

(Figure 3.2e).   

 

Assembly procedure 

All 3D printed stages were designed to mount to the uArm with an adapter piece obtained from 

the laser engraving kit of the uArm. To connect the stage to the uArm, first, the adapter piece 

was disassembled from the laser engraving kit (Figure 3.3a, Step 1). The adapter piece was 

then attached to the 3D printed stage using M3 screws (Step 2), inserted and fastened to the 

uArm using the hand screw of the uArm (Step 3). The uArm was locked firmly on an 

aluminium breadboard (MB4545/M, Thorlabs) using clamps (CL3/M, Thorlabs) (Step 4).  

For the heating stage, an aluminium holder was made based on my design for fitting a 

3.5 mm petri dish. The machining work was carried out by the mechanical workshop of the 

Cavendish Laboratory, University of Cambridge. The aluminium holder was wrapped with a 

heating coil (see Section 3.3.3 for more details). It was then clamped by two 3D printed parts 

to form the heating stage (Figure 3.3b). The installation of the heating stage to the uArm was 

the same as the procedure mentioned above.  

 

https://github.com/uArm-Developer/uArm-Python-SDK
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Figure 3.3| a) Assembly procedure of the stage to the uArm. b) A detailed view of the 

heating stage.   

 

3.3.2 Dispensing module 

The dispensing module is composed of 4 independent piston-driven printheads. Three of them 

can accommodate a 1ml or 3ml syringe (1202751 and 1202743, BD), and one of them contains 

a custom-made aluminium barrel wrapped with heating wires that can accommodate a 3 ml 

syringe for heating (Figure 3.2a). A portable heating unit was additionally made for heating a 

1 ml syringe if needed (Figure 3.2e).  

The printhead was made with simple mechanical components that can be acquired 

easily, such as a stepper motor, linear rails and a lead screw (Figure 3.2f and Table 3.1). In 

particular, I chose linear rails as the motion guides here because they are compact in size, and 

offer increased stability and smoother motion in contrast with smooth rods (Figure 3.4a). A 

microstepping stepper motor drive (A4988, Pololu) is chosen as it enables five microstep 

resolutions (full, 1/2, 1/4, 1/8 and 1/16 step) [235]. When using a 1/16 microstep resolution 

together with the selected stepper motor and threaded rod that have a step angle of 1.8o and a 

pitch spacing of 2.54 mm [236, 237], a superior theoretical resolution of ~ 0.06 µL per step can 

be yielded (see calculation below). In addition, aided by the magnetic design of the syringe 

holders (Figure 3.4b), syringes can be easily loaded to the syringe holders.  
 

Theoretical resolution of the printhead  

The theoretical volumetric resolution per step of the printhead when using a sixteenth micro-

stepping resolution was calculated using below equations [230].  

Step per revolution = 360/step angle = 360/1.8 = 200 steps per revolution 

Steps per mm = 
1

pitch spacing 
x

1

micro−stepping resolution 
x steps per revolution   

= 
1 revolution

2.54 mm
 x

1
1

16

x
200 steps

1 Revolution
= 1260 steps/mm   

Volume per step = Step size x cross-sectional area of the syringe plunger 

= 
1 mm

1260 steps
x (π x (4.78 mm)2) = 0.057 μL/step 
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Figure 3.4| a) A printhead built with smooth rods as motion guide.  b) the magnetic 

design of the printhead. 

 

 

Assembly procedure 

1. Printhead 

Figure 3.5a shows the step-by-step assembly instruction of a printhead. 1. Before assembling 

the printhead, the lead screw (DST-LS-6.35x2.54-R-500-ES, Igus) was milled to the designed 

dimension. 2. Next, the stepper motor (5350344, RS) was attached to the 3D printed motor 

holder using M2.5 screws. 3. The motor holder was then inserted to an aluminium rail 

(VSLOT2040, Ooznest) and locked in place with the drop in tee nuts (VSLOT-H-DT-M5, 

Ooznest) and M5 screws. 4. A shaft coupling (PSMR19-5-5-A, Ruland) was connected to the 

motor shaft and tightened using the built-in set screw. 5. Two 10 cm linear rails (WSQ-06, Igus) 

were tightened firmly on the aluminium rail using M5 screws at a position of ~28 mm from the 

top edge of the aluminium rail. 6. A linear guide pillow block (WJ200QM-01-06, Igus) was 

inserted to each linear rail. 7. The modified lead screw was combined with a lead screw nut 

(DST-JFRM-131315DS6.35X2.54, Igus), which was then tightened on a 3D printed lead screw 

nut mount. 8. The lead screw was tightened to the shaft coupling, and the 3D printed lead screw 

nut mount was then linked to the linear guide pillow blocks on the linear rail using M4 screws. 

9. The end of the lead screw was connected to a ball bearing (643ZZ, NSK) that was fit to a 3D 

printed syringe holder. 10. The 3D printed syringe holder was then tightened on the aluminium 

rail using M5 screws and the drop in Tee nuts. 11. The printhead assembly was finished by 

placing magnets (M1219-3 and M1219-2, Comus) to the designed holes of the lead screw nut 

mounts and the syringe holders using super glue.  
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The heating printhead was assembled similarly using different 3D printed parts of 

syringe holders that were customised to fit an aluminium barrel.  

 

2. Installation of printheads to frame 

The frame of the dispensing module is made of six aluminium rails, and was assembled using 

hidden tee nuts (VSLOT-H-ML-90H-GS, Openbuilds) and L brackets (VSLOT-B-UL-S-C, 

Ooznest) as linkages according to Figure 3.5b. The frame was then fastened on the aluminium 

breadboard by means of the customised 3D printed adapters. In total, 4 printheads were built. 

They were firmly installed to the frame using the 3D printed adapter plates.  

 

Electrical circuit  

Figure 3.6 shows the circuit diagram of a printhead. The stepper motor of the printhead is 

controlled by an Arduino board. Before connecting the stepper motor to the Arduino board, a 

current limiting procedure was carried out with the motor drive to limit the loaded current. This 

procedure was to prevent the loaded current from exceeding the rated current of the stepper 

motor, hence avoiding overheating of the stepper motor. Following the instruction stated in 

[235], the procedure was carried as follows. First, the current limit of the motor drive, Imax, and 

the reference voltage of the motor drive, Vref, were calculated using the below equations. The 

actual current limit of the stepper motor, Irating, is usually 70% of the driver current limit, Imax. 

Irating is 670 mA according to the stepper motor specification [236] and Rcs is the current sense 

resistance of the motor drive, which is 0.068 Ω [235]. 

Imax =
Irating

0.7
=

0.67

0.7
= 0.96 A (3.1) 

Vref = 8 x Imax x Rcs = 8 x 0.96 x 0.068 = 390 mV (3.2) 

 

Next, an Arduino script was written for running the motor drive in full step mode by 

setting the logic levels of the MS1, MS2 and MS3 pins to ‘LOW’. Table 3.2 details the pin 

configuration defined in the Arduino script used in the current limiting procedure. After 

ensuring the motor was not connected to the motor drive, the script was uploaded to the 

Arduino board. A multimeter was then used to measure the voltage, Vref, between the 

potentiometer and the GND pin connecting to the Arduino board (see Figure 3.6). Vref  was 

tuned to approximately 390 mV by rotating the potentiometer using a screwdriver.  
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Figure 3.5| a) Assembly procedure of the printhead. b) Frame of the dispensing module. 

The item numbers in (b) can be referred to Table 3.1.   

 

 

 

Figure 3.6| Circuit diagram for connecting a stepper motor with Arduino and a 

motor drive. In the current limiting procedure, the stepper motor was detached from the 

circuit. Vre f , was measured between the potentiometer and the GND pin to the Arduino 

board, as indicated by the red crosses.  
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After the current limiting procedure, the stepper motor was connected to the motor drive 

using the arrangement shown in Figure 3.6. The Arduino pin configuration for normal 

operation is listed in Table 3.2. Overall, a single Arduino mega board and a power supply were 

used to control and operate four printheads. Figure 3.7 shows the overall circuit diagram. As 

an Arduino mega board has 54 digital pins and the control of each printhead requires 8 digital 

pins, more printheads can be incorporated into the system if needed.  

Table 3.2| Arduino pin configuration for the current limiting procedure and normal 

operation. Descriptions of the pins of the A4988 motor drive can be found in [235]. In 

particular, the MS1, MS2 and MS3 are the microstep pins that enable selection from full, 

half quarter, eighth or sixteenth step resolutions. When they are set to a logic LOW, a 

full step microstep resolution is enabled, whereas a sixteenth microstep resolution is 

enabled when they are all set to a logic HIGH. DIR determines the direction of the 

rotation, with HIGH drives the motor clockwise and LOW drives the motor anticlockwise.  

Digital pins 
Input in current 

limiting procedure 

Input in normal 

operation 

ENABLE LOW 

MS1 LOW HIGH 

MS2 LOW HIGH 

MS3 LOW HIGH 
RESET HIGH 

SLEEP HIGH 

STEP Alternating from HIGH and LOW 

DIR HIGH 

 

 

Figure 3.7| Overall circuit diagram of the dispensing module composed of four 

printheads.  
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3.3.3 Heating modules  

As mentioned previously, an aluminium stage heater, a 3 ml syringe aluminium heater and a 1 

ml portable syringe heater were made for controlling the pre- and post-printing rheology of the 

materials. Here, nichrome wires (UMNICWIRE2, Ultimachine) were employed as the heating 

element because of its high melting point and high resistivity, and a K-type thermocouple (Z2-

K-1M, Labfacility) was used as the temperature sensor.  

 

Assembly procedure and electrical circuit 

All heaters consist of three layers. The first layer is composed of high temperature tape wrapped 

around the aluminium holders or a syringe. The second layer is made of nichrome wires 

wrapped around the first layer of high temperature tape. Another layer of high temperature tape 

was added to enclose the nichrome wires for protecting the wires. The thermocouple was placed 

on the heater using the high temperature tape for temperature sensing.  

Figure 3.8 shows the circuit diagram of the heating module. The syringe heater was 

connected to a power adapter with rating of 9 V and 2 A, whereas the stage heater was powered 

by a power adapter with a 12 V and 500 mA rating. An Arduino nano board and a MOSFET 

were employed to control each heating module because of their compactness in size. The 

IRLR/U8743PbF MOSFET was chosen here because it has a small gate threshold voltage that 

can be used with Arduino and a high drain-to-source voltage of 30 V that prevents the MOSFET 

from overheating when applying a drain-to-source voltage of 9 – 12 V [238].  

 

 

Figure 3.8| Circuit diagram of a heating module.  
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3.3.4 UV module and camera  

A UV light source can be easily mounted onto the aluminium breadboard when needed. Here, 

a low power UV light torch (5 W, NSUV365, Nightsearcher) with wavelength of 365 nm was 

chosen as this wavelength is located in the range of the excitation of the common 

photoinitiators (i.e. Irgacure 2959 and LAP) used in crosslinking hydrogels. A camera unit 

(C922, Logitech) can also be added onto the breadboard for in-situ monitoring and recording 

the printing process.  

 

3.4    Calibration of components 

3.4.1 Printhead extrusion 

In the printhead design here, the extrusion flow rate is controlled by the rotational speed of the 

stepper motor that is determined by the setting of the time interval between two consecutive 

steps of the stepper motor, ts. A longer time interval leads to a slower rotational speed that in 

turn results in a slower flow rate, vice versa. To evaluate the performance of the printheads, I 

examined its transient flow behaviour and flow repeatability (see Materials and Methods 

3.2.3). Figure 3.9a shows an exemplar flow profile upon starting and stopping the extrusion. 

From the zoomed-in profiles at the instant after the extrusion started (Figure 3.9b.i), it is found 

that a steady state was reached shortly after the extrusion initiated, around ~ 2.6 - 3.3 s 

depending on the ts used. When running the motor with a small ts setting (ts = 5,000 µs), a large 

transient overshoot of flow was observed, though a ts of 5,000 µs results in a very fast flow rate 

and was not used in all my printing experiments. The delay time to stop the pump was around 

~ 2 s, regardless of the ts setting (Figure 3.9b.ii). Next, I investigated the flow repeatability of 

the printhead (Figure 3.9c). The relationships between ts and the steady-state flow rate, V̇s, 

were almost the same in five repeated measurements. In addition, the relative standard 

deviation of the steady-state flow rate was 4% - 10%, showing the good stability of the 

printhead. In summary, the printhead exhibited a good flow repeatability, and the flow reached 

a steady state or stopped almost instantaneously (~ 2 - 3 s) upon switching on or off the 

printhead.  

Figure 3.9d presents the calibration graph depicting the relationship between the 

steady-state flow rate, V̇s, and the time interval between consecutive steps of the stepper motor, 

ts. Despite the printheads were assembled manually, the performance of the printhead is 

reproducible as evidenced by the almost identical relationships of V̇s vs ts of printhead 2 and 
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printhead 3. As the calibration was performed with a 3 ml syringe, a 1 ml calibration curve was 

estimated by scaling the equation based on the cross-section of the syringes, see below.  
 

3 ml calibration curve: v̇ = 15.3 + 
1.34 x 106

ts
   (3.3) 

1 ml calibration curve: v̇ = (15.3 +  
1.34 x 106

ts
) x

𝑑1𝑚𝑙
2 

𝑑3𝑚𝑙
2 = 4.7 +

0.41x 106

ts
   (3.4) 

where 𝑑1𝑚𝑙 and 𝑑3𝑚𝑙 are the inner diameters of the 1 ml and 3 ml syringes, which are 4.78 mm and 

8.66 mm, respectively. 

 

 

Figure 3.9| Performance and calibration of the printheads. a) An exemplar flow 

profile upon starting and stopping the extrusion.  b) Zoomed-in flow profiles at the instant 

when extrusion (i) was started and (ii) was stopped.  (n > 4)  c) Repeated measurements 

of the steady-state extrusion flow rate, V̇ s, at different settings of the time interval 

between consecutive steps of the stepper motor, ts. (n = 5)  d) Calibration graph showing 

the relationship between V̇ s and ts .  All experiments were tested with a 3 ml syringe at a 

setting of sixteenth microstep resolution of the stepper motor.  

 

3.4.2 Stage speed 

As assigned by the manufacturer, the speed of uArm is described by an unitless quantity that 

only provides an indication of the speed. Therefore, a calibration experiment was performed 

by my colleague, Yaqi Sheng at the Department of Engineering, to show the relationship 

between the actual speed and the unitless speed quantity (Figure 3.10). In summary, the uArm 

employed here can travel from 100 mm/s to 0.3 mm/s (values obtained from the uArm 

specification [232] and the calibration experiment), and the relationship between the actual 

speed and the unitless speed quantity can be perfectly described by a linear equation (see 

equation in Figure 3.10). 



  3.5    Control programme 
  

61 

 

 

Figure 3.10| Relationship between the actual speed and the unitless speed quantity 

of uArm. 

 

3.5    Control programme  

Figure 3.11 shows the overview of the operational workflow of the setup. The printing 

operation is implemented by a Python programme that synchronously communicates with the 

Arduino boards of the uArm and the dispensing module (Figure 3.11a), whereas the heating 

modules are independently controlled by graphical user interfaces written on Processing that 

communicate with the Arduino boards of the heaters (Figure 3.11b). All programmes are 

written in a way that users only need to define the input parameters in the programmes (Figure 

3.11, ‘Inputs’ section) and calibrate the stage if needed. The rest of the printing procedure will 

be executed automatically, hence users with no coding experience are able to operate the printer. 

Below details the design of the logical structure of the programmes. 

 

 

Figure 3.11| Overview of the control for the a) printing and b) heating operations.  
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3.5.1 Control programme for printing operation 

To enable unconventional printing strategies and make the operation easy to implement, I wrote 

four python programme templates for interpreting different types of geometry inputs, namely 

coordinate, equation, CAD model, and picture inputs (Figure 3.11a, Geometry inputs). All 

templates follow the same logical structure, as depicted in Figure 3.12.  

 

 

Figure 3.12| Logical structure of the control programme for printing operation.  

 

1. Setup connection 

The pySerial python library was used to connect with the serial ports of the Arduino boards of 

the uArm and the dispensing module.  

 

2. Defining inputs  

This section allows users to specify the process parameters and the geometry input (see Figure 

3.12) based on the material being used and the desired final properties of the construct. Below 

provides a detailed description of the required inputs for the printing operation. In particular, 

the stage speed, extrusion rate and nozzle-to-stage distance crucially affect the print fidelity 

[117]. 
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1.  Printhead and stage 

As previously mentioned in Section 3.3.1, I developed four syringe printheads that allow 

heterogenous material printing and steven stages for fitting different sizes of reservoirs. To 

inform the programme which printhead and stage are being used, each printhead and stage 

are assigned a key (see Figure 3.13), such that users only need to simply input the 

corresponding keys of the printhead and the stage being used to the programme. This 

information allows the programme to identify the approximate position (a,b) of the 

printhead from the base (0,0) (Figure 3.13a.iii) and the distance between the centre point 

of the stage and the position sensor of the uArm, R, (Figure 3.13b.ii) that are used in the 

coordinate transformation step. 

 

 

 

Figure 3.13| The assigned keys of the printheads and the stages. (a.i) shows the 

corresponding assigned keys of the four printheads depicted in (a.ii) and their 

approximate values of the a, b coordinates, which are defined as the x, y coordinates 

from the base of the uArm to the nozzle tip of the printhead, as illustrated in  (a.iii) . 

(b.i) shows the assigned keys of the 3D printed stages. R is the distance between the 

centre point of the stage and the position sensor of the uArm, as shown in (b.ii). The 

values of a, b  and R are stored in the Python programme, so that the programme is 

able to identify the corresponding values based on the user inputs.  

 

 

2.  Stage speed 

Stage speed determines the speed of printing. The motion of the stage during the entire 

printing process is controlled by two speeds – speed of the printing path, spp, and speed 

of the non-printing path, spnp. Speed of the printing path, spp, controls the amount of 

materials being extruded. Less materials are being extruded with faster stage speed, vice 
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versa. A spp of 10 – 100 is in general preferred for printing hydrogel and elastomer 

materials, based on my experimental results in Chapter 4. Relationship between the actual 

speed and the uArm unitless speed quantity can be found in Figure 3.10. Additionally, the 

programme enables the specification of the speed of the non-printing path, spnp, hence the 

stage can travel at a different speed when transiting between the printing paths. By default, 

a spnp of 2000 is used for a fast transition. On a side note, by virtue of the customisable 

control programme, it is possible to set a variable stage speed along the print path (see 

Section 4.3.2 for details).   

 

3.  Offset 

The offset (xoffset, yoffset) defines where the centre point of the print is located from the centre 

of the stage. The programme defaults to print objects at the centre of the stage unless an 

offset is specified.  

 

4.  Extrusion rate 

Extrusion rate controls the volumetric flow rate of material deposited onto the stage. It is 

regulated by the time interval between consecutive steps of stepper motor, ts. The 

conversion between the extrusion rate and ts can be found in Figure 3.9d. Typically, a ts 

of 20,000 – 30,000 µs was used in my printing experiments.  

 

5.  z position 

Controlling the nozzle-to-stage distance, the z position of the stage, Z0, is a crucial 

parameter affecting the print fidelity. With the nozzle too far from the stage, the material 

cannot adhere onto the stage. On the other side, if the stage is too close, the material cannot 

easily flow out from the nozzle, causing pressure build-up in the syringe and thus increased 

flow rate at subsequent print layers. A distance of approximately 0.5 mm from the stage to 

the nozzle tip is usually a good condition for the first layer to be printed successfully.  
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6.  Geometry inputs 

Coordinate input – Coordinates are the most ordinary form of geometry inputs. It is useful 

for printing simple lines or regular point patterns where a list of coordinates (x = [x1,  x2, … , 

xn], y = [y1,  y2, … , yn]) can be directly loaded to the programme without the need for 

preparing the CAD models and the slice files. xn and yn denote the x and y coordinates of 

the nth point. 

 

Equation input – Printing path can be described by a set of cartesian or parametric 

equations together with a defined range of the independent variable (see Table 3.3 for 

examples of the equation format). This input format is straightforward and enables a 

smooth print path in one stroke, however it is not suitable for complex patterns that are 

usually not describable by equations. 
 

Table 3.3| Examples of the equation format used in the Python programme.  

Cartesian equations Parametric equations 

y = f(x),  xmin < x < xmax x = f(ɵ),  ɵmin < ɵ < ɵ max 

z = f(x),  xmin < x < xmax y = f(ɵ),  ɵmin < ɵ < ɵ max 

 z = f(ɵ),  ɵmin < ɵ < ɵ max 

 

 

CAD model input – CAD model is the standard geometry format used in 3D printing. Here, 

an open-source 3D slicing software (Slic3R) was used to generate G-code files from 3D 

CAD models. Various parameters that control the final properties of the printed object can 

be defined on Slic3R, including infill density and pattern, extrusion width and layer height. 

After the G-code file was generated, the file was imported to the Python programme. 

 

Picture input – Picture input enables defining the print path via photos of hand-drawn 

patterns or pictures created by any drawing software. This format is convenient for users 

that have no CAD experience, and is particularly useful for path customisation when the 

desired print path of pattern cannot be described by equations. To convert pictures into a 

coordinate array, the free plugin ‘G-code Tools’ on Inkscape (https://github.com/cnc-

club/gcodetools) that was intentionally designed for converting pictures into G-code for 

CNC machines is employed.  

https://github.com/cnc-club/gcodetools
https://github.com/cnc-club/gcodetools
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In all python programme templates of different types of geometry inputs, the 

programmes convert the user-defined geometry inputs into a coordinate array in form of 

either [

𝑥1, 𝑦1, 𝑧1

⋮     ⋮     ⋮
𝑥𝑛, 𝑦𝑛, 𝑧𝑛

]  or [

𝑥1, 𝑦1, 𝑧1, 𝑒1

⋮    ⋮    ⋮    ⋮
𝑥𝑛, 𝑦𝑛, 𝑧𝑛, 𝑒𝑛

] . The first array format is used in coordinates and 

equation inputs, where I assume all coordinates compose the printing path. The second 

array format is used in CAD model and picture inputs, where e is a Boolean extrusion 

parameter with e is set to 1 when the coordinates are part of the printing path and 0 for 

non-printing path. For G-codes generated from CAD models by Slic3R, the path 

recognition was done by identifying the ‘E’ commands in the G-code that indicate 

extrusion, whereas a G-code block without the ‘E’ command implies a non-printing path. 

For the CNC G-code file generated from the picture input using the Inkscape extension, 

the non-printing path is identified by scanning the ‘G00’ commands in the G-code, which 

indicate a rapid transition. Other ‘G’ commands are classified as printing paths. With path 

recognition, transition between the printing paths can be carried out with a faster stage 

speed and disabled extrusion. The offset coordinates, if defined, are also applied in this 

step by shifting the coordinate array accordingly.  

 

3. Manual calibration  

After executing the Python programme, the stage will move to an approximate position close 

to the nozzle tip based on the information of the stage and the printhead being used and the z 

position input defined in the above section. The programme will then halt indefinitely for the 

user calibration input (see Figure 3.14). Calibration is carried out in two steps. The first step 

calibrates the z position of the stage, Z0, which allow users to fine tune the z position by 

manually entering the shifting value of the z position, zshift. The programme will proceed to the 

next calibration step after a good z position is determined by the users. The second step 

calibrates the x and y positions of the centre point of the stage, so that it aligns with the nozzle 

tip. Similar to the first step, the programme halts for the user input of the shifting values of the 

x, y positions, xshift and yshift. This procedure is for offsetting any variation caused by slightly 

bent nozzle tips. And according to the values of xshift and yshift, the programme infers the revised 

a, b coordinates of the printhead for accurately transforming coordinates in the next step.  
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Figure 3.14| Flowchart showing the manual calibration procedure.  

 

4. Coordinate transformation  

Two issues were noticed due to the circular y axis motion of the articulated uArm. First, as the 

position sensor, which relays the position for accurate movement, is located at the end point of 

the uArm but not at the centre of the stage (see Figure 3.13b.ii), the defined motion path of the 

position sensor does not identically translate to the motion path relative to the stage centre. The 

problem is exemplified in Figure 3.15a. When setting a print path of a circle at the position 

sensor, the motion path relative to the stage centre was distorted by the circular motion of the 

uArm, leading to an elliptical print path (Figure 3.15a.i-ii). Similarly, when setting a print path 

of a square at the position sensor, the print path along the y-axis was lengthened and resulted 

in an elongated rectangular shape (Figure 3.15a.iii). Therefore, to preserve the print shape, the 

desired coordinates of the printed object (xprint, yprint) are converted to the equivalent coordinates 

of the position sensor (x’, y’) via a transformation. The transformation requires information of 

the distance between the stage centre and the position sensor, R (see Figure 3.13b.i for the 

values of R of different stages) and the calibrated position, (a,b), of the nozzle tip from the base 

of the uArm, which is inferred from the x, y calibration in Step 3. The transformation function 

is depicted in Figure 3.15b.i. With the transformation applied, the shapes of the printed objects 

were preserved and were not distorted (Figure 3.15b.ii-iii). 

The second issue was encountered when printing with multiple printheads. 

Demonstrated in Figure 3.15c.i-ii, when printing a multi-layered rectangular construct using 

different printheads (printing from printhead 1 to printhead 3), the layers were not aligned due 

to the circular motion of uArm, though all layers were printed around the stage centre (Figure 

3.15c.ii). For this reason, a rotation transformation (Equations 3.5 and 3.6) is additionally 

applied to the x, y coordinates of the geometry coordinate array acquired in Step 2 prior to the 

above transformation. The rotation angle, β, is determined by the a and b position of the nozzle 
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tip from the uArm base (Equation 3.5), such that the coordinates of the print (xprint, yprint) are 

relative to the stage axes, but not the uArm axes. Figure 3.15c.iii illustrates a well-aligned 

construct printed using different printheads with the rotation transformation applied. Equations 

3.5 – 3.9 denote the final transformation equations used. The output of this step is a transformed 

coordinate array of [
𝑥1′, 𝑦1′, 𝑧1

⋮     ⋮     ⋮
𝑥𝑛′, 𝑦𝑛′, 𝑧𝑛

]. 

 

 

 

 

Figure 3.15| Coordinate transformation.  (a) Print path distortion issue caused by the 

distance between the stage centre and the position sensor. (i) Schematic showing the 

resulted print path when setting a circular motion path about the position sensor. Images 

showing the distorted (ii) circle and (iii) square objects when setting a print path about 

the position sensor. (b.i)  Transformation of the coordinate of the print object (xpr int , ypr in t) 

to the coordinates of the position sensor (x’, y’). (ii) Images showing a circular object 

and a square accurately printed after the coordinate transformation was applied. (c.i) 

Schematic depicting the misalignment issue when creating a heterogeneous object using 

multiple printheads. Images of a multi -layered stack printed (ii) without applying the 

rotation transformation and (iii) with the rotation transformation applied. Scale bar = 5 

mm. The materials used in the printing experiments here were (a.ii) agarose, (a.iii) 

alginate stained with a green dye, (b.i) Pluronic F127, (b.ii) SE1700, and (c.ii – c.iii) 

Pluronic F127 stained with either Fluorescein sodium (green), rhodamine B (orange) or 

rhodamine 6G (yellow). The concentrations of the inks can be found in  Materials and 

Methods 3.2.4.  
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β = tan−1(
b

a
)   (3.5) 

[xprint
yprint

] = [
sin(π/2 − β) −sin(π/2 − β)
sin(π/2 − β) cos(π/2 − β)

] [x
y
]   (3.6) 

θ = tan−1(
b−xprint

a+yprint
)   (3.7) 

x′ = a + yprint − Rcosθ  (3.8) 

y′ = b − xprint − Rsinθ  (3.9) 

where 𝛽 is the angle between a horizontal line and the line connecting the base and the tip of 

the printhead, (x, y) are the x, y coordinates obtained from the geometry input, (xprint, yprint) are 

the rotated coordinates of the geometry relative to the stage centre, 𝜃 is the angle between a 

horizontal line and the line connecting the base and the stage centre point, and (x’, y’) are the 

transformed coordinates used in printing.  

 

5. Executing printing process 

During the printing execution process, the Python programme reads the transformed coordinate 

array in the form of [
𝑥1′, 𝑦1′, 𝑧1

⋮     ⋮     ⋮
𝑥𝑛′, 𝑦𝑛′, 𝑧𝑛

] along with the extrusion information [

𝑒1

⋮
𝑒𝑛

] line-by-line. The 

programme simultaneously sends information of the 𝑥𝑛′, 𝑦𝑛′, 𝑧𝑛  coordinates to the uArm 

Arduino for stage translation and the corresponding extrusion signal to the Arduino of the 

dispensing system in a line-by-line manner. When the Arduino of the dispensing system 

receives an extrusion signal ‘On’ (e = 1) of a specific printhead, the printhead will be turned 

on by configurating the pin settings in Arduino, vice versa. By default, a sixteenth microstep 

resolution of the stepper motor is used as this allows a higher number of discrete steps per 

revolution and a slower extrusion rate. The setting of the pin configuration under normal 

operation can be found in Table 3.2. 

 

3.5.2. Heating  

For ease of operation and independently communicating with multiple Arduino boards at the 

same time, I created a graphical user interface (GUI) using Processing (processing.org) for 

controlling each heating element. The Arduino programme of the heating system was jointly 

developed by me and Cillian Leon, a student from the Department of Engineering.  

 

https://processing.org/
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Figure 3.16 shows the flowchart of the feedback control employed in the heating 

system. The desired set-point temperature is specified by the user in the input field and is 

imported to the Arduino programme. At the first instant, the Arduino applies a full current 

power to the heating coil (by setting the heater analog pin on Arduino with a PWM (pulse width 

modulation) value of 256). The thermocouple then feeds back the temperature measurement of 

the heating coil to the Arduino, which was also logged on the GUI for temperature monitoring. 

Based on the deviation between the set point and the temperature measurement, the heating 

rate is adjusted by modifying the PWM of the applied current that is calculated using the below 

transfer function (Equation 3.10). This transfer function was found to prevent temperature 

overshoot for the specific rating of the power supply and the size of heating coil used in the 

system. When the deviation is within the acceptable deviation, which defaults to ± 0.5 oC here, 

no current (a PWM of 0) is applied to the heating coil. The feedback loop continues until the 

user turns off the heater by pressing ‘STOP’ on the GUI.  

PWMnew =  PWMold  +
PWMold

6
 x (Tset –  Tmeasurement)  (3.10) 

 

 

Figure 3.16| Flowchart of the heating control.  
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3.6   System specification  

Below tables compare the specifications of the extrusion-based printing platform developed in 

this chapter with four commercial extrusion bioprinters commonly employed in the bioprinting 

community (Table 3.4) and the custom-made printers reported in literature (Table 3.5).  

 

Table 3.4| Specifications of the system developed in this chapter and the four 

commercial 3D extrusion-based bioprinters commonly used in the bioprinting 

community. The commercial systems are Allevi 3 [239] (denoted as ‡ below), Cellink 

BioX [240, 241] (†) and Envision TEC 3D Bioplotter Starter Series [242] (*) and GeSim 

BioScaffolder BS3.3 [243] (§).  

 This setup Commercial systems 

Cost 

£0.9k (single printhead system) - £1.9k 

(systems with 4 printheads, syringe and 

stage heaters, UV and camera) 

$10k – 100k [244] 

No. of printhead slots Unlimited 
• 3 (‡ , †) 

• 2 (*, §) 

Geometry input (outer shape) Coordinates, CAD, equations, picture • CAD (‡ , † , *, §) 

Resolution 200 μm 
• 1 μm (‡ , † , *) 

• 10 μm (§) 

Extruder temperature control RT – 60 oC 

• 4 oC – 160 oC (‡) 

• 4 oC – 65 oC / 250 oC (†) 

• 30 oC – 250 oC (*) 

• 4 oC – 80 oC / RT – 190 oC or 250 oC (§) 

Printbed temperature control RT – 60 oC (tested range) 

• RT – 60 oC (‡) 

• 4 – 65 oC (†) 

• Not available (*, §) 

UV power 365/405 nm 

• Yes (365/405 nm) (‡) 

• Yes (365/405/450/485/520nm) (†) 

• No (*) 

• UV LED (§) 

Extrusion method Mechanical 
• Pneumatic or mechanical († , §) 

• Pneumatic (‡ , *) 

Compatible cartridge size 1 ml – 3 ml 

• 5 ml (‡) 

• 3 ml – 10 ml (†) 

• 3 ml – 30 ml (*) 

• 10 ml – 30 ml (§) 

Weight • ~11 kg, 45x45x35 cm (excl. enclosure) 

• 21.8 kg, 47x40x36 cm (‡) 

• 18 kg, 48x44x37 cm (†) 

• 90 kg, 84x62x77 cm (*) 

• Information not available (§) 
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Table 3.5| Table comparing the system developed in this chapter with the reported 

open-source extrusion bioprinters  

Ref. Hardware 
Geometry 

inputs 

Auxiliary 

tools 
Tested materials Geometry 

Applications 

demonstrated 

Lee, et al. 
(2017) 

[245] 

Pneumatic 

extruders 

with linear 
stages 

CAD  
Syringe 

heater 

PLGA, hyaluronic acid, 
α-TCP (tricalcium 

Phosphate) 

Cell-laden lattice, 

Cylinder scaffolds 

Cell-laden hybrid 

scaffold 

Feinberg, 

et al. 
(2018) 

[136, 146, 

227]  

Piston-

based 
extruder 

coupled 

with a 
commercial 

3D printer 

CAD  - Alginate 
3D constructs, full 
size model of the 

human heart  

Patient-specific 

anatomical models 

Bessler, et 

al. (2019) 

[225] 

CAD  - Alginate 
Cylinder and 

rectangle scaffolds 
Cell proliferation 

Kahl, et al. 
(2019) 

[246] 

CAD  - Alginate, alginate-gelatin 
Lattice, cylinder and 

pyramid scaffolds 
Cell proliferation 

Spiesz, et 
al. (2019) 

[247] 

Coordinates - Alginate 2D patterns 
Spatially-controlled 
model for E.coli bacteria 

culture 

Ioannidis, 
et al. 

(2020) 

[226] 

CAD  - Alginate -gelatin Line patterns 
Cell proliferation and 

differentiation 

Ozbolat, et 
al. (2014) 

[229] 

Piston-

based 
extruders 

with linear 
stages 

CAD  - Alginate 
Cell-laden grid 

scaffold 
Cell proliferation 

Fitzsimmo

n, et 

al.(2018) 

[231] 

CAD  
Syringe 

heater 

Gelatin, GelMA, gelatin-
hyaluronan, gelatin-

alginate, Pluronic F127 

Cell-laden line 
pattern, 3D 

constructs (cube, 

cylinder and star), 

Constructs with 

channels 

HUVEC culture in 

channels 

Yenilmez, 

et al. 
(2019) 

[228] 

• CAD 
• Picture 

UV 
module 

Alginate 
Cell-laden grid 
scaffold 

Cell proliferation 

Shen, et al. 

(2021) 
[230] 

CAD  - Alginate 

Alginate hydrogel 
with concentration 

gradient, A femur 

model 

Cell proliferation 

This work 

Piston-

based 
extruders 

with robotic 

arm 

• Coordinates 

• Equations 

• CAD  
• Pictures 

• Stage 
heater 

• Syringe 

heater 
• UV light 

• Camera 

• Natural hydrogels (i.e. 
collagen, gelatin, 

alginate, agarose, gellan 

gum, sodium 
hyaluronate, sodium 

carboxyl-methyl 
cellulose, methyl 

cellulose) 

• pH responsive 

hydrogels (polyacrylic 

acid, chitosan) 

• Bioceramics hydrogels 
(i.e. hydroxyapatite, 

silica, talc) 

• Synthetic hydrogels 

(i.e. Pluronic F127, PEO, 

PVA) 

• Silicone elastomers 
(i.e. SE1700, ecoflex) 

• Multi-material 3D 

constructs,  

• 2D embedded 
vascular-like 

channels,  

 
 

• Anatomical models 

•  Core-shell structured 
tumoroids 

• Perfusable devices 

• Custom-made cell 
culture chambers 

•  Liquid dispensing 

• Printing with variable 
speed 

•  Non-planar printing 
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3.7   Limitations and future improvement  

Several limitations of the platform were noted. One limitation lies in the design of a moving 

stage system, hence any mechanical vibration during the stage translation could potentially 

compromise the fidelity of low viscosity objects that are printed in-air. To reduce the potential 

impact, a very slow speed of stage can be used when printing delicate structures of low 

viscosity materials. The reason a moving printhead system was not employed here is that the 

maximum payload of the uArm is 500 g, which is not sufficient for carrying a printhead, and 

uArm was chosen here as it is programmable and has good mechanical accuracy at low cost. 

Compared to commercial 3D extrusion printing platforms for soft materials, this platform lacks 

an automatic calibration system, which can be attained by incorporating an inductive sensor or 

a proximity sensor into the platform in future development. In addition, cooling systems, for 

example coolers made with Peltier elements and heat sinks, would be beneficial for printing 

protein-based inks, such as collagen and fibrin. An ink retraction mechanism would be 

advantageous for preventing ink from unintentional oozing during transition between non-

printing paths, further enhancing the print fidelity. As the dispensing module of the platform is 

piston-driven, a retraction mechanism can be easily achieved by setting the stepper motor to 

rotate reversely for a set period of time. This is opposed to pneumatic control that is widely 

utilised in commercial bioprinters but cannot be utilised easily for retraction [248]. Lastly, 

several studies have noted that switching between multiple printheads greatly slows down the 

fabrication process [157, 158, 249]. A multi-channel microfluidic printhead can be employed 

for faster fabrication and accurate positioning.   

 

3.8    Conclusion 

In this chapter, an entirely hackable and affordable printing platform was made from scratch 

using an open-source robotic arm and simple mechanical components. As the syringe holders 

and stages were 3D printed, the prototype of the platform can be easily modified to suit 

different needs. Here, the printing platform is equipped with multiple printheads that are 

compatible with 1 ml and 3 ml syringes, and a wide variety of 3D printed stages to fit different 

sizes of collecting reservoirs. Printheads and the stage can also be heated for tuning the 

rheology of materials, and a UV module is coupled with the platform for in situ photo-

polymerisation. Controlled by Python, the printing operation is fully amendable for 

unprecedented printing strategies. Four Python templates were written for accepting different 
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geometry inputs, including coordinates, equations, CAD models and pictures, hence the 

operation should be easy to implement, even for users without programming experience. 

Unlike commercial bioprinting systems that are costly and closed source, the total cost of this 

fully customisable and multi-printhead system is around ~ £1900, while a single printhead 

system costs ~ £ 900 (see Table 3.1). The assembly method and the design of the programme 

are provided, hence other users can replicate the system and contribute to its future 

development. In the subsequent chapters, this printing platform was utilised for different 

applications, and its versatile capability is demonstrated.    
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Chapter 4  

An Investigation on Methods for Soft Material 

Printing  

 

4.1    Introduction 

Soft materials, such as hydrogels and elastomers, capable of resembling the mechanical 

properties of biological soft tissues are promising material candidates in applications for 

promoting human-machine interactions, including flexible electronics [131, 250–254] and soft 

robotics [99, 174, 255–257]. In particular, hydrogels have been extensively used in myriad 

biomedical applications owing to their unique properties. For example, the high water content 

of hydrogels promotes moisture for tissue healing, making them ideal candidates for wound 

dressing [250, 254, 258, 259]. The ionic permeability of hydrogels allows their utilisation as 

sustained and flexible power sources for uses in implantable devices [260, 261]. The potential 

biocompatibility of hydrogels makes them attractive materials in tissue engineering and drug 

delivery applications [262]. And, stimuli-responsive hydrogels can actuate in accordance with 

environmental changes by harnessing their chemical energy without the need for external 

mechanical means, unlike actuators made of silicone elastomers [94].  

The innovation in soft material technology has been remarkably springing up since the 

advent of 3D printing technologies in the last decades [4]. The technologies offer a high degree 

of design freedom and enable rapid prototyping of complex structures that cannot be attained 

with traditional methods, facilitating the fabrication of soft materials with tuneable mechanical 

and other functional properties [4]. Among the 3D printing technologies, extrusion-based 

printing (also known as direct-ink writing) and photolithography are commonly used for soft 

materials [2, 4]. While photolithography, such as digital light processing (DLP), significantly 

improves the resolution and the speed of fabrication, extrusion-based printing offers several 

key benefits over light-based methods [2, 106]. These include the ease of multimaterial 
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fabrication [4], greater biocompatibility as the process does not necessarily involve cytotoxic 

photoinitiators [113] and greater flexibility in material choices [109] (see Section for further 

discussion). More importantly, direct-ink writing does not require covalent crosslinking that 

typically causes increased brittleness in hydrogels [263] and therefore reduces its mechanical 

resemblance to biological soft tissues.  

Notwithstanding, the present extrusion-based printing technology is hindered by 

several limitations, including their high cost, poor reproducibility and the lack of detailed 

investigation to standardise the printing process of soft materials [4, 264]. These limitations 

significantly discourage new users to adopt the technology. Therefore, in an attempt to address 

the above limitations encountered in the research community, this chapter aims to 1) investigate 

the capability of the low-cost custom-built extrusion-based printing platform developed in 

Chapter 3 and 2) provide a rational guideline for extrusion-based printing of soft materials via 

exploring different printing strategies. Unlike other open-source 3D extrusion-based printers 

developed in literature, the setup developed in this study offers flexible geometry input options 

and unconventional printing strategies, such as non-planar printing and printing with variable 

speed. In addition, the setup is equipped with a complete set of auxiliary tools (i.e. heaters and 

UV module) that assists the fabrication of less printable materials. A wide diversity of soft 

materials, from natural hydrogels (e.g. collagen and agarose), pH responsive hydrogels (e.g. 

polyacrylic acid and chitosan) to elastomers (e.g. Ecoflex), were successfully printed using the 

setup with the adopted printing methods discussed. The findings reported in this chapter realise 

the capability of a low-cost printing system and suggest a rational guide to new users for 

efficiently designing a printing method from a wide array of options to suit different needs, 

advancing the widespread adoption of 3D extrusion-based printing technology for soft 

materials. 

 

4.2    Materials and Methods 

4.2.1 Materials 

PEDGA (455008), poly(acrylic acid) (450 kDa, 181285), polyvinyl alcohol (31 -50 kDa, 

363138), glycerol phosphate disodium salt hydrate (G6501), fumed silica (S5130) and mineral 

oil (330760) were purchased from Merck Life; Pluronic F127 (P2443), talc (243604), agarose 

(A9539), carboxymethylcellulose sodium salt (21902), xanthan gum (G1253), gellan gum 

(P8169), gelatin (G1890), chitosan from shrimp shells (C3646), collagen Type I (C9879), 
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sodium alginate (W201502), hydroxyapatite (21223), methyl cellulose (M6385), polyethylene 

oxide (8 MDa, 372839), polyethylene oxide (400 kDa, 372773), calcium chloride (C5670), 

Irgacure 2959 (I2959, 410869), sodium fluorescein (46960), fetal bovine serum (F0804), 

penicillin-streptomycin (P43333) and 10x PBS (D1408) from Sigma; Sodium chloride 

(10616082), glycerol (10579570), precipitated silica (10784571), chitosan (600-800 kDa, 

10636695), citric acid (10345410), HEPES (11394379), sodium hyaluronate (251770250), 

InvitrogenTM Calcein AM (C3099), InvitrogenTM Tris Buffer (15504020), hydrochloric acid 

(H/1100/PB17), silicone oil (13435819), stearic acid (10002390), acetic acid glacial 

(10304980), 99.8% ethanol (12498740) and universal pH indicator (10090470) from Fisher 

Scientific; Sodium hydroxide pellets (S5881) from Scientific Laboratory Supplies; Ecoflex 00-

30, THI-VEX and Slo-Jo (Smooth-On) from Bentley Advanced Materials; SE 1700 and PDMS 

from Dow; 1x PBS (10010056), Dulbecco’s Modified Eagle medium (DMEM) (low glucose, 

pyruvate, 31885023) from Life technologies; Rhodamine 6G (J62315.14) and Rhodamine B 

(A13572.18) from Alfa Aesar; Carbopol ETD 2020 from Lubrizol. Pepsin was a gift from my 

colleague Zhaoying Li, a former PhD student from the Department of Engineering. 

1 ml luer-lok (309628), 3 ml luer-lok (309658) and 1 ml luer-slip (303172) syringes 

were obtained from BD. Needle tips (AD Series General Purpose Dispensing Tips and Smooth 

Flow Tapered tips) at different gauge numbers and lengths were obtained from Adhesive 

dispensing Ltd. 

 

4.2.2 Solution preparation   

Pluronic F127: Three formulations of Pluronic F127 inks were used in this chapter. They were 

40 w/v% Pluronic F127 dissolved in DI water, 30 w/v% in DI water and 30 w/v% dissolved in 

1 w/v% NaCl. The use of NaCl solution as the dissolving medium increases the viscosity of 

the Pluronic F127 ink due to the salting out effect, hence the ink has a good printability even 

without heating the ink. Pluronic F127 was dissolved in the dissolving medium (either DI water 

or NaCl solution) according to the required concentration. The solution was then kept in a 4 oC 

fridge for at least two days until fully dissolved.  

Alginate: Three formulations of sodium alginate were used. They were 10 w/v% sodium 

alginate mixed with 200 mM CaCl2 at a volumetric ratio of 10:3, and 3.5 w/v% sodium alginate 

with 40 mM CaCl2 at volumetric ratios of 5:3 or 5:2. To avoid inhomogeneous gel formation, 

the CaCl2 solution was added slowly to the solution of sodium alginate under vigorous stirring.  
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Gellan gum and Agarose: 2 w/v% gellan gum and 1 w/v% agarose solutions were prepared by 

adding the desired concentration of the material into DI water, followed by heating the 

solutions in a microwave until fully dissolved.  

Methacrylate hydroxypropyl cellulose: 64 wt% and 68 wt% solutions produced by my 

collaborator, Chun Lam Clement Chan (Department of Chemistry), were directly used for 

printing. The inks were stored in a 4 oC fridge when not in use and can last for ~ 1 week.  

Gelatin: Gelatin was dissolved in DI water at a concentration of 10 w/v%. The solution was 

warmed at 50 oC in an oven until fully dissolved.  

Collagen: The collagen fibres (C9879) used here are not soluble in acetic acid, therefore a 

protocol [53] used to solubilise extracellular matrix was adopted here. The method dissolves 

10 mg/ml collagen fibres in a 1 mg/ml pepsin-HCl solution (1 mg/ml pepsin dissolved in 0.01 

N HCl). 4, 2, 1.5 and 1 mg/ml collagen solutions were prepared by diluting the 10 mg/ml stock 

solution with a NaOH-PBS buffer. The NaOH-PBS buffer was prepared by mixing 10x PBS, 

1x PBS and 0.1 N NaOH in a volumetric ratio of 1:1:8. The prepared solution was then stored 

in a 4 oC fridge. 

Bioceramics-alginate hydrogels: Three bioceramics-alginate inks were prepared. They were 

made of 15 w/v% of either hydroxyapatite, precipitated silica or talc dispersed in a 5 w/v% 

alginate solution. The solutions were pre-crosslinked with a 200 mM CaCl2 solution at a 10:1 

volumetric ratio prior to printing.  

Sodium hyaluronate: A 3 w/v% sodium hyaluronate was dissolved in DI water. The sodium 

hyaluronate-PEDGA ink was prepared by mixing 3 w/v% sodium hyaluronate, PEDGA (700 

Da), 10 w/v% Irgacure 2959/ethanol in at a volumetric ratio of 10:2:1. Irgacure 2959 (I2959) 

was a photoinitiator. The 10 w/v% Irgacure 2959/ethanol stock solution was prepared by 

dissolving 10 w/v% I2959 in pure ethanol.   

Sodium carboxymethyl cellulose, methyl cellulose and polyethylene oxide (PEO): 15 w/v% 

methyl cellulose, 10 w/v% sodium carboxymethyl cellulose and 2 w/v% PEO (8 MDa) were 

prepared by mixing the materials in DI water for at least a day using a magnetic stirrer.   

Chitosan: Two chitosan stock solutions were prepared for printing. They were chitosan from 

shrimp shells at 3 w/v% in 0.1 M acetic acid and a 600-800 kDa chitosan at 13 w/v% in 1 M 

acetic acid. The 3 w/v% chitosan ink derived from shrimp shells was further modified by 

mixing it with 5 w/v% 400 kDa PEO or with glycerol phosphate disodium salt (0.633g for 
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every 4 ml [39]). A photocrosslinkable chitosan ink was prepared by mixing the chitosan stock 

solution, with PEGDA (700 Da) and 10 w/v% I2959/ethanol at a volumetric ratio of 10:1:1. A 

0.5 w/v% solution of chitosan from shrimp shells was prepared for crosslinking the sodium 

carboxymethyl cellulose construct. 

Poly(acrylic acid): 20 w/v% and 25 w/v% of poly(acrylic acid) solutions were prepared by 

dissolving the material in 0.1 M NaOH solution under stirring for  a week.  

Polyvinyl alcohol: A 20 w/v% of polyvinyl alcohol was prepared using the following method. 

The granules were first added in cold DI water to avoid formation of lumps. The dispersion 

was then heated to ~ 80 oC and was stirred until the powder was fully dissolved (~1 – 2 hrs).  

The ink was drawn into a syringe, and the syringe was cooled in a 4 oC fridge for 1 hr before 

printing. 

Ecoflex 00-30: The Ecoflex ink was prepared following the formulation described in [174]. 

First, 1.2 w/w% Slo-Jo and 1.2 w/w% THI-VEX were added to Part B Ecoflex. THI-VEX is a 

rheological modifier, and Slo-Jo is a silicone cure retarder that enables prolonged pot time for 

printing. Part A Ecoflex and the modified Part B were mixed in a 1:1 weight ratio. A drop of 

acrylic paint was added to the mixture for colouring.  

SE 1700: The ink was produced by mixing the base precursor and the curing agent at a weight 

ratio of 10:1.  

  

4.2.3 Support bath preparation and the methods for releasing the printed 

constructs from the baths  

Xanthan gum support bath  

1.3 w/v% xanthan gum was dissolved in either DI water, 10 w/v% gelatin or 0.1 M citric acid 

under stirring using a magnetic stirrer for at least 2 hours until complete dissolution. For the 

xanthan gum-gelatin support bath, a 2.6 w/v% xanthan gum and a 20 w/v% gelatin solution 

were prepared. The solutions were then mixed at a 1:1 volumetric ratio under heat to obtain a 

homogeneous 1.3 w/v% xanthan gum and 10 w/v% gelatin solution. The xanthan gum support 

baths were not removed in all experiments here.  
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Gelatin slurry  

Gelatin slurry was prepared using a similar protocol described in [52, 233]. 4.5 w/v% gelatin 

was dissolved in either 11 mM CaCl2 or 10 mM HEPES solutions at ~ 50 oC. The dissolved 

solution was then stored overnight in a 4 oC fridge and was kept in a -20 oC freezer for 1 hour 

prior to the blending step. This step was to prevent the gelatin jelly from melting during the 

following blending and centrifugation steps. Before blending, the gelatin jelly was mixed with 

the same medium used for dissolving gelatin (either 11 mM CaCl2 or 10 mM HEPES) in a 

volumetric ratio of 2:3. The mixture was blended for 90 s at ‘speed 1’ using a blender (VonShef 

4-in-1 blender). The blended slurry was then transferred into 50 ml conical tubes, and 

centrifuged at 3600 g and 5 oC for 4 mins. The supernatant was removed and replaced with the 

dissolving medium. The mixture was then resuspended using a spatula and centrifuged again. 

The centrifugation step was repeated until no white foam was observed at the top of supernatant. 

The produced gelatin slurry was stored in a 4 oC fridge when not in use and can last for ~ 5 

days. After printing and crosslinking, the printed constructs were released by warming the 

support bath at 37 oC. 

 

Carbopol 

Three Carbopol ETD 2020 solutions (0.1, 0.2 and 1 w/v%) were prepared by stirring Carbopol 

in DI water for ~ 5 hours until completely dissolved. To thicken the solutions, 10 µL of 10 M 

NaOH was added for every 7 ml Carbopol solutions. They were mixed using a thin needle to 

avoid the generation of bubbles. The printed constructs were released by adding a 1 w/v% NaCl 

solution to the bath.  

 

Fumed silica-oil support baths 

Fumed silica was dispersed in either mineral oil or silicone oil at 6 w/w% or 4.8 w/w%, 

respectively. The dispersion was stirred for ~ 30 min and was then degassed with a vacuum for 

at least ~30 min until most bubbles were removed. After crosslinking, the printed constructs 

were collected and washed with soapy water. Soapy acidic water (1 M citric acid) was used for 

rinsing the poly(acrylic acid) constructs. 
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SE 1700 oil baths 

SE 1700 and silicone oil were mixed in a weight ratio of 1:3 and 1:4 using a magnetic stirrer, 

followed by centrifugation at mild speed (300 G) for removing bubbles. The method used to 

collect the printed construct was the same as the method used in fumed silica-oil support baths.  

 

4.2.4 Soft material printing 

The concentrations of the ink and the support bath used for fabricating the constructs shown in 

Figures 4.2 – 4.4 and Figures 4.7 – 4.14 are listed in Table 5.2. Some of the inks were stained 

with a fluorescent dye, either sodium fluorescein (green), rhodamine B (purple orange) and 

rhodamine 6G (yellow). Prior to printing, the ink was centrifuged at 1000 g for 3 mins to 

remove bubbles. The ink was drawn into a 1 ml or 3 ml syringe, and the syringe was loaded to 

the syringe holder of the setup. A collecting reservoir, which was filled with support baths if 

needed, was loaded to the stage. Syringe heating, stage heating and UV light were applied when 

required. Inks that required photo-polymerisation were UV-crosslinked for 5 – 20 mins after 

printing, prior to the removal of the support baths. Below describes the methods for printing 

using different geometry inputs. 

 

Table 4.1| Formulations of inks and support baths used in Chapter 4. Concentration 

is expressed as w/v% unless specified.  

Inks Support baths Heating / UV Figures 

SE 1700 (base:curing agent 10:1 wt ratio) - - 4.2a.i 

40% pluronic F127 - - 4.2a.ii 

30% pluronic F127 10% gelatin + 1.3% xanthan gum 
Stage heating 

at 40oC 
4.2a.iii 

30% pluronic F127 10% gelatin + 1.3% xanthan gum 
Stage heating 

at 40oC 
4.2a.iv 

40% pluronic F127 - - 4.2b.i 

30% pluronic F127/1% NaCl solution - 
Stage heating 

at 40oC 
4.2b.ii 

SE 1700  

(base:curing agent = 10:1 wt ratio) 
- - 4.2b.iii 

30% pluronic F127/1% NaCl solution 10% gelatin + 1.3% xanthan gum 
Stage heating 

at 40oC 
4.2b.iv 

30% pluronic F127 - - 4.2b.v 

40% pluronic F127 - - 4.2c.i 

3.5% alginate:40 mM CaCl2  

(5:3 v/v ratio) 
1.3% xanthan gum - 4.2c.ii 

3.5% alginate:40 mM CaCl2  

(5:2 v/v ratio) 
Gelatin slurry in 11mM CaCl2 - 4.2c.iii 

2% gellan gum (grid) - 
Stage heating 

at 37oC 
4.2c.iv 

30% pluronic F127 - 
Stage heating 

at 40oC 
4.2c.v 
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Inks Support baths Heating / UV Figures 

Methacrylate hydroxypropyl cellulose - In situ UV 4.2d.i 

Methacrylate hydroxypropyl cellulose - In situ UV 4.2d.ii 

10% gelatin 
1.3% xanthan gum: PEGDA 700: 

I2959 (10:1:1 vol. ratio) 

Syringe heating 

at 50 oC 
4.2d.iii 

30% pluronic F127/1% NaCl solution - - 4.2d.iv 

40% pluronic F127 - - 4.3a 

3% sodium hyaluronate 
1% Carbopol:10M NaOH (10 µL per 

7 ml Carbopol) 
- 4.3b 

40% pluronic F127 - - 4.3c.i 

10% alginate:200 mM CaCl2 

(10:3 v/v ratio) 
1.3% xanthan gum - 4.3c.ii, c.iii 

2 x 106 cell suspension - - 4.3d.ii, d.iii 

40% pluronic F127 
0.2% Carbopol:10M NaOH (10 µL 

per 7 ml Carbopol) 
- 4.3e 

40% pluronic F127 - - 4.3f 

10 mg/ml collagen 4.5 % gelatin slurry – 10 mM HEPES - 4.4a.i 

10% alginate:200 mM CaCl2  

(10:3 v/v ratio) 
4.5 % gelatin slurry – 11 mM CaCl2 - 4.4a.ii 

1% agarose 0.2% Carbopol:10M NaOH (10 µL 

per 7 ml Carbopol) Syringe heating 

at 50 oC 

4.4a.iii 

2% gellan gum 4.4d.iv, 4.8 

10% gelatin 
1.3% xanthan gum: PEGDA 700: 

I2959 (10:1:1 vol. ratio) 
4.4a.v 

3% sodium hyaluronate:PEDGA:I2959 

(10:2:1 vol. ratio) 

1% Carbopol:10M NaOH (10 µL per 

7 ml Carbopol) 
- 4.4a.vi 

10% Sodium carboxymethyl cellulose - - 4.4a.vii, 4.9 

15% Methyl cellulose - 
Stage heating 

at 50 oC 
4.4a.viii 

64% Methacrylate hydroxypropyl 

cellulose 
- In situ UV 4.4a.ix 

13% Chitosan (600-800 kDa) SE1700:silicone oil (3:1 wt ratio) - 4.4a.x 

5% Alginate-15% hydroxyapatite:200 

mM CaCl2 (10:1 v/v ratio) 

4.5 % gelatin slurry – 11 mM CaCl2 

- 4.4b.i 

Alginate-15% precipitated silica:200 mM 

CaCl2 (10:1 v/v ratio) 
- 4.4b.ii 

Alginate - 15% talc:200 mM CaCl2 (10:1 

v/v ratio) 
- 4.4b.iii 

40% Pluronic F127 - - 4.4c.i, c.ii 

25% Poly(acrylic acid) in 0.1M NaOH SE1700:silicone oil (3:1 wt ratio) - 4.4c.iii 

2% Polyethylene oxide (8 MDa) 1.3% xanthan gum - 4.4c.iv 

20% Polyvinyl alcohol (31-50 kDa) 1.3% xanthan gum - 4.4c.v 

SE 1700 (base:curing agent 10:1 wt ratio) - - 4.4d.i 

Ecoflex 6 w/w% Fumed silica in mineral oil - 
4.4d.ii, 

4.14 

10 mg/ml collagen 

4.5% gelatin slurry – 10 mM HEPES 

- 4.7a 

1 w/v% agarose, 2 mg/ml collagen, 1.5 

mg/ml collagen 
- 4.7b 

10 mg/ml collagen 
0.1% Carbopol:10M NaOH (10 µL 

per 7 ml Carbopol) 
- 4.7c 

10 mg/ml collagen 
0.2% Carbopol:10M NaOH (10 µL 

per 7 ml Carbopol) 
- 4.7d 

64% Methacrylate hydroxypropyl 

cellulose 

- 
In situ UV 

4.10b 

- 4.10c 

68% Methacrylate hydroxypropyl 

cellulose 

-  4.10d 

- 

Post-printing 

heating and 

crosslinking 

4.10e 

- Stage heating 4.10f 

3% chitosan 1.3% xanthan gum - 4.11b 

3% chitosan-5% 400 kDa 

PEO:PEGDA:I2959 (10:1:1 vol. ratio) 

1.2% Carbopol(10 µL per 7 ml 

Carbopol) 
- 4.11c 
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Inks Support baths Heating / UV Figures 

3% chitosan:PEGDA:I2959  

(10:1:1 vol. ratio) 

4.5% gelatin slurry – 10 mM HEPES 

- 4.11d.1 

3% chitosan (modified with glycerol 

phosphate disodium):PEGDA:I2959 

(10:1:1 vol. ratio) 

- 4.11d.ii 

13% high molecular weight chitosan 

PEGDA:I2959 (10:1:1 vol. ratio) 

SE 1700: silicone oil (1:4 or 1:3 wt. 

ratio) 
- 4.11e 

20% Poly(acrylic acid): PEGDA:I2959 

(10:1:1 vol. ratio) 

1.3% xanthan gum - 4.12a 

1.3% xanthan gum in 0.1M citric acid - 4.12b 

25% Poly(acrylic acid): PEGDA:I2959 

(10:1:1 vol. ratio) 

SE 1700: silicone oil (1:3 wt ratio) - 4.13a 

6% Fumed silica in mineral oil - 4.13b 

6% Fumed silica in mineral oil 

supplemented with stearic acid at 

different conc. 

- 4.13c 

8% Fumed silica – 1% Stearic acid in 

mineral oil  
- 4.14 

 

 

Printing with coordinate input 

The desired coordinates of the print path, stage speed and extrusion flowrate were defined in 

the control programme. 2D patterns (Figure 5.2a.ii) and 3D objects (Figure 5.2a.i) can be 

produced via this method. The 3D objects were created by repeatedly stacking the 2D layer 

described by the input coordinates at the defined layer height until the desired object height 

was reached. 

 

Printing with equation input 

Four forms of equations were used for fabricating the features presented in this chapter. They 

were equations of butterfly curve, Archimedean spiral, circle and sine wave (Table 5.3). The 

desired equations were inputted to the Python control programme, and were discretised by at 

least 100 evenly spaced points along the curve, depending on the length of the curve. 3D 

features were produced by either printing stacked layers of the 2D curve according to the 

defined object and layer heights (Figure 5.2b.ii) or setting the coordinates of the curve evenly 

distributed along a defined height (Figure 5.3e). The printing process was executed with the 

defined stage speed and extrusion flowrate. 
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Table 4.2| Equations used for fabricating the one-stroke features demonstrated in 

Chapter 4.  

 Patterns Equations 

Butterfly curve 

 

𝐱 = 𝐬𝐢𝐧(𝛉) {𝐞𝐜𝐨𝐬(𝛉) − 𝟐𝐜𝐨𝐬(𝟒𝛉) − 𝐬𝐢𝐧𝟓(
𝛉

𝟏𝟐
) 

𝐲 = 𝐜𝐨𝐬 (𝛉){𝐞𝐜𝐨𝐬(𝛉) − 𝟐𝐜𝐨𝐬(𝟒𝛉) − 𝐬𝐢𝐧𝟓(
𝛉

𝟏𝟐
) 

𝟎 ≤ 𝛉 ≤ 𝟏𝟐𝛑 
 

𝑤ℎ𝑒𝑟𝑒 𝜃 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑙𝑎𝑟 𝑎𝑛𝑔𝑙𝑒. 

Archimedean 

spiral 

 

𝐑 = 𝐚 + 𝐛𝛉 

𝐱 = 𝐑𝐜𝐨𝐬(𝛉) 

𝐲 = 𝐑𝐬𝐢𝐧(𝛉) 
 

where a controls the distance between the origin 
and the first loop from the origin, b controls the 

distance between loops and 𝜃 is the 𝑝𝑜𝑙𝑎𝑟 𝑎𝑛𝑔𝑙𝑒. 

Circle 

 

𝐱 = 𝐑𝐜𝐨𝐬(𝛉) 

𝐲 = 𝐑𝐬𝐢𝐧(𝛉) 

𝟎 ≤ 𝛉 ≤ 𝟐𝛑 
 

where 𝑅 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 𝑎𝑛𝑑 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑙𝑎𝑟 𝑎𝑛𝑔𝑙𝑒. 

Sine wave 

 

𝐲 = 𝐀𝐬𝐢𝐧(𝐁𝐱) 
𝟎 ≤ 𝐱 ≤ 𝟏𝟎 

 

where 𝐴 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒,
2𝜋

𝐵
 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 and 

x is the total pattern length. 

 

 

Printing with CAD model input 

3D CAD models were either designed using Autodesk Inventor or downloaded from GradCAD 

(https://grabcad.com/library/software/stl), Thingiverse (www.thingiverse.com) or the 

BodyParts3D database (https://lifesciencedb.jp/bp3d/). Prior to the printing process, the CAD 

model was converted to a G-code file using Slic3r (https://slic3r.org/) based on the defined 

slicing parameters (i.e. fill pattern, fill density, extrusion width and layer height), of which the 

values depend on the ink properties. The G-code file was then imported to the Python control 

programme. The printing process was executed with the defined parameters of the stage speed 

and the extrusion flowrate.  

 

Printing with picture input 

Printing with picture input was enabled by the ‘Gcodetools’ extension [265] on Inkscape 

(https://inkscape.org/), which was an extension designed for CNC machines. The extension 

was installed on Inkscape. To covert a picture into printing paths, the workplace size on 

Inkscape was first adjusted according to the size of the stage by clicking ‘File → Document 

properties → Custom sizes’. The acceptable form of pictures can be photos of hand-drawn 

https://grabcad.com/library/software/stl
http://www.thingiverse.com/
https://lifesciencedb.jp/bp3d/
https://slic3r.org/
https://inkscape.org/
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sketches, pictures created by any drawing software or drawings created on Inkscape. For photos 

of hand-drawn sketches or pictures created by other drawing software, the pictures were 

imported to Inkscape and were converted to a vector path using the following procedures: 1) 

Convert the image to a binary image (‘Filters → Color → Greyscale’) and 2) Trace the 

centreline of the image (‘Extensions → Images → Centerline Trace 0.8a [266] → Select 

‘Replace image with vector graphics’ and ‘Trace bright lines’). For drawings created on 

Inkscape, the drawing was converted to paths by clicking ‘Path → Object to path’. After 

converting the picture to path, the path was then placed at the centre of the workplace and was 

converted to a G-code file by applying the following step: 1) Navigate to ‘Extensions → 

Gcodetools → Orientation points’ and select ‘2-points mode’; 2) click ‘Extensions → 

Gcodetools → Tool library’ and select ‘Cone’; and 3) Select the path, navigate to ‘Extensions 

→ Gcodetools → Path to Gcode’ and save the file by clicking ‘Apply’ under the ‘Path to Gcode’ 

tab with the file name defined in the ‘Preferences’ tab. The G-code file can be viewed on NC 

viewer (https://ncviewer.com/). The generated file was then imported to a Python programme, 

which was designed for reading the G-code files generated by this extension (see Chapter 3 

for details). The printing was executed with the defined extrusion flowrate and stage speed. 

 

4.2.5 Dispensing of cell suspension 

This experiment was carried out with the help of my colleague, Yang Cao. 

3T3 mouse embryo fibroblast cell line was cultured in a 25 cm2 flask and was passaged 

following standard protocol. Cell culture media used here were 10 v/v% fetal bovine serum 

and 1 v/v% penicillin-streptomycin in DMEM. A cell suspension with 2 x 106 cells/ml was 

used in the dispensing experiments, with the cells stained with Calcein AM (at 2 μM working 

concentration for live cell staining). To prevent cell sedimentation, immediately after 

resuspension, the cell ink was drawn into a 1 ml luer-lok syringe and was loaded into the 

syringe holder of the printer. A tapered needle was used here to mitigate cell death caused by 

the shear stress at the nozzle. The control programme for dispensing operation was adapted 

from the programme used for coordinate geometry input. In the operations of constant volume 

dispensing, the stage was programmed to pause at an array of 5 x 4 evenly spaced coordinates 

one-by-one for 5 s and the extrusion was applied during the pause period. In the operation of 

variable volume dispensing, the stage was paused for 1 – 5 s with the time increased linearly 

in the order of the dispensing coordinates.  

https://ncviewer.com/
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4.2.6 Non-planar printing 

The 3D scanning of the target object was carried out by Abby Thompson, an undergraduate 

student from the Department of Engineering. 

A 2D line pattern for printing was designed on Inkscape and was converted to a G-code file 

using the same procedure described in ‘Printing with picture input’ (Section 4.2.4). The 3D 

shape of the target object (a Ecoflex nose model) was captured using a 3D scanner (EinScan 

H, SHINING 3D®) and was saved as a STL file. To analyse the surface of the target object, the 

STL model was converted into a G-code file using Slic3R with the following slicing settings 

(fill pattern = ‘Hilbert curve’, extrusion width = 0.2 mm, fill density = 100% and layer height 

= 0.2 mm). A dense infill setting and a Hilbert curve infill pattern were used here for precisely 

describing the target object. The G-codes of the target object (the nose model) and the printing 

pattern (a line pattern) were then imported to a custom Python programme. In the programme, 

each layer of the target object was discretised into tiny grids, and the highest z-position of each 

stack of grids (grids at similar x, y positions with a tolerance threshold = 0.2 mm) was computed. 

The z-position of the printing pattern was then shifted in accordance with the analysed z-

position of the target object at the similar x, y positions (tolerance threshold = 0.2 mm). By 

default, the programme assumes that the pattern is printed around the centre of the target object. 

The offset function can be used for shifting the printing pattern away from the centre if needed. 

The programme outputs a text file of the analysed coordinate array, which was then imported 

to the Python control programme used for Picture input to execute the printing. 

 

4.2.7 Printing and removal of sacrificial template 

Gelatin (Figure 4.4a.v) and Pluronic F127 (Figure 4.2a.iii-a.iv) inks were used as sacrificial 

inks for producing micro-channel networks in this chapter. The sacrificial inks were embedded 

printed in a supportive matrix, followed by crosslinking the matrix via thermal or UV 

mechanisms, depending on the properties of the matrix. To liquefy the sacrificial inks after 

matrix crosslinking, gelatin sacrificial inks were removed by warming the matrix above 37 oC, 

while the Pluronic F127 sacrificial inks were removed by cooling the matrix in a 4 oC fridge 

for 10 mins. A dye was then perfused to the channel network for removing the residual 

sacrificial material and visualising the channels.  
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4.2.8 Printing of PAA strips for pH-responsive morphing  

A 25 w/v% of PAA-PEGDA-I2959 solution (10:1:1, see Materials and Methods 4.2.2) stained 

with sodium fluorescein was used for printing pH-responsive PAA strips. Prior to printing, 

CAD files of the strips were designed on Autodesk Inventor and sliced on slic3R using the 

following settings: fill angle of either 0o, 45o or 90o, a rectilinear fill pattern, infill density = 

90%, extrusion width = 0.4 mm and layer height = 0.5 mm. The dimensions of the strips were 

20x8x1 mm (Figure 4.14a-c and Figure 4.15), 10x10x1 mm (Figure 4.14d) and 20x20x1mm 

(Figure 4.14e). They were printed in a mineral oil bath supplemented with 8 w/v% fumed silica 

and 1 w/v% stearic acid. After printing, the features were UV-crosslinked for 10 min and 

collected from the bath, followed by rinsing with a soapy acidic water (1 M citric acid). The 

printed strips were then immersed in 1 M Tris solutions for pH-responsive morphing behaviour. 

The morphing was reversed by placing the strips in a 1 M citric acid solution.    

 

4.3    Results and discussion 

4.3.1 A versatile platform for flexible geometry inputs 

Most commercially available bioprinters employ proprietary software and are only able to read 

the G-code files generated from their proprietary slicing software with the 3D CAD models 

imported by the users. Although G-code is the standard language used in 3D printing and is 

advantageous for describing three-dimensional bulk objects with uniform print paths, several 

limitations are noted. First, the generation of G-code using 3D slicing software comes at the 

expense of restricted customisation of the print path. It is arduous to generate diverse print path 

with the currently available slicing software. In addition, using CAD models to describe simple 

patterns, such as 2D patterns or sacrificial templates for producing vascular-like networks, is 

redundant and may result in an inappropriate print path. As exemplified in Figure 4.1, to 

describe the intended shape of a 2D pattern with G-code, a CAD model first needs to be created 

and is then sliced using a slicing software. However, due to the limited choices of fill pattern 

available from the slicing software, a zig-zag or a repeated print path could be resulted, 

diminishing the smoothness and the fidelity of the print. On the contrary, this simple Y-shaped 

pattern can be easily described by four coordinates to give a smooth and non-repeated print 

path. Furthermore, the orientation of the print path has significant impacts on various properties 

of the printed objects, such as its final mechanical properties, cell adhesion behaviour and 
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swelling response (discussed in Section 4.3.3.2) [267]. All of these show the need for a greater 

flexibility in the geometry input options to enable path-designed printing.  

 

 

Figure 4.1| Figure comparing the print paths of a simple ‘Y’ shaped pattern generated 

via slicing a 3D CAD model and via the coordinate method proposed here . 

 

On this account, I developed four programme templates for accepting different 

geometry inputs to suit different needs. They are coordinates, equations, CAD model and 

picture (see Chapter 3 for the details of the programme design). Figure 4.2 demonstrates a 

wide variety of patterns fabricated using different geometry inputs – from simple linear patterns 

produced by coordinates to seamless one-stroke curvy patterns described by equations; and 

from three-dimensional intricate objects described by 3D CAD models to customised motifs 

defined by pictures. Remarkably, one-dimensional channels (Figure 4.2a.iii) and simple 

tubular constructs (Figure 4.2b.ii) can be readily produced via coordinates and equations. By 

leveraging the picture input method, user-designed patterns, for example circuit- and vascular-

like patterns (Figure 4.2d.iiii-iv), can be readily fabricated. In particular, the feature shown in 

Figure 4.2d.iv was described by a hand-drawn sketch, hence this function might be helpful for 

users who are not familiar with computer-aided designs. Although the system does not offer a 

graphical user interface for operation, the pre-written programme templates are user-friendly 

and were specifically designed for users with no-programme experience. It is worth mentioning 

that the operation flexibility does not limit to the four geometry inputs provided here. As the 

software is entirely hackable and was written in Python, one of the most popular and easiest 

programming language, users can freely amend the codes to tailor the operation process. 
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Figure 4.2| Constructs printed using the a) coordinate, b) equation, c) CAD model 

and d) picture geometry input options.  The materials used were as follows: (a.i and 

b.iii) SE 1700, (a.ii, a.iii, a.iv, b.i, b.ii, b.iv, b.v, c.i, c.v an d d.iv) pluronic F127, (c.ii 

and c.iii) alginate-CaCl2, (c.iv) gellan gum, (d.i and d.ii) methacrylate hydroxypropyl 

cellulose and (d.iii) gelatin. Detailed information of the ink formulation used here can 

be found in Table 4.2. (a.iii, a.iv, b.iv and d.iii) show perfusable channels stained with 

a green dye or a fluorescent dye. They were produced by printing (a.iii, a.iv and b.iv) 

pluronic F127 or (d.iii) gelatin in a matrix made of (a.iii, a.iv and b.iv) xanthan gum -

gelatin or (d.iii) xanthan gum-PEDGA. (b.v) shows an agarose mould produced by 

casting an agarose solution on a pluronic F127 sacrificial pattern. The grid shown in 

(c.iv) were printed using a gellan gum ink , followed by manually dispensing collagen 

solutions at different concentrations (1, 2 and 4 mg/ml stained with red, green and blue 

dyes) onto the grid. Scale bar = 5 mm.  

 

4.3.2 Multi-functionalities in one platform – from conventional 3D extrusion 

printing to advanced techniques. 

Apart from in-air and embedded printings of single material that most bioprinters offer 

(Figure 4.3a-b), the system is capable of fabricating multi-material constructs using the 

multiple printheads equipped in the system. As a demonstration, Figure 4.3c shows a four-

layer construct composed of Pluronic F127 inks coloured with different dyes (Figure 4.3c.i) 

and a model of respiratory system with lungs and trachea made of alginate inks (Figure 4.3c.ii-

iii) successfully printed in-air or inside a support bath. The calibration step of the printheads to 

the stage centre (discussed in Section 3.5.1) is essential in multi-material printing as 

misalignment could be resulted when the system is not properly calibrated.    
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Figure 4.3| Versatile functionalities of the 3D extrusion printing platform. a) In-air 

printing of Pluronic F127. b) Embedded printing of sodium hyaluronate in a Carbopol 

bath. c) Figure demonstrating the capability of multi -material printing with the platform. 

Multiple printheads were used here to deposit different inks. (c.i) was printed with three 

Pluronic F127 inks stained with different colours and (c.ii -c.iii) was a construct made of 

two alginate inks printed in a xanthan gum bath. d) Automated dispensing of cell 

suspension on a petri dish at (d.i) constant droplet volumes and (d.ii) variable droplet 

volumes. The black arrow in (d.ii) indicates the direction of the dispensing path, and the 

white arrows depict the controllable droplet size variation from small to large volume. 

e) A spiral curve made of Pluronic F127 printed with variable speed. f) Non-planar 

printing of a Pluronic F127 line pattern on a 3D nose model. Scale bars = 5 mm.  

 

By virtue of the customisable control programme, unconventional operations, such as 

automated dispensing, printing with variable speed and non-planar printing, were readily 

enabled. Liquid handling always plays an indispensable role in life science experiments, 

however manual pipetting is low throughput, unable to dispense viscous solutions and may 

cause fatigue-related mistakes due to repetitive operations. For this reason, I demonstrated the 

liquid handling capability of the system. The programme was modified such that the stage 

stopped at a set of defined coordinates one-by-one for a specific duration of time, while the 

printhead was dispensing the cell suspension. Figure 4.3d.i shows that droplets of 3T3 cell 

suspension with the same size were dispensed on a petri dish. The dispensed volume of the 

droplets is controllable by the extrusion flowrate and the dispensing duration. By simply setting 

different duration of dispensing time along the path from short to long duration, droplets with 

various sizes were obtained (Figure 4.3d.ii). This capability might be useful for automating 

the hanging drop method to produce cell spheroids and dispensing active ingredients in a 
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printed object. Likewise, extruded ink filaments with continuously narrowing diameter can be 

achieved by varying the travelling speed of the stage along the print path, as illustrated in 

Figure 4.3e. This strategy could be utilised for the generation of smooth and vascular networks 

with heterogenous dimensions.  

Lastly, I demonstrate the capability of non-planar printing using the platform. As 

opposed to conventional commercial 3d printers that rely on plane-by-plane slicing, non-planar 

printing allows inks to be printed along a freeform surface by moving the motion system of the 

printer in all 3 axes at the same time to avoid collisions between the printhead and the target 

surface. Figure 4.3f shows the workflow of non-planar printing used in my experiment. With 

the use of a 3D scanner, the 3D shape of the target object can be accurately captured. In this 

example, a 3D printed nose model made of ecoflex was used as the target object. The surface 

of the target object was then analysed and the z-coordinates of the printing pattern (a line 

pattern in this example) were transformed according to the target surface using a custom python 

code (see Materials and Methods 4.2.6 for details). As shown in Figure 4.3f, a line pattern 

was successfully printed onto the target nose model. With the ability to deposit inks directly 

onto small objects, novel applications of 3D extrusion printing technology could become 

possible, such as freeform circuits [268] and depositing drugs or functional materials on small 

organisms (e.g. plants, fish and reptiles). However, it should be noted that the payload capacity 

(500 g) of the robotic arm may limit the size and the mass of objects that can be placed onto 

the stage. 

 

4.3.3 Fabricating complex structures with a wide range of soft materials 

Most biomaterials do not have an ideal rheological property for printing, hence choosing a 

suitable printing method and having auxiliary tools, such as heating and UV tools, to modulate 

the material rheology are imperative for the success of constructing soft materials. Here, I 

explore the printing capability of the system with a wide variety of biomaterials. As shown in 

Figure 4.4, the printer is capable of printing different types of biomaterials, from collagen, 

natural polysaccharides, bioceramics-based hydrogels, synthetic polymers to silicone 

elastomers. The designated CAD models or 2D patterns of the printed structures are shown in 

Figure 4.5. A few of the materials possess good printability, while others were printed with 

the aid of support baths, heating or UV light.  
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Figure 4.4| 3D printed constructs made of a) natural hydrogels, b) bioceramics -

hydrogels, c) synthetic hydrogels and d) silicone elastomers.  (a.v) is a perfusable 

channel network (stained with the orange Rhodamine B dye) produced by embedded 

printing a gelatin ink in a supportive matrix. Scale bars = 5 mm.  

 

 

 

Figure 4.5| The CAD models and the 2D pattern of the constructs shown in Figure 

4.4.  
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In the following sections, the transparency of the commonly used support baths in 

literature was first examined, as highly transparent baths are desirable for in-situ monitoring 

and photo-polymerisation. I then discuss the rationale for the method I utilised for printing each 

material. The selected printing methods of the inks are summarised in Table 4.4. Detailed 

methods of the solution preparation and the concentrations of the inks and the baths are 

provided in Materials and Methods (4.2.2 – 4.2.3) and Table 4.2. A decision flowchart (Figure 

4.17) is presented at the end, providing my perspective on selecting an appropriate printing 

approach.    

 

4.3.3.1   Transparency of support baths for photo-crosslinking 

Figure 4.6 shows the transparency of the commonly used water- and oil-based support baths 

reported in literature. Apart from the fumed silica-silicone oil support bath, they were prepared 

using similar concentrations and protocols reported in literature (see Materials and Methods 

4.2.3) [52, 126, 130, 168]. Carbopol is a modified high molecular weight poly(acrylic acid), of 

which the transparency depends on the pH of the solution. Exceptional transparency occurs at 

around neutral pH. As shown in Figure 4.6, Carbopol displays a superior transparency than 

gelatin slurry, therefore it is perfect for uses in printing processes that involve photo-

polymerisation. Among the oil-based baths used in literature, both fumed silica-mineral oil and 

fumed silica-silicone oil baths offer adequate transparency, while SE 1700-PDMS bath is 

translucent and may impede the photo-polymerisation efficacy of the inks. Interestingly, a 

lower concentration of fumed silica is required with silicone oil to obtain a similar and adequate 

viscosity for printing, compared to fumed silica-mineral oil baths. 

 

 

Figure 4.6| Optical transparency of the frequently used support baths in literature.  
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4.3.3.2   Printing soft materials 

1. Collagen  

Figure 4.7a shows the procedure I adopted for printing collagen. Collagen bioinks are typically 

composed of collagen fibres solubilised in an acid. Neutral pH and physiological temperature 

(pH 7 and 37 oC) are essential for crosslinking acidified collagen inks. A support bath of gelatin 

slurry supplemented with a 10 mM HEPES buffer solution [52] was used here to support the 

overhanging printed structure and to facilitate the neutralisation of the acidified collagen once 

the ink was deposited into the bath. It is noted that the printed ink cannot be properly 

crosslinked if the support bath is removed immediately after printing. Therefore, to avoid the 

dissolution of the printed object, the object was kept inside the bath for an hour after printing 

to ensure complete neutralisation, followed by incubation at 37 oC for an hour to thermal 

crosslink the printed ink while removing the support bath.  

Although previous works have shown that the gelatin slurry support bath method (also 

known as the FRESH method) is well-compatible with high concentration collagen inks, from 

9 to 35 w/v% [52, 136], its capability with low concentration collagen is yet to be demonstrated. 

A 1 – 2 mg/ml of collagen solution is a more relevant concentration used in cell culture 

experiments [269]. Therefore, I examined the compatibility of the FRESH method with low 

concentration collagen inks. As shown in Figure 4.7b, a simple heterogeneous construct 

composed of 2 and 1.5 mg/ml collagen inks was successfully produced, and the shape was 

preserved after removing the gelatin slurry support bath. This confirms the performance of the 

FRESH method for printing low concentration collagen inks, though complex features with 

high resolution might not be attainable at this concentration. Collagen inks with concentration 

less than 1.5 mg/ml were not printable in my experiments , possibly because the diffusion of 

the ink through the bath happened faster than the crosslinking of the ink.  
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Figure 4.7| Printing of collagen.  a)  The method employed for fabricating collagen 

constructs. b) A construct made of low concentration collagen and  agarose fabricated 

using gelatin slurry support baths. c) Cohesive and dragging problems experienced when 

a 0.1 w/v% Carbopol support bath (pH 7) was used. d) Shape evolution (indicated by the 

white arrow) and splitting (indicated by *) problems of a coll agen construct when a 0.2 

w/v% Carbopol was used for embedded printing. Scale bar = 5 mm.  

 

The print fidelity of collagen in Carbopol support bath, another frequently used support 

bath in literature, was also evaluated. Using a 0.1 w/v% of Carbopol gel (pH 7), the feature 

cannot be successfully printed. The ink sticked to the needle tip and was dragged within the 

bath, forming a lump of gel (Figure 4.7c). This observation potentially suggests that the storage 

modulus of Carbopol gel at 0.1 w/v% is insufficient and the crosslinking accompanied by 

neutralisation and electrostatic interaction between collagen and Carbopol happened too fast, 

rapidly increasing the storage modulus of the ink. Further experiments on rheological 

measurements can be carried out to verify this. Although collagen can be printed at 0.2 w/v% 

Carbopol (pH 7), the shape of the printed feature evolved over time and split into filaments 

possibly due to the mismatch in their interfacial tension and rapid crosslinking (Figure 4.7d). 

Other concentrations of Carbopol were not tested here because Carbopol gels at neutral pH and 

higher concentrations (~ 1 w/v%) are difficult to handle due to the large amount of bubbles 

trapped in the highly viscous gels, and the bubbles cannot be easily removed via centrifugation. 

The above findings suggest that Carbopol was not an ideal material for fabricating collagen.  
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2. Agarose, gellan gum and gelatin 

Agarose, gellan gum and gelatin are thermo-reversible hydrogels that form solid gels at low 

temperature. When the inks are printed at room temperature, the printed filaments are usually 

rough and wavy because solid gels are being squished through a needle tip and cannot cohere 

to each other. Therefore, temperature control is crucial for creating smooth filaments that can 

cohere to form a bulk construct. Here, I demonstrate the freeform embedded printing of agarose 

(Figure 4.4a.iii) and gellan gum (Figure 4.4a.iv), and the printing of a sacrificial template 

using gelatin (Figure 4.4a.v).  

Assisted by the custom-designed syringe heater, the agarose and gellan gum inks in the 

syringe were warmed at 50 oC and were printed inside a Carbopol support bath. Figure 4.8 

shows the printing of gellan gum in a Carbopol bath. Carbopol was chosen here because it is 

easy to prepare, and the gelation process of agarose and gellan gum does not necessarily require 

ionic or pH agents. To ensure thermal crosslinking is complete before releasing the constructs, 

the constructs were kept at room temperature for ~20 min after printing. The Carbopol support 

bath was liquified by adding a NaCl solution to the bath. As gellan gum can be crosslinked via 

ionic means, I further strengthened the gellan gum construct by crosslinking it with a CaCl2 

solution after the bath was removed. CaCl2 was not used as the releasing agent in the first place 

because mixing CaCl2 solution with Carbopol was found to form a white precipitate, possibly 

due to the excessive salting out effect under high ionic strength.  

 

 

 

Figure 4.8| Printing of gellan gum in a Carbopol bath.  Scale bars = 5 mm  

 

Thermo-reversible gelatin and agarose hydrogels have been frequently used as 

sacrificial materials in literature as they are biocompatible and can be easily removed under 

mild condition [128, 207]. To demonstrate the sacrificial capability of gelatin, I designed a 

vascular-like template in a picture format and embedded printed it with a gelatin ink inside a 

PEGDA-xanthan gum matrix. Protein-based hydrogels, such as collagen and fibrinogen, can 

be incorporated into the matrix to enhance its biofunctionality for the creation of vascular 



  4.3    Results and discussion 
  

97 

 

network. The gelatin ink was heated at a high temperature (50 oC) during printing because a 

higher temperature can avoid the ink from gelling too fast that will unfavourably cause the 

extruded ink sticking to the needle tip.  

 

3. Alginate and bioceramics-alginate composites 

Alginate solutions by itself has poor printability. The solution is usually pre-crosslinked with 

CaCl2 to enhance its viscosity, such that the ink could exhibit superior printability. Two types 

of formulations were tested here, a 10 w/v% alginate ink and a bioceramics-alginate ink 

composed of 5 w/v% alginate and 15 w/v% bioceramics (either hydroxyapatite, talc or silica). 

Both were pre-crosslinked with CaCl2 (see Materials and Methods 4.2.2). The former has 

adequate viscosity for in-air printing. The incorporation of bioceramics into alginate inks 

reinforced the alginate hydrogels, and therefore lower concentrations of alginate and CaCl2 

were required to obtain a printable ink. As crosslinking of alginate relies on ionic solutions, I 

utilised a gelatin slurry bath containing CaCl2 to construct the freeform structures (Figure 

4.4a.ii & b). When printing was completed, the constructed was further crosslinked with CaCl2 

solution and was released by warming the bath to 37 oC.  

 

4. Sodium hyaluronate-PEGDA 

Sodium hyaluronate (Na-HA) is a sodium salt of hyaluronate acid. Its shear thinning and high 

viscosity at low concentration make it an excellent candidate for thickening bioinks for printing 

applications. When dissolving Na-HA in water, an amorphous gel is resulted. Formation of 

solid gels of Na-HA requires chemical crosslinking or chemical modification of the materials. 

On the contrary, PEGDA is a photocrosslinkable low viscosity solution that forms brittle gels 

upon UV photo-polymerisation. By combining PEDGA with Na-HA, the resulting ink 

encompassed both crosslinkable and printable properties.   

I chose a Carbopol support bath for printing the sodium hyaluronate-PEDGA inks 

(Figure 4.4a.vi) because its extraordinary transparency supports photo-polymerisation. While 

the crosslinking should be long enough to ensure proper crosslinking of the ink, it should also 

not be too long to avoid the crosslinking of the Carbopol around the printed features caused by 

the diffusion of low molecular weight PEGDA molecules and photoinitiators. 
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5. Cellulose derivatives 

Sodium carboxymethyl cellulose (Na-CMC) is a polysaccharide that has been used as a 

thickener in bioprinting applications [36]. A 10 w/v% of Na-CMC ink allows a few layers of 

the material to be printed without the need of support baths, as shown by the ‘leaf’ construct in 

Figure 4.9. Akin to Na-HA, Na-CMC does not form solid gels by itself. To crosslink the 

construct, I chose a low concentration chitosan solution that weakly crosslinksed with Na-CMC 

via electrostatic interaction between the NH3
+ groups of chitosan and COO-

 groups of Na-CMC.  

 

 

Figure 4.9| Printing of sodium carboxymethyl cellulose and post -printing 

crosslinking with a chitosan solution.  Scale bars = 5 mm. 

 

Methylcellulose (MC) is a thermo-reversible LCST hydrogel, of which the viscosity 

increases with elevated temperature. To make use of its thermo-thickening property, I printed 

the MC ink with a heated stage using the custom-made stage heater, such that the viscosity of 

the ink increased once the ink was deposited onto the stage, preserving the desired shape during 

printing.   

 

Methacrylate hydroxypropyl cellulose 

This part of work was carried out in collaboration with Chun Lam Clement Chan. The materials were 

produced by my collaborator. I established the printing method.  

In this study, a photocrosslinkable cholesteric hydroxypropyl cellulose (HPC-MA) solution 

developed by my collaborator was used as a sustainable 3D extrusion printing material with 

tuneable iridescent colour. The colour primarily depends on its concentration, water content 

and crosslinking temperature as these factors affect the cholesteric ordering of the material.  
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1. In situ UV crosslinking 

The first issue we encountered was to enable the creation of 3D bulk objects of the material. 

Like most soft materials that tend to sag and spread out, thick structures of HPC- MA are not 

achievable via conventional in-air printing. In addition, the use of aqueous support baths is 

not feasible here because the diffusion of water from the aqueous bath to the printed ink will 

detrimentally affect the cholesteric ordering of the material and thus the colour. Therefore, to 

solve this problem, we utilised an in situ UV crosslinking strategy where a UV light source 

was placed near the stage during printing so that photo-polymerisation of HPC- MA could be 

immediately initiated once the ink was extruded, as illustrated in Figure 4.10a. Comparing 

the features created via in situ UV crosslinking and via post-printing crosslinking, a more 

well-defined feature was resulted via in situ crosslinking (Figure 4.10b vs d), but also a 

reduced coloration (Figure 4.10c vs d). We hypothesised that the reduced coloration was 

originated from the lack of relaxation time for recovering the HPC microstructure from an 

aligned orientation to a random orientation. The aligned orientation was caused by the 

shearing at the nozzle tip. In addition, the presence of internal interfaces and the increased 

surface roughness of the construct caused by in situ crosslinking also increase the scattering 

and thus obscure the reflected structural colour. In summary, the in situ UV crosslinking 

strategy enables fabrication of thick 3D constructs of HPC but at the expense of degraded 

colour (Figure 4.10c). Future research could investigate the use of oil-based support baths to 

solve the reduced coloration problem, as oil-based baths enable creation of 3D overhanging 

structures and avoids the water diffusion issue that happens in water-based baths.   
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Figure 4.10| Printing of Methacrylate hydroxypropyl cellulose. a)  Configuration of 

the setup with UV light for in situ crosslinking. b) A gecko produced from 64 wt% HPC-

MA via in situ crosslinking. The object was encapsulated in PDMS to remove interfacial 

scattering. c) A tall construct of letter ‘H’ created via in situ crosslinking. d) A gecko 

created via post-printing crosslinking. The objects in (c-d) were not encapsulated in 

PDMS. f) H”, “P”, “C” produced from a single 68 wt% HPC-MA solution, but crosslinked 

at temperatures of 27, 33 and 35  °C, respectively. f) Reduced fidelity when letters were 

printed with in situ heating. Scale bars = 5 mm.  

 

 

2. Creation of constructs with tuneable iridescent colour  

The cholesteric HPC solution is thermochromic with its colour red-shifted with increasing 

temperature. This property enables different structural colour of constructs using a single stock 

solution at different temperatures. As shown in Figure 4.10e, 3D printed constructs of letters 

‘H’, ‘P’, and ‘C’ were produced from a single 68 wt% HPC solution. They were UV-

crosslinked at different temperatures after printing. The reason why post-printing crosslinking 

was adopted here is that it enables a more intense coloration. In addition, we did not employ in 

situ heating because it was found that this will cause evaporation of water from the ink, which 

tremendously increases the ink viscosity, making the ink less cohesive and unprintable, as 

shown in Figure 4.10f. To avoid the reduced moisture content during heating and crosslinking, 

the constructs were warmed in a humid incubator for 10 min, followed by UV crosslinking in 

the incubator.  
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6. Chitosan 

Chitosan is a naturally cationic polysaccharide that is soluble in acid medium. The material can 

be crosslinked via ionic (i.e. with tripolyphosphate (TPP)), thermo- (~37 oC) and pH-

crosslinking (phase separation at pH ~ 6.5 [39]). Additionally, photo-crosslinking can be 

achieved by chemically modification of chitosan or adding a photocrosslinkable agent to the 

formulation, such as PEGDA. Figure 4.11a summarises the tested methods that are feasible 

for creating chitosan constructs. Below discusses the findings observed when testing an 

appropriate support bath for printing chitosan.  

First, when an anionic support bath was used, such as xanthan gum and Carbopol, the 

extruded chitosan ink tends to unite, adhere on the needle tip, and drag in the support bath 

Figure 4.11b). This behaviour is possibly caused by the rapid crosslinking arising from the 

electrostatic interaction between the anionic support bath and the cationic chitosan. The 

crosslinking rapidly increased the storage modulus of the ink, hence causing dragging. To 

enable printing of chitosan in Carbopol, I found that chitosan ink mixed with PEO can mitigate 

the dragging problem and is compatible with both gelatin slurry and Carbopol (> 1 w/v%) 

support baths (Figure 4.11c).  

The above observation suggests that the anionic Carbopol is not an ideal material for 

printing chitosan. Therefore, gelatin slurry support bath was tested. Remarkably, the support 

bath allows printing of chitosan inks and inks modified with either PEO or glycerol phosphate 

disodium salt (GP) (Figure 4.11d). GP is a weak base that can increase the pH of chitosan 

solution from acidic to neutral (pH 6.7) without phase separation, hence this formulation can 

be mixed with cells for fabricating cell-laden constructs [39].  

As chitosan is a pH-responsive hydrogels that is known to swell under acidic and neural 

pH condition, the aqueous environment of gelatin slurry and Carbopol supportive baths, might 

potentially cause swelling of the chitosan ink during printing, diminishing the feature resolution. 

Hence, an oil-based bath would be advantageous for avoiding the swelling issue. Interestingly, 

an unmodified 600 – 800 kDa chitosan ink (13 w/v%) was printable in an oil-based bath 

(Figure 4.11e.i), possibly attributed to the adequate viscosity of this formulation and the 

prohibited neutralisation and electrostatic crosslinking of chitosan in an oil-based bath. The oil-

based bath tested here was composed of SE 1700 mixed with silicone oil in a weight ratio of 

1:3. While a lower SE 1700 content increases the transparency of the bath, the bath at a 1:4 

weight ratio of SE 1700 and silicone oil was unsuitable for the application here because the 
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viscosity of the bath is insufficient to hinder the shape deformation of the printed object driven 

by interfacial tension (Figure 4.11e.ii). 

 

 

Figure 4.11| Printing of chitosan. a) The tested feasible and infeasible methods for 

embedded printing chitosan. PEO = polyethylene oxide and GP = glycerol phosphate 

disodium salt. b) The cohesive problem when printing chitosan in an anionic bath. c) 

Printing of a photocrosslinkable chitosan-PEO ink in a Carbopol bath. d) Printing of i) 

chitosan and ii) chitosan-GP inks in a bath of gelatin slurry. e) Printing of a 13 w/v% 

600 – 800 kDa chitosan ink in a SE 1700-silicone oil bath mixed at i) 1:3 and ii) 1:4 wt 

ratios. Scale bars = 5 mm. 

 

7. Pluronic F127  

Pluronic F127 is a well-established sacrificial material that exhibits outstanding printability, 

allowing layer-by-layer printing. As shown in Figure 4.4c.i, a tall construct (~ 10 mm) was 

printed without the use of any support bath and heating tool. 

 

8. Polyacrylic acid (PAA) 

Polyacrylic acid is renowned for its extensive swelling capacity at pH > ~4.5 (the pKa of the 

carboxyl groups of PAA) as the polymer chains are endowed with abundant carboxyl groups 

[41, 87]. The PAA ink tested here was mixed with PEDGA for obtaining a photo-crosslinkable 

ink. When designing support baths for PAA, pH is a key consideration because the swelling 

behaviour of the printed structure in the bath during printing and crosslinking drastically 

hampers its fidelity (Figure 4.12a). As depicted in Figure 4.12, when the ink was printed in a 

bath at pH ~5.8, a poorly defined structure was resulted, while remarkably improved fidelity 

was observed in a highly acidic bath. Nonetheless, the use of aqueous bath cannot completely 
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avoid the swelling behaviour of PAA. In addition, conventional support baths such as Carbopol 

and gelatin slurry are incompatible with harsh pH conditions as the viscosity of the baths are 

greatly weakened at these conditions. Although acidic xanthan gum allows embedded printing 

of PAA, the bath is difficult to be removed due to the lack of sol-gel transition property of 

xanthan gum and the diffusion of PEGDA from the printed ink through the bath might cause 

undesired crosslinking of xanthan gum around the printed construct.   

 

Figure 4.12| The pH-swelling effect of poly(acrylic acid) during embedded printing 

in aqueous baths.  Printing of poly(acrylic acid) in a xanthan gum bath at a) pH 5.8 and 

b) pH 3.1. Scale bars = 5 mm.  

 

To fully avoid the swelling problem, I examined the potential of oil-based support baths 

for fabricating PAA constructs because water is absent in oil-based media. As shown in Figure 

4.13a-b, the ink was printable in both SE 1700-silicone oil bath and fumed silica-mineral oil 

bath. As expected, no undesired swelling effect was occurred. However, it was found that the 

printed shape can evolve over time due to the mismatch in interfacial tension of the bath and 

the ink, especially for features with high aspect ratio (Figure 4.13c.i). Therefore, I utilised a 

surfactant to reduce the interfacial tension (Figure 4.13c). Stearic acid, a long chain saturated 

fatty acid, was tested here because it is soluble in mineral oil. A 0 – 2 w/v% stearic acid was 

added to the fumed silica-mineral oil support baths, of which the viscosity at ambient 

temperature was slightly increased with the concentration of stearic acid added. Comparing the 

shapes of the constructs immediately after printing and after 50 min (Figure 4.13c), an addition 

of 1% stearic acid effectively preserved the shape of a PAA rectangular construct, hence this 

formulation (fumed silica-mineral oil bath with 1% stearic acid) is proposed for printing PAA. 

A higher concentration of stearic acid was not chosen here because this compromises the 

transparency of the bath (Figure 4.13d), which will hamper the photo-polymerisation efficacy 
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of the bath. After UV crosslinking, the construct can be easily harvested from the oil bath and 

was rinsed with soapy acidic water to remove any residual oil (Figure 4.13e).  

 

 

 

Figure 4.13| Printing of poly(acrylic acid) (PAA) in oil -based support baths. a-b) 3D 

printed PAA constructs with the use of a) SE 1700-silicone oil and b) fumed silica-

mineral oil support baths. c) The effect of stearic acid on delaying the shape deformation 

of constructs in fumed silica-mineral oil support baths. The arrow indicates a  visible 

change in the shape. d)  Optical transparency of the fumed silica-mineral oil support baths 

supplemented with 0 – 2 w/v% stearic acid. e) A PAA construct collected after 

crosslinking and bath removal. Scale bars = 5 mm.  

 

With the above established printable system, I further examined the use of PAA in 

creating anisotropic pH-responsive morphing systems. Although pH-responsive swelling of an 

unconstrained hydrogel is intrinsically isotropic [270], anisotropic swelling can be achieved by 

incorporating a structural stiffness inhomogeneity into the construct, which can be easily 

controlled by the print path. Figure 4.14 shows the anisotropic pH-responsive swelling of PAA 

strips that were printed using different settings of fill angle. The infill filaments of the strips 

induce voids along the fill pattern, hence leading to anisotropic stiffness. Although the strips 

were only composed of two layers of materials, they were printed via embedded printing to 

avoid the non-flat edge feature that could be resulted in in-air printing and affect the swelling 

response. Using this strategy, different morphing shapes were produced, including roll, helix, 

twist and saddle. I hypothesise this morphing effect depends on both the fill angle and the bulk 

shape of the strip. Comparing Figure 4.14c and Figure 4.14d, different morphing shapes, 
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saddle and twist, were produced using the same degree of fill angle but different strip sizes. 

Interestingly, morphing to a roll structure with 0o infill seems to take place faster than morphing 

with 90 o and 45o infills. 

 

 

Figure 4.14| Evolution of asymmetrical pH-responsive morphing of PAA strips 

printed at different infill angles.  

 

Another interesting behaviour of these pH-responsive morphing systems is that the 

morphing response underwent two stages over time – a transient stage and an unfolding stage. 

As shown in Figure 4.15a, beyond a critical time point, the excessive amount of water 

absorbed by the PAA hydrogel started to cause unfolding of the developed shape, eventually 

leading to an isotropic swollen gel. The results shown in Figure 4.15a also highlight the 

excellent water uptake capacity of PAA hydrogels. On another note, the pH-responsive 

morphing behaviour is reversible. As illustrated in Figure 4.15b, the developed shape can 

revert to its original shape by placing the morphed hydrogels in an acid.  
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Figure 4.15| a) The transient and unfolding stages of a pH-responsive morphing system 

made of PAA. b) The reversible morphing behaviour achieved by placing the morphed 

hydrogel in a 1 M citric acid solution.  The gels showed in (b) are i) the 45 o  strip showed 

in Figure 4.14c and ii) the 0o strip showed in Figure 4.14a. Scale bars = 3 mm.  

 

9. PEO 

Figure 4.4c.iv shows letters made of PEO fabricated with the use of a xanthan gum support 

bath. PEO is a relatively stable polymer as carboxyl and amine groups are absent on its polymer 

backbone. Viscous PEO inks can be easily obtained using a high concentration and a high 

molecular weight of PEO. These properties enable less stringent requirements on the support 

bath properties for fabricating PEO constructs. 

 

10. PVA 

When dissolving PVA granules in water, heating at high temperature is required. Solutions at 

this condition has poor printability because of the insufficient viscosity caused by the rupture 

of hydrogen bonds. Therefore, hot PVA solutions should be allowed to cool at room 

temperature for 1 day or at 4 oC for 1 hour prior to printing. This promotes the formation of 

hydrogen bonding such that the solution viscosity and thereby its printability can be enhanced 

(Figure 4.4c.v). 

 

11. SE 1700 

SE 1700 is a silicone elastomer paste that contains fumed silica as a thixotropic and thickening 

agent in PDMS. The material has been used in fabrication of customised cell culture chambers 

[76, 98, 188] and soft actuation systems [174]. As shown in Figure 4.4d.i, owning to its good 
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printability, customised chambers were printed without the assist of any support bath or heating 

means.  

12. Ecoflex 

To fabricate constructs made of Ecoflex, a soft and stretchable elastomer, I utilised an oil-based 

support bath formulated from fumed silica and mineral oil (Figure 4.16). Aqueous baths were 

not chosen here in consideration of the interfacial tension between the bath and Ecoflex that 

might cause filament fusion issues. In addition, to avoid the expansion of fine bubbles inside 

the support bath that will affect the fidelity of the print, thermal curing method was not used 

here. The structure was cured at room temperature for 1 day.  

 

Figure 4.16| Printing of Ecoflex. 

 

13. Summary  

Below table (Table 4.4) summarises the methods I used for printing different materials. 

Detailed concentration of the solutions used can be referred to Table 4.2. 

 

Table 4.3| A summary of the adopted methods used for printing different soft 

materials. 

Materials Support baths Remark 

Collagen Gelatin slurry - 

Agarose, gellan gum, gelatin Carbopol Printhead heating. 

Alginate. Alginate-bioceramics Gelatin slurry Further crosslink by CaCl2 after printing. 

Sodium hyaluronate-PEGDA Carbopol Avoid prolonged UV crosslinking time. 

Sodium carboxymethylcellulose - Only a few layers can be printed in-air. 

Methyl cellulose - 
Stage heating; Only a few layers can be 

printed in-air. 

Methacrylate hydroxypropyl cellulose - In situ UV crosslinking. 

Chitosan Oil-based bath - 

Pluronic F127 - Good printability. 

Polyacrylic acid Oil-based bath - 

PEO Xanthan gum - 

PVA Xanthan gum Cool the ink before printing. 

SE 1700 - Good printability. 

Ecoflex 
Fumed silica-mineral 

oil 
Cure at room temperature. 
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4.3.4 A guide to the selection of printing approach 

Figure 4.17 presents a decision flowchart guiding the procedure for selecting a suitable 

printing approach. First, the ink formulation should encompass two parts - viscous components 

for printability and sol-gel species that can crosslink into shaped gels for preserving the 

intended shapes upon deposition (Step 1). The required ink viscosity depends on the printing 

process. In-air printing demands for a more stringent requirements on the ink  

viscosity,  while  embedded  printing  is  well-suited  for  fabricating  less  printable  inks  and 

overhanging features (Step 2). The viscosity of the inks can be enhanced by the use of 

thickeners, such as sodium hyaluronate and xanthan gum that are viscous at low concentration 

and have excellent shear thinning properties. When highly viscous solutions (i.e. SE 1700) are 

used in in-air printing, tapered tips are recommended for ease of flow, hence preventing the 

tips from clogging (Step 3.1). On the selection of support baths for embedded printing (Step 

3.2), I suggest utilising  

• Oil-based baths for resin-based inks and pH-sensitive hydrogels,  

• Gelatin slurry baths for hydrogels that require ionic or pH crosslinking, and 

• Carbopol baths for thermal- or photo-crosslinkable hydrogels.  

This is because oil-based baths mitigate the interfacial tension issue when printing resin-based 

inks and they can avoid swelling of pH-sensitive hydrogels. Surfactants can be added to the 

oil-based baths to alleviate the shape evolution of the printed object caused by the interfacial 

tension between the hydrogel ink and the oil bath. On the other hand, Carbopol gels offer 

excellent transparency and thermal stability, making it well-compatible with thermal- and 

photo-crosslinking mechanisms. Comparing with Carbopol, gelatin slurry is less sensitive to 

ionic and pH changes, hence it is recommended for hydrogels that require ionic and pH 

crosslinking. Lastly, depending on the thermal gelation and photo-polymerisation properties of 

the inks, the printing process can be assisted by in situ heating or/and UV tools for enhancing 

the print fidelity (Step 4).  
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Figure 4.17| Decision flowchart guiding the selection of a suitable printing approach.  
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4.4    Conclusions 

This chapter first demonstrates the versatile potential of the extrusion-based printing platform 

I developed in Chapter 3. The platform can freely accept unconventional geometry inputs, 

including coordinates, equations and pictures, beyond the standard CAD model input used in 

3D printing. A broad range of unconventional operations was showed, such as creation of 

sacrificial templates, automated cell suspension dispensing, printing heterogeneous constructs, 

printing with variable speed and non-planar printing. In addition, by utilising a suitable support 

bath and the auxiliary tools offered by the platform, a wide range of hydrogels and silicone 

elastomers, including materials with poor printability, was successfully printed. This platform 

has been reproduced by my colleague, Yaqi Sheng. The satisfactory performance of the setup 

demonstrated here suggests the possibility of using custom-made printers as affordable 

alternatives to commercial 3D printers for soft material fabrication.  

Through providing the rationale for the printing strategies I employed for fabricating a 

wide variety of materials, this chapter proposes a conceptual guideline on the selection of 

appropriate printing approaches for different soft materials. This information will be 

particularly useful for new users who are unfamiliar with the properties of different inks and 

supportive baths, helping them efficiently design a printing strategy for their needs and saving 

the trial-and-error effort. Taken together, the finding reported in this chapter might facilitate 

the wide adoption of the extrusion based printing technology, paving the way for innovative 

fabrication strategies for different biomedical applications, such as tissue engineering, flexible 

electronics and soft robotics. 
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Chapter 5  

3D Printed Biomimetic Cochleae and Machine 

Learning Co-modelling Provides Clinical 

Informatics for Cochlear Implant Patients  

This chapter utilises excerpts of a research paper written by the Author and published in Nature 

Communications [271]. 

 

5.1    Introduction 

The use of neuromodulation implants and bioelectronic devices has been increasing rapidly, 

and is anticipated to form a new era of medicine [272, 273]. By delivering local electrical 

stimuli to tissues, these electronic implants restore lost neural functions in tissues or nerves, or 

modulate signalling patterns for therapeutic outcomes [273, 274]. Electrical cochlear implants 

(CIs) are by far the most widely used neuromodulation electronic implants, with well over 

500,000 CIs having been implanted worldwide [275], and their prevalence is only expected to 

grow more rapidly with the projected increase in the elderly population [272, 275]. Bypassing 

the malfunctioning peripheral auditory mechanisms by direct neural stimulation, the CI 

electrode array is designed to restore sound perception (see Box 5.1 for further background 

about CIs). It also attempts, in broad terms, to reproduce the tonotopic architecture of the 

cochlea by delivering frequency specific programmed stimulation at localised regions of the 

cochlear lumen; this in turn stimulates separate auditory neural elements [276, 277] (Figure 

5.1), with lower sound frequencies represented apically and higher frequencies basally. 

A major limitation of today’s neural prostheses is their imprecise control of the 

administered stimulus, arising from the intrinsic conductive nature of biological tissues [278, 

279], and particularly of the biological fluids in the inner ear [276, 280]. This limitation is well 

exemplified by the ‘current spread’ problem of CIs, where the uncontrolled spread of electrical 
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stimulus leads to off-target excitation of the neighbouring auditory nerve fibres (thus causing 

a mismatch or ‘smeared’ representation in the perceived sound from that intended) [280] 

(Figure 5.1). Cochlear anatomy, tissue conductivity, and implant positioning are suggested to 

be the primary patient-specific factors controlling the intracochlear voltage distribution 

induced by CIs [280–283]. In particular, cochlear anatomy (in terms of size and shape) is 

variable [284], with different levels of volumetric conductance of cochlear fluids affecting the 

intracochlear voltage induced by stimulation. Moreover, pathophysiological conditions could 

affect electrical conductivity of the cochlear bony walls, and thus CI induced electric fields 

[285]. As the cochlea is embedded deep inside the temporal bone and has a complex anatomy, 

its electrical characteristics are difficult to quantify in a living subject. As a result, a model that 

deciphers how different characteristics of a patient’s cochlea affect the stimulus spread would 

be a valuable tool for predicting and optimizing the stimulus signals, and provide insights into 

factors controlling the large variation in patient-specific CI performance and sound perception. 

 

 

Figure 5.1| Schematic of the auditory system and the cochlea with a CI implanted.  

The ‘current spread’ problem induced by a stimulated electrode of the CI electrode array 

is indicated. 

 

Although various physical and computational models have been developed for CI 

testing [280, 283, 286–288], they are insufficient to evaluate the stimulus spread in human 

cochleae. Animal models are well-established for in vivo CI testing, but due to the drastic 

differences between the cochlear anatomies of humans and animals [289], incomplete insights 

into human responses are obtained [272, 274]. Though human cadavers can provide anatomical 
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fidelity, they are limited in supply and have altered electrical properties due to preservation and 

post-mortem changes [290]. In silico approaches, such as finite element modelling (FEM), can 

overcome ethical, sample availability and cost issues [291]. However, existing FEM modelling 

is limited by several factors, including scant knowledge of the electrical properties of live 

human cochlear tissues to fit different in vivo cases [292], the inability to capture patient-

dependent anatomically-guided CI positioning, and the underdetermined boundary conditions 

and physical/empirical law descriptions [286] (discussed in Section 5.3.10).  

To establish a robust modelling framework for interpreting clinical CI testing data, here 

I created a library of 3D printed cochlear models (n = 82). These biomimetic cochleae capture 

the diverse geometries that human cochlear lumens can take, along with a spectrum of bone 

tissue resistivities, using ranges reported in in vivo human studies. Using these models, a broad 

spectrum of clinically representative electric field imaging (EFI) profiles (normalised 

intracochlear voltage distribution along the CI electrode array) was acquired by varying the 

electro-anatomical characteristics of the models. Then, by inputting EFI profiles acquired from 

the biomimetic cochleae as the training dataset, a neural network machine learning model 

termed 3PNN (3D printing and neural network co-modelling, overview shown in Figure 5.2) 

was established, which provides powerful clinical informatics such as deciphering patient-

specific attributes of CI current spread, and inferring patient-dependent cochlear tissue 

resistivity.  

 

 

Figure 5.2| Overview of the 3PNN co-modelling framework for providing clinical 

informatics. 
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Box 5.1 - Background of cochlear implants 

In healthy auditory systems (Figure 5.3a), cochleae transduce the mechanical vibration of the 

cochlear fluid caused by sound into neural signals by means of the auditory hair cells located on the 

basilar membrane. When these hair cells are damaged or absent due to genetic diseases, severe to 

profound hearing loss can be resulted. Unlike hearing aids which amplify sound, cochlear implants 

are surgically implanted neuroprostheses that bypass the damaged hair cells and directly stimulate 

the auditory nerve using electrical impulse to partially restore hearing in patients who have severe 

to profound hearing loss.  

The device consists of external and internal parts. The external part converts sounds into 

electrical stimulation codes; The internal part connects to the external part via a magnet and has a 

surgically implanted electrode array composed of 12 to 22 electrodes [276] (Figure 5.3b),  The 

electrode array design is intended to restore the tonotopic organisation of human cochleae (Figure 

5.3c),  where high-frequency sounds are processed at the cochlear apex and low-frequency sounds 

are processed at the cochlear base [339]. According to the received sound frequency, a specific 

electrode is activated to electrically stimulate a portion of the auditory nerve, in attempts to restore 

the auditory perception [339] (Figure 5.1).  

‘Electric field imaging’  (also known as transimpedance matrix or impedance field 

telemetry) are clinical measurements acquired by the implanted electrode array via CI telemetry for 

monitoring the functioning of the implanted electrodes [340]. The measurements sample the 

intracochlear voltage distribution along the implanted electrode array of the cochlear implant, hence 

providing insights on the flow of the current-induced voltage in individual patients [340, 341].  

 

 

Figure 5.3| a) Sound transduction process in healthy auditory systems, where sound 

vibrations are transduced into nerve impulses by the hair cells in cochleae. b)  Sketch 

of a cochlear implant showing the external and internal parts of the device. c) The 

tonotopic organisation of human cochleae.  Reproduced from [276, 342, 343].  
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5.2    Materials and Methods 

5.2.1 3D printing material preparation 

The fugitive ink was prepared by dissolving 30 w/v% Pluronic F127 (P2443, Sigma-Aldrich) 

in a 1 w/v% NaCl (10616082, Fisher Scientific) solution. For creating 3D printed models made 

of PDMS or electro-mimetic bone matrices, PDMS elastomer (SylgardTM 184 Dow, 10:1 base 

polymer to curing agent ratio) was used. The pre-crosslinked mixture was poured in a petri 

dish, and degassed in a vacuum desiccator for at least 3 hours prior to printing. For preparing 

3D printed models made of hydrogels, hydrogels were prepared with 1 w/v% NaCl solution as 

the base solution according to their weight/volume concentration (w/v%) listed in Figure 5.13. 

The types of hydrogels investigated were gelatin from porcine skin (G1890, Sigma-Aldrich), 

xanthan gum (G1253, Sigma-Aldrich), agarose (A9539, Sigma-Aldrich), gellan gum (P8169, 

Sigma-Aldrich); the types of fillers were talc (243604, Sigma-Aldrich), hydroxyapatite (21223, 

Sigma-Aldrich) and PDMS microbeads.  

 

5.2.2 Embedded 3D printing of biomimetic cochleae 

All models were fabricated using the robotic printer developed in Chapter 3. Five model 

descriptors (basal lumen diameter, taper ratio, cochlear width, cochlear height, and matrix 

resistivity) were used to define the model features. Definition of the model descriptors can be 

found in Table 5.4. Prior to the fabrication process, the structure of the microchannels in the 

PDMS matrix was designed on Slic3R (version 1.3.0, https://slic3r.org/) by varying the fill 

density setting for tuning the void fraction, fvoid, in the electro-mimetic bone matrix (Figure 

5.3a), and therefore the resistivity of the electro-mimetic bon matrices. fvoid was estimated using 

the following equation fvoid = (Achannel x dprinting path) / Vmatrix , where Achannel = average cross-

sectional area of the microchannel derived from the mean diameter of the microchannels 

(Figure 5.3b), dprinting path = total distance of the printing path and Vmatrix = total volume of the 

matrix. The printing path of the microchannel structure was then converted to G-code using 

Slic3R. 

 

https://slic3r.org/
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Figure 5.4| Microchannel network of the electro-mimetic bone matrix. a) Examples 

of a coarse network and a dense network designed on Slic3R by varying the fill density 

setting. b) A histogram of the diameter of the microchannels in the electro -mimetic bone 

matrices, measured from the microscopic images of the matrices ( n = 61 measured over 

7 independent samples fabricated with different densities of microchannels).  

 

In the fabrication process, first, the sacrificial interconnected grid network designed 

above was embedded printed inside uncured PDMS using a 30 w/v% Pluronic F127 ink. At 

ambient temperature, Pluronic F127 ink at 30 w/v% (dissolved in 1 w/v% NaCl) retains its 3D 

structural integrity inside the PDMS matrix, and the interconnected network provides sufficient 

mechanical support for the following embedded printing of a cochlea-shaped structure. Next, 

a cochlea-shaped spiral was printed inside the electro-mimetic bone matrix. The printing path 

of this cochlea-shaped structure was defined by the four geometric descriptors and a spiral 

trajectory derived from the mathematical model of human cochlear geometry developed by 

Pietsch et al. [293]. The correlation between the dimensions of the features and the process 

parameters of the printer can be found in Figure 5.4. The basal lumen diameter of the 3D 

printed cochlea was controlled by the extrusion parameter of the printer (that is the ts, time 

between consecutive steps of the stepper motor), while the taper ratio was controlled by the 

speed ratio (the ratio of the speed of the stage when printing the apex of the cochlear lumen to 

the speed of the stage when printing the base). The width and the height of the printed cochlear 

lumen were governed by the width and the height scaling ratios of the mathematical model of 

human cochleae [293]. The distances between the edges of the model and the printed cochlear 

lumen were at least 4 mm to ensure that the boundary was far enough and will not cause any 

effect on the EFI measurement. The total printing time of a model ranges from 30 min to 3 hrs 

depending on the density of the embedded interconnected channels. After printing, the matrix 

was cured at 60 oC in an oven for 3 hrs and stored in a bath of 1 w/v% NaCl solution at 4 oC 

for dissolving the sacrificial Pluronic F127 embedded in the electro-mimetic bone matrix. The 

NaCl bath was changed several times to ensure that all Pluronic F127 inside the matrix was 
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removed. In total, 82 biomimetic cochlear models with different combinations of model 

descriptors were fabricated. The specifications of the 82 models can be found in Table 5.1. 

The linear biomimetic cochlear models were fabricated using the same method according to 

the electroanatomical features stated in Figure 5.35b. 

 

Figure 5.5| Correlation of the actual dimensions of the model descriptors measured 

from µ-CT and the process parameters of the custom-built 3D printer. n = 1 - 25 

measurements examined over 31 samples. Data are presented as mean values ± SD.  

 

The hydrogel and hydrogel-fillers models were similarly fabricated but without the 

procedure of creating the microchannel networks. The composition of the models tested in this 

study can be found in Figure 5.13. The hydrogel and hydrogel-fillers solutions were heated at 

40 oC during printing to maintain a liquid state. The models were then solidified at room 

temperature via thermal crosslinking [294]. The appearances of the models are showed in 

Figure 5.5.  

 

Figure 5.6| Appearance of 3D printed cochlear models made of an electro -mimetic 

bone matrix, a hydrogel, and a hydrogel -fillers matrix.  The translucent appearance of 

our electro-mimetic bone matrix model may help direct visualisation of the insertion 

depth of the CI electrode array inside its cochlear lumen, in contrast to the opaque 

appearance associated with a hydrogel -fillers model. Scale bar = 5 mm.  
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Table 5.1| Specifications of the 82 biomimetic cochleae used in 3PNN training.  

 
ID 

BLd 

(mm) 

Infill 

density 
Tra 

Wc 
(mm) 

hc 
(mm) 

 
ID 

BLd 

(mm) 

Infill 

density 
Tra 

Wc 
(mm) 

hc 
(mm) 

1 101315 2.38 40 0.58 10.53 4.38 42 181313 2.38 80 0.79 10.53 4.38 

2 103611 2.38 40 0.70 10.53 4.38 43 182435 2.5 100 0.58 10.53 4.38 

3 111858 2.38 20 0.89 10.53 4.38 44 182512 2.38 60 0.70 10.53 3.81 

4 113438 2.38 60 0.75 10.53 3.53 45 182642 2.38 80 0.70 10.53 4.38 

5 114233 2.38 20 0.79 10.53 4.38 46 183027 2.5 80 0.89 10.53 4.38 

6 115419 2.38 20 0.75 10.53 4.38 47 184306 2.38 100 0.70 10.53 4.38 

7 132606 2.5 80 0.79 10.53 4.38 48 184732 2.38 60 0.79 10.53 4.66 

8 134101 2.5 80 0.70 10.53 4.38 49 185300 2.38 80 0.58 10.53 4.38 

9 141658 1.98 20 0.89 10.53 4.38 50 190432 2.38 60 0.79 12.66 4.38 

10 144838 2.38 20 0.89 12.66 4.38 51 190741 2.5 80 0.58 12.66 4.38 

11 151206 2.38 20 0.89 10.53 4.95 52 190950 2.5 20 0.75 10.53 4.38 

12 154018 2.38 20 0.89 10.53 3.53 53 191703 1.98 100 0.89 10.53 4.38 

13 154044 2.5 60 0.89 10.53 4.38 54 191812 2.5 80 0.58 10.53 4.95 

14 155132 2.38 60 0.79 10.53 4.38 55 192713 1.98 80 0.75 10.53 4.38 

15 155320 1.98 80 0.79 10.53 4.38 56 192815 1.98 20 0.75 10.53 4.38 

16 155745 2.38 60 0.79 8.4 4.38 57 193039 2.5 100 0.79 10.53 4.38 

17 160132 2.5 60 0.79 10.53 4.38 58 194304 2.5 20 0.79 10.53 4.38 

18 160340 1.98 40 0.89 10.53 4.38 59 194958 2.38 100 0.58 10.53 4.38 

19 160727 2.5 40 0.58 10.53 4.38 60 195345 2.5 100 0.89 10.53 4.38 

20 161812 2.38 40 0.75 10.53 4.38 61 201816 2.38 80 0.79 8.4 4.38 

21 162224 2.38 60 0.75 10.53 4.38 62 201817 2.5 60 0.70 10.53 4.38 

22 162924 1.98 40 0.79 10.53 4.38 63 202412 1.98 60 0.89 10.53 4.38 

23 163834 1.98 100 0.79 10.53 4.38 64 202511 2.38 80 0.79 9.46 4.38 

24 164032 2.5 40 0.89 10.53 4.38 65 202935 2.38 60 0.79 10.53 4.95 

25 164808 2.38 80 0.79 10.53 3.81 66 203048 2.5 20 0.58 10.53 4.38 

26 165017 2.5 60 0.75 10.53 4.38 67 204543 2.38 20 0.58 10.53 4.38 

27 165303 2.38 20 0.79 10.53 4.95 68 204710 2.38 40 0.79 11.59 4.38 

28 170130 2.5 20 0.89 10.53 4.38 69 204849 2.5 100 0.70 10.53 4.38 

29 170529 2.38 80 0.58 9.46 4.38 70 210029 2.38 60 0.70 11.59 4.38 

30 170641 2.5 40 0.79 10.53 4.38 71 210113 1.98 40 0.75 10.53 4.38 

31 171752 1.98 60 0.79 10.53 4.38 72 211311 2.38 100 0.75 10.53 4.38 

32 171916 1.98 20 0.79 10.53 4.38 73 212720 2.38 80 0.70 12.66 4.38 

33 172217 2.5 40 0.70 10.53 4.38 74 213253 2.38 80 0.79 10.53 4.95 

34 172338 2.38 60 0.58 10.53 4.38 75 214126 2.38 60 0.79 10.53 3.81 

35 173932 2.38 40 0.89 10.53 4.38 76 215112 2.5 60 0.58 10.53 4.95 

36 174214 2.38 80 0.75 10.53 4.38 77 220834 1.98 60 0.70 10.53 4.38 

37 174631 2.5 80 0.58 10.53 4.38 78 221747 2.38 60 0.70 10.53 4.38 

38 174812 2.5 60 0.58 10.53 4.38 79 221826 1.98 100 0.75 10.53 4.38 

39 175842 2.38 40 0.79 10.53 4.38 80 223926 2.38 100 0.79 10.53 4.38 

40 175858 2.38 80 0.89 10.53 4.38 81 225051 1.98 40 0.70 10.53 4.38 

41 175925 2.5 100 0.75 10.53 4.38 82 233930 1.98 60 0.75 10.53 4.38 
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5.2.3 EFI measurements in 3D printed biomimetic cochleae 

Prior to measurement, the 3D printed biomimetic cochleae were flushed with a 1 w/v% NaCl 

solution to ensure no bubble trapped in the microchannels and the cochlear lumen of the models. 

1 w/v% NaCl solution was used here as it has a similar resistivity to the cerebrospinal fluid, 

which has similar ionic composition to the conductive perilymph inside human cochleae [295] 

(Figure 5.6).  

All EFI (or transimpedance matrix) measurements of the 3D printed models were 

obtained using either an Advanced Bionics (AB) HiRes 90K® implant with HiFocusTM 1J 

electrode array (CI1J), an Advanced Bionics HiResTM Ultra implant with HiFocusTM SlimJ 

electrode array (CISlimJ) or a CochlearTM Nucleus® Profile with slim straight electrode (CI522). 

Both CI1J and CISlimJ have 16 electrodes in total with electrode 1 being the apical-most electrode 

and electrode 16 being the basal-most electrode. CI522 has 22 electrodes in total with electrode 

22 being the apical-most electrode and electrode 1 being the basal-most electrode. The 

electrode array was inserted in the cochlear lumen of the model until the distal marker of the 

electrode array was positioned at the lumen opening of the model, as illustrated in Figure 5.6b, 

and the model was placed on top of the extracochlear case ground of the CI (known as the ‘case 

ground’ of CI1J and CISlimJ, or the ‘MP2 plate extracochlear electrode’ of CI522). The EFI 

profiles were acquired using the telemetry function of the CI with either the AB Volta version 

1.1.1 software (research only) or Custom Sound® EP 5.1 (with research option) using the 

default stimulation and recording settings. The default stimulation and recording setting used 

in AB Volta software is a biphasic pulse with pulse width and amplitude of 36 µs (equivalent 

Fourier fundamental frequency ~14 kHz) and 32 µA, and a maximum sampling rate of 56 kHz, 

whereas Custom Sound® EP 5.1 employs a setting of a biphasic pulse with pulse width and 

amplitude of 25 µs (equivalent Fourier fundamental frequency ~20 kHz) and 125 µA 

respectively. During the acquisition of EFI, each electrode was activated individually at a time 

in monopolar mode, and subsequently other electrodes measured the resulting voltage at their 

positions. All electrodes on the electrode array were activated one-by-one to generate the entire 

EFI profile. Electrodes 12 and 16 of the CI1J electrode array were missing as received, but this 

does not affect the measurements of other electrodes and the general shape of the EFI profile. 

For all the data presentations, the on-stimulation EFI data (contact impedance) were not 

compared, due to the fact that on-stimulation EFI data is dominated by the electrode interface 

resistance [280, 296] and do not inherently reflect the electroanatomical characteristics of 
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human cochleae (or the 3D printed biomimetic cochleae); and on-stimulation EFI data varies 

over time [297] and among different CIs.  

 

 

Figure 5.7| a) Electrical conductivity of NaCl solutions at various concentrations at 

ambient temperature (n = 4 independent samples). Data are presented as mean values ± 

SD. b) Photo demonstrating the insertion of a CI electrode array  in a biomimetic cochlea 

during EFI measurements.  

 

5.2.4 Resistivity measurements 

Resistivities of NaCl solutions, hydrogels and hydrogel-fillers matrices 

Impedance properties of NaCl solutions at various concentrations (Figure 5.6a), hydrogel and 

hydrogel-fillers matrices (Figure 5.13) were measured using a four-terminal configuration 

with Solartron 1260 impedance analyser and SMaRT 3.0.1 software. In this configuration, the 

current was passed through the sample using two 1.25 cm2 square electrode plates, and the 

voltage was measured using two separate inner electrodes. Resistivity was converted from the 

plateau impedance magnitude using the following relation, 

 

ρ = |z|
A

d
 (5.1) 

where ρ = the resistivity of the sample (plateau value), |z| = the plateau impedance magnitude, 

A = the area of the electrode plate in contact with the sample, and d = the spacing between the 

two inner electrodes, which was 8.4 mm here.  

 

Resistivities of electro-mimetic bone matrices 

The resistivity of the electro-mimetic bone matrix ρmatrix associated with the plateau impedance 

magnitude (~300 Hz – 100 kHz) was determined using transmission line method (n ≥ 3). In 

this method, each sample was segmented into at least 4 segments. Impedance of each segment 

was obtained using a two-terminal configuration with Solartron analyser, and the width of each 
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segment was measured. The total impedance 𝑍𝑡𝑜𝑡 can be expressed by 𝑍𝑡𝑜𝑡 = 𝑍𝑐 + 𝑍𝑠𝑎𝑚𝑝𝑙𝑒, 

where Zc is the contact impedance between the electrode plates and the samples, and Zsample is 

the impedance of the sample. The plateau value of the total impedance magnitudes |Ztot| of the 

segments were therefore plotted against the widths of the segments L, and a linear regression 

was then used to fit the experimental data. ρmatrix was determined by multiplying the gradient 

of the linear regression 
𝜕|𝑍𝑡𝑜𝑡|

𝜕𝐿
  with the area of the electrode plate in contact with the sample A, 

denoted as follows: 

ρmatrix = A
∂|Ztot|

∂L
  (5.2) 

 

5.2.5 Electrochemical impedance spectroscopy (EIS) measurements 

The EIS measurements were collected by my collaborator, Chen Jiang, from the Department 

of Engineering.  

Electrochemical impedance spectroscopy measurements of a human cadaveric cochlea in a 

head, and 3D printed cochlear models made of hydrogel and electro-mimetic bone matrix were 

carried out using an impedance analyser (RS PRO LCR-6100) with a three-terminal 

configuration [298]. The measurements were taken at frequencies ranging from 10 Hz to 100 

kHz, which covers the most common operating frequencies of CIs. 

 

5.2.6 Micro-computed tomography scans of the 3D printed biomimetic cochleae 

CT scans of samples were acquired using a micro-CT microscope (ZEISS Xradia 510 Versa) 

with the following scanning parameters: Source filter LE2, tube voltage 80 kV, tube current 88 

mA, exposure time 2 s, Bin 2, image taken 1024 and pixel size 17.8 µm. The volume rendering 

of the samples was carried out using 3D Slicer (Version 4.10.2, www.slicer.org/ [299]). The 

dimensions of the samples were measured using the measurement tool in 3D Slicer.  

To evaluate the positions of electrodes in the samples and to avoid the image distortion 

caused by the metallic artifacts from electrodes, pre- and post-insertion CT scans of the samples 

were acquired. CT volume of the cochlear lumen of the sample was rendered from the pre-

insertion CT scan where there is no metallic artifact, whereas CT volume of the electrode array 

in the sample was rendered from the post-insertion CT scan. The two CT volumes were then 

aligned, and the relative position of each electrode from the centre of the cross-sectional plane 

http://www.slicer.org/
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of the cochlear lumen was measured using ImageJ. The 2D images of the electrode array inside 

the cochlear lumen of the samples were acquired using the following parameters: tube voltage 

80 kV, tube current 88 mA, exposure time 5 s, Bin 2 and pixel size 25.6 µm. 

 

5.2.7 Patient EFI profiles and CT scans 

The patient EFI profiles and CT scans were provided from my collaborators in Prof. Manohar 

Bance’s research group.  

The use of anonymous patient EFI profiles with or without paired CT scans in the study was 

approved by the University of Cambridge Human Biology Research Ethics Committee 

(HBREC.2019.42) and the Cambridge Biomedical Research Centre (Ref: A095451). Informed 

consent from the human participants is not required for this study as the clinical data used here 

are retrospective and anonymous. In total, 128 clinical intra-operative EFIs (also known as 

transimpedance matrix profiles) were used in this study. Of the 128 profiles, 91 profiles 

(without paired CT scan data) were kindly provided by Advanced Bionics® and the rest were 

obtained from 37 anonymous patients (31 with paired CT scan data and 6 without paired CT 

data) who have undergone cochlear implantation at the Emmeline Centre for Hearing Implants 

in Cambridge, UK. As the implant types of the EFIs provided by Advanced Bionics® are not 

known, their insertion depths were assumed to be equal to the suggested insertion depth of 

HiFocusTM 1J electrode array. The 37 anonymous EFI profiles acquired in our centre were 

randomly chosen to represent the variation in the patient data without CT scans (n = 97). Out 

of the 37 EFI profile data sourced from our centre, 6 profiles were acquired from the Advanced 

Bionics HiRes 90K® implant with HiFocusTM 1J electrode array, 17 profiles from the Advanced 

Bionics HiResTM Ultra implant with HiFocusTM SlimJ electrode array, 6 profiles from the 

CochlearTM Nucleus® Profile Plus with slim straight electrode CI622, and 8 profiles from the 

CochlearTM Nucleus® Profile with slim straight electrode CI522. These EFI profiles were 

collected using the telemetry function of the CI with either the AB’s Volta 1.1.1 software 

(research only) and the Custom Sound® EP 5.1 software (with TIM research option) using the 

default stimulation and recording settings.  

Thirty-one CT scans of the patients (which had paired EFI) implanted via the round 

window approach with either a HiFocusTM SlimJ electrode array (n = 17), a CochlearTM 

Nucleus® CI622 electrode (n = 6), or a CochlearTM Nucleus® CI522 electrode (n = 8) were used 

in the validation of 3PNN. They were obtained as part of the routine pre-operative assessment 
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at the Emmeline Centre for Hearing Implants, and were acquired in helical scan mode using 

Siemens scanners (Siemens Flash and Siemens Definition AS) with tube voltage of 120 kV 

and automatic tube current ranging from 139 to 214 mA. The images were reconstructed at a 

resolution of 0.4 x 0.4 x 0.4 mm using Siemens 80u bone reconstruction algorithm in axial 

plane.  

 

5.2.8 Development of 3PNN 

The neural network model was developed by my collaborator, Chon Lok Lei. I performed the 

hyperparameter tuning and simulations. The codes of the model are available on Github 

(https://doi.org/10.5281/zenodo.5353394 [271])  

 

Forward-3PNN 

3PNN was developed by employing a multilayer perceptron (MLP), a class of feedforward 

artificial neural network (NN), to learn the mapping from the inputs (the 5 model descriptors 

of the biomimetic cochleae, the stimulus position and the recording position) to the outputs 

(EFI, also known as transimpedance matrix profiles). A MLP model is a fully connected 

network that consists of an input layer, hidden layers and an output layer of perceptrons (or 

nodes), and by varying the weight of how each of the nodes are connected, it approximates the 

complex relationship between the inputs and the output [300]. The activation function of the 

nodes was chosen to be the rectified linear unit (ReLU) function. Tensorflow [301] (version 

2.1.0), an open-source Python library, was used to construct the MLP models. 3PNN was 

trained using backpropagation with the Adam stochastic optimization method [302]. Since 

3PNN was developed based on the EFI profiles acquired by AB HiFocusTM 1J electrode array 

with electrodes at 2 – 18.5 mm along the cochlear lumen [303], the predictable positions of 

EFIs are 2 – ~18.5 mm along the cochlear lumen.  

 

Hyperparameter tuning of the neural network model 

The performance of NN models depends on a good setting for hyperparameters, a grid search 

varying the number of hidden layers from 1 to 10 (1, 2, 3, 5, 10) and nodes from 16 to 64 (16, 

24, 32, 64) was used to determine the best performing hyperparameters. For each combination 

of   hyperparameters, a   10-fold  cross-validation, a  standard  procedure  for  estimating  the  

https://doi.org/10.5281/zenodo.5353394
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performance of neural network models [304], was performed. In the 10-fold cross validation 

(Figure 5.7a), the dataset of 82 EFI profiles, associated with a variety of electroanatomical 

cochlear features, was randomly split into 10 subsets. One subset was used as an unseen subset 

(test subset) for prediction while the remaining subsets were used for training. 

The best performing hyperparameters were defined as the hyperparameters that yield 

the highest average R2 score and the smallest average median absolute percentage error (MAPE) 

in 10-fold cross-validation [304]. The model trained with 1 hidden layer and 32 nodes was 

found to have the highest average R2 score (0.87) and a smallest MAPE (11.9%) (Figure 5.7c). 

Hence, this set of hyperparameters was selected for training the final NN model. After tuning 

the hyperparameters, 3PNN was retrained on the full dataset with the best performing 

hyperparameters to produce the final model.  

 

Inverse 3PNN 

Inverse prediction was carried out by the Approximate Bayesian Computation-Sequential 

Monte Carlo (ABC-SMC) algorithm [305]. ABC is a computational framework under Bayesian 

statistics that uses a sequence of intermediate threshold [ε0 > ε1 > ε2 > ε3 >…. > εf] to converge 

towards the optimal approximate posterior distribution through a number of intermediate 

posterior distributions. Here, the algorithm infers the distribution of the model descriptors that 

leads to an EFI profile with a MAPE less than a predefined threshold (εf) to the given EFI 

profile. εf was determined as the smallest MAPE the programme could reach from the previous 

threshold level within two hours when running the programme with a threshold sequence from 

20% to 2% in increments of 0.5% (predictions with unknown geometric descriptors) or 0.1% 

(predictions with known geometric descriptors), which is subject to the noise level of the data. 

To approximate the final posterior distribution (which does not have a closed-form expression), 

for each inverse prediction, 1,000 samples of the posterior distribution of the model descriptors 

were plotted. PINTS [306], an open-source Python package, was used to perform the inference 

and sampling.  
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Figure 5.8| Hyperparameter tuning of the neural network model. a) Schematic 

showing the concept of 10-fold cross-validation. b) An example showing the comparison 

between the predictions and the actual experimental off -stimulation EFI data of CI 1J in 

a 10-fold cross validation. Each colour represents an unseen sample in an iteration. The 

deviation of the points from the identity line (shown as red lines) indicates how much 

the predicted values deviate from the experimental data. The average median absolute 

percentage error (MAPE) and the average R2 score were used to quantify the predictive 

performance of the NN model.  c) Figure summarises the average MAPE and the average 

R2 scores obtained in the 10-fold cross-validations when training the model at different 

combinations of hyperparameters . 
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5.2.9 Clinical predictions of 3PNN 

As this study aims to predict the most likely EFI outcomes, in all predictions, the stimulating 

and the recording electrode positions were assumed to follow the CI specification (see Table 

5.2). In the validation of forward-3PNN, patients’ model descriptors measured from their CT 

scans and the mean reported resistivity of live human skulls (9.3 kΩcm) were used as the inputs 

in the forward predictions of patient EFIs. EFI arising from off-stimulation positions up to 18.6 

mm along the cochlear lumen were predicted and compared with the corresponding EFI 

measurements acquired in patients. Each forward prediction takes ~ 0.4 s. For all inverse 

predictions performed in this study, patients’ model descriptors were predicted using their off 

stimulation EFI profiles up to 18.6 mm along the cochlear lumen.  

 

Table 5.2| Input values of the stimulating and the recording electrode positions of 

different electrode types used in 3PNN.  

CI electrode array Electrode spacing (mm) Electrode positions along the CI (mm) 

Advanced Bionics® HiFocusTM 

SlimJ electrode (CISlimJ) 
1.3  [3, 4.3, 5.6,.…, 17.3, 18.6] 

Advanced Bionics® HiFocusTM 1J 

electrode (CI1J) 
1.1 [2, 3.1, 4.2,.…, 17.4, 18.5] 

Cochlear TM Nucleus® slim 

straight electrode (CI622) 
0.9 [3.85, 4.75, 5.65,.…, 17.35, 18.25] 

Cochlear TM Nucleus® slim 

straight electrode (CI522) 
0.9 [3.85, 4.75, 5.65,.…, 17.35, 18.25] 

 

 

 

5.2.10 Production of 3D printed models that give patient-specific EFI profiles 

Two extreme on-demand 3D printed models that give patient-specific EFI profiles were 

fabricated using the medians of the predicted model descriptors acquired from inverse-3PNN, 

(matrix resistivity 6.5 versus 0.7 kΩcm, taper ratio 0.95 versus 0.71, basal lumen diameter 2.4 

versus 2.3 mm, cochlear width 9.6 versus 11.8 mm, and cochlear height 4.3 versus 3.9 mm). 

The EFIs of the models were measured using a HiFocusTM 1J electrode array, which is the same 

type of electrode implanted in the patients.  
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Table 5.3| The final MAPE thresholds used in the inverse predictions.  

Predictions with unknown geometric 

features 

Predictions with known geometric 

features 

 
Subjects 

Final MAPE 

threshold (εf) 
 Subjects 

Final MAPE 

threshold (εf) 

C
IS

li
m

J  

Subject 1SlimJ 8%† 

C
IS

li
m

J  

Subject 1SlimJ 5% § 

Subject 2SlimJ 10%† Subject 2SlimJ 10.1% § 

Subject 3SlimJ 8%† Subject 3SlimJ 8% § 

Subject 4SlimJ 8%† Subject 4SlimJ 8% § 

Subject 5SlimJ 7%† Subject 5SlimJ 4% § 

Subject 6SlimJ 8.5%† Subject 6SlimJ 5.7% § 

Subject 7SlimJ 5%† Subject 7SlimJ 12.8% § 

Subject 8SlimJ 6%† Subject 8SlimJ 10.8% § 

Subject 9SlimJ 11%† Subject 9SlimJ 16.7% § 

Subject 10SlimJ 5%† Subject 10SlimJ 7.2% § 

Subject 11SlimJ 6%† Subject 11SlimJ 9.9% § 

Subject 12SlimJ 5.5%† Subject 12SlimJ 10.8% § 

Subject 13SlimJ 7%† Subject 13SlimJ 11.7% § 

Subject 14SlimJ 3.5%† Subject 14SlimJ 5.5% § 

Subject 15SlimJ 6%† Subject 15SlimJ 8.8% § 

Subject 16SlimJ 6%† Subject 16SlimJ 10% § 

Subject 17SlimJ 4%† Subject 17SlimJ 7.6% § 

C
I6

2
2
 

Subject 1CI622 9%† 

C
I6

2
2
 

Subject 1CI622 13.2% § 

Subject 2CI622 7%† Subject 2CI622 13% § 

Subject 3CI622 3%† Subject 3CI622 36.5% § 

Subject 4CI622 11%† Subject 4CI622 15% § 

Subject 5CI622 11%† Subject 5CI622 14% § 

Subject 6CI622 9.5% Subject 6CI622 7.7% § 

C
I5

2
2
 

Subject 1CI522 7%† 

C
I5

2
2
 

Subject 1CI522  10.9% § 

Subject 2CI522 11%† Subject 2CI522 13.2% § 

Subject 3CI522 8%† Subject 3CI522 6.9% § 

Subject 4CI522 3%† Subject 4CI522 8.3% § 

Subject 5CI522 6%† Subject 5CI522 10.8% § 

Subject 6CI522 6%† Subject 6CI522 11.8% § 

Subject 7CI522 7.5%† Subject 7CI522 12.5% § 

Subject 8CI522 6.5%† Subject 8CI522 13.7% § 

C
I1

J  

Subject 11J 6%‡,* † Validation of inverse-3PNN (Figure 5.25b.ii, 

Figure 5.26) 

 

‡ On demand patient-specific model (Figure 5.31b) 

 

*,§ Estimation of patient-specific resistivity with 

unknown geometric descriptors (*) and known 

geometric descriptors (§) (Figure 5.33) 

Subject 21J 5%‡,* 

Subject 31J 4%* 

Subject 41J 10%* 

Subject 51J 10%* 

Subject 61J 6%* 
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5.2.11 Finite element modelling of the intracochlear voltage distribution in cochlea 

Finite element analyses were solved using the electric currents (ec) interface of the AC/DC 

module in COMSOL Multiphysics 5.5. Four types of COMSOL models were built in this study 

– 1) a simplified spiral model without the membrane structures, 2) a spiral model with the 

basilar membrane and the Reissner’s membrane, 3) models using the 3D volumes of patients’ 

cochleae and 4) a linear uncoiled model without the membrane structures (Figure 5.15, Figure 

5.34d.ii and Figure 5.35). 

 

Spiral model Creation 

The spiral cochlea geometry in Figure 5.15 and Figure 5.35a was constructed according to the 

geometry descriptors stated in their figure captions. In detail, the cochlea geometry was formed 

using the sweep operation to sweep a planar circle along a parametric curve that describes the 

spiral trajectory of human cochleae [293]. The diameter of the planar circle was set to decrease 

along the parametric curve from the base to the apex linearly using the scale factor operation. 

Using a similar sweep operation, the geometry of the CI electrode array was built according to 

the geometry of the Advanced Bionics (AB) HiFocusTM 1J electrode array [303]. In the model 

with the membrane structures (Figure 5.15a.i), the membrane geometries were constructed in 

the same way using the sweep operation. The reported thicknesses of the Basilar membrane 

and the Reissner’s membrane are 4 µm and 2.5 µm in literature [281, 307]. To minimise 

computational errors of meshing small element, the thickness of the Basilar membrane was 

enlarged by a factor of 8 here. Resistivity values from literature were adopted to define the 

resistivities of the domains (see Figure 5.8a) [281, 286, 308–310]. The permittivity effect of 

materials was assumed to be negligible in this study. A user-controlled mesh was applied, and 

a mesh convergence test was conducted to find a reasonable mesh size of the domains (Figure 

5.8b). It was found that the computational cost can be minimized when the bone domain 

(sphere) and the remaining domains (cochlear lumen, implant, Basilar membrane and 

Reissner’s membrane) were meshed with two different element sizes (top and the bottom 

panels). Result was considered as converged when the result exhibited less than 5% difference 

to the result generated from the finest mesh, and the corresponding mesh size was selected in 

our study (highlighted in black in Figure 5.8b). The chosen mesh sizes of the domains are also 

summarised in Figure 5.8a.  

 

Linear model Creation 

A linear cylinder with tapered end and the geometry of the CI electrode array were constructed 

according to the dimensions stated in Figure 5.35b and the geometry specification of 

HiFocusTM 1J electrode array [303]. The mesh sizes and the resistivity of the domain were the 

same as those chosen in the spiral model. 
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Figure 5.9| Domain properties of the COMSOL cochlear models. a) Conductivities σ 

and the mesh sizes of the domains of the finite element models adopted in our study. Ref: 

[281, 286, 308–310]. b) Results of the mesh convergence test performed on the 

membranous cochlear model (Figure 5.15a.i) with conductivity of the bone domain = 

0.0102 S/m. The graph shows the transimpedance magnitude |z| obtained in simulating 

the scenario of the stimulating position at electrode 1 and the recording position at 

electrode 2. Simulations were carried out with different me sh sizes. The annotations on 

the graph show the percentage difference relative to the result generated by the finest 

mesh. The selected mesh sizes were highlighted in black.  

 

 

Creation of models with patients’ cochlear CT volumes 

The CAD files of the patients’ 3D volumes of cochleae were imported to COMSOL using the 

CAD import module. The geometry of the CI electrode array was built using the same method 

as described above.  

 

Simulation setting 

In the simulations, each electrode of the implant was activated at a stimulation impulse of 800 

µA one at a time. The simulated EFI profile was obtained by evaluating the surface average of 

voltage of each electrode plane in each electrode stimulation. The transimpedance magnitude 

|z| was determined by dividing the surface averaged voltage by the stimulation impulse. Each 

COMSOL simulation takes ~ 2 min. 

|𝑧| =  
Voltage,V

Stimulation impulse,Istim
  (5.3) 
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5.2.12 Statistical method  

Median absolute percentage error (MAPE) was chosen as the error measure in this study 

because it presents the percentage change due to the error and avoids being too sensitive to 

outliers. The MAPE between the predicted EFIs (EFIpred) and the experimental EFIs (EFIexp), 

and the MAPE between the predicted geometric descriptors and the actual CT-measurements 

were evaluated using Equations (5.4 – 5.6) and Equation (5.7) respectively, where 𝑎𝑖𝑗,𝑒𝑥𝑝 and 

𝑎𝑖𝑗,𝑝𝑟𝑒𝑑  are the entries in EFIexp  and EFIpred , and 𝐺𝐶𝑇  and {𝐺1, 𝐺2, … , 𝐺1000}  are the CT-

measured geometric features and the 1,000 predicted geometric features. Similarity is defined 

by Equation (5.8).   

 

EFIexp = [

a11,exp ⋯ a1j,exp

⋮ ⋱ ⋮
ai1,exp ⋯ aij,exp

] (5.4) 

EFIpred = [

a11,pred ⋯ a1j,pred

⋮ ⋱ ⋮
ai1,pred ⋯ aij,pred

] (5.5) 

MAPEEFI = median of {
|a11,pred− a11,exp,|

a11,pred
,  

|a12,pred− a12,exp,|

a12,pred
, …. ,  

|aij,pred− aij,|

aij,pred
}  x 100% (5.6) 

MAPEgeometric features = median of {
G1−GCT

GCT
,

G2−GCT

GCT
 , …. , 

G1000−GCT

GCT
}  x 100% (5.7) 

Similarity (%) = 100 (%) – MAPE (%) (5.8) 
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5.3    Results and Discussion 

5.3.1 Designable electro-mimetic bone matrices 

The human cochlea is a spiral-shaped hollow organ embedded in the temporal bone (Figure 

5.1). Since there was no established report of in vivo cochlear tissue conductivities, the first 

goal was to establish a printable material system that could emulate the range of reported bone 

tissue conductivities (hereafter, termed electro-mimetic bone matrix). In vivo human studies 

estimated that the electrical resistivities of human skulls vary widely between 0.6 to 26.6 kΩcm, 

depending on the site, composition, age and porosity [311–315] (Figure 5.9).  

 

 

 

Figure 5.10| Resistivities of live human, animal and human cadaveric cortical bones 

or skulls reported in literature [281, 309–319]. 

 

To reproduce the mesoscale electrical properties of bone, we take inspiration from the 

micro-architecture of bones, which consists of conductive fluid-filled interconnected pores 

surrounded by a poorly conductive mineralised phase [316]. Thus, we structured an electro-

mimetic bone matrix that exhibits interconnected saline-filled channels inside a crosslinked 

PDMS (polydimethylsiloxane) elastomer. The interconnected channels were created by 

embedded printing a Pluronic F127 sacrificial ink in pre-crosslinked PDMS (Figure 5.10), 

permitting flexible and precise tuning of the void density and therefore, the resistivity of the 

electro-mimetic bone matrices. Comparing this printing method with stereolithography, 

Pluronic F127 can be easily removed after printing [132] and further enhances the wettability 

of PDMS due to its amphiphilic nature. The channels were then filled with a physiological 
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saline, which is hypothesised to be important for emulating the electrical impedance properties 

of bone tissues, as pores in bone are normally wet with extracellular fluids. 

 

 

Figure 5.11| Schematic of the embedded 3D extrusion printing strategy to produce 

the electro-mimetic bone matrices and the biomimetic cochleae.  

 

The electrochemical impedance spectroscopy (EIS) measurements in Figure 5.11a 

show that an electro-mimetic bone matrix can be designed to exhibit impedance properties 

matching those of a cadaveric cochlear bone in a human head for the entire frequency range (f  

= 10 Hz – 100 kHz) studied in EIS. In particular, the Fourier fundamental frequency associated 

with the EFI stimulation pulse (estimated to be f  ~14 kHz to ~20 kHz depending on CI type) 

lies in the frequency-independent impedance magnitude plateau region. By varying the void 

fraction in the electro-mimetic bone matrix from 20% to 84%, the resistivity of the matrix that 

is derived from the impedance magnitude plateau, can be tuned from 0.2 to 23.4 kΩcm (Figure 

5.11b), covering almost the entire reported resistivity range of live human skull tissues  

[311–315] (0.6 – 26.6 kΩcm, Figure 5.11c).To describe the correlation between the resistivity 

of the electro-mimetic bone matrix ρmatrix and fvoid, the electro-mimetic bone matrix was 
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assumed to behave as a conductor-insulator composite. The resistivity of such composite can 

be described by a percolation equation with the form 1/ρmatrix = α(fvoid – f*)β, where α and β are 

fitting coefficients, and f* is known as the percolation threshold (the minimum volumetric 

fraction of the saline-filled void for electrical current to percolate from one side to the other 

[320]). With the assumption that an electrical percolation network will first be established when 

there are two diagonal channels in the matrix,  f* is found to be 0.035 and a fitting equation 

with the form  1/ρmatrix = 6.74(fvoid - 0.035)1.76 was obtained after experimental data fitting.  

 

 

Figure 5.12| Electrical properties of electro-mimetic bone matrices.  a) Bode plot 

showing the impedance properties of a cadaveric cochlea in a human head, and 3D printed 

cochlear models made of an electro-mimetic bone matrix and a hydrogel. The frequency 

range associated with the impedance magnitude plateau is indicated. b) µ-CT 

reconstructed images (top) and optical microscopic images (bottom) of the electro -

mimetic bone matrices at different volumetric void fractions ( fvoid). Scale bar of the 

optical microscopic images = 500 µm. The resistivities of the matrices were determined 

from their plateau impedance magnitude and the size of samples.  n = 3 independent 

samples. c) Resistivity of the electro-mimetic bone matrices (plateau value, n = 3 

independent samples) as a function of fvo id, compared to the reported resistivities of 

bovine cortical and trabecular bones  [316]. Data are presented as mean values ± SD.  

 

Figure 5.12 shows a material property chart summarising the electrical resistivity and 

the Young’s modulus for a range of biological tissues and polymeric materials. The 3D printed 

electro-mimetic bone matrices cover a wide resistivity range, which cannot be imitated by a 

single printable material (i.e. thermoplastics or hydrogels) alone or a hydrogel-fillers matrix 

(i.e. bioceramics and PDMS microbeads dispersed in hydrogels) (Figure 5.13). In addition, 

these hydrogel-based matrices are soft and fragile, which will lead to inconsistent electrical 
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properties over time. Apart from electrical resistivity, Young’s modulus of the model is also 

an important consideration for electronic implant testing. Adopting PDMS as the solid phase 

of the electro-mimetic bone matrix not only facilitates the ease of embedded printing, but also 

imparts favourable mechanical properties as a CI testing platform. With a Young’s modulus in 

the 106 Pa range, the force associated with CI electrode insertion (0.004 N) was assumed not 

to induce a significant deformation to the matrix [321]. At the same time, the compliance of 

the matrix mitigates mechanical damage to the fine electrodes of a CI, which is commonly 

experienced when inserting CI electrode arrays repeatedly in cadaveric samples (modulus of 

hard tissues > 109 Pa). Hence, multiple insertions can take place for the same CI electrode array, 

which is of practical importance due to the time-consuming fabrication and costs associated 

with a fully functioning CI. Overall, the above results suggest the electro-mimetic bone 

matrices to be a suitable material system for creating electroanatomical models of human 

cochleae. 

 

Figure 5.13| A map of resistivity versus Young’s modulus  of human tissues, 

thermoplastics, the hydrogel-fillers matrices, and the electro-mimetic bone matrices 

(plateau values) tested in this study (n  = 3 independent samples). The compositions of 

the hydrogel and hydrogel-fillers matrices tested here are listed in Figure 5.13. Young’s 

moduli of the electro-mimetic bone matrices were estimated by scaling the Young’s 

modulus of pure PDMS (1.7 MPa at a curing temperature of 60 oC [100]) linearly with 

the fvoid of the matrix. Tissues and thermoplastics data, and the Young’s modulus of 

hydrogels were compiled from literature  [261, 311–316, 322–325].  
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Figure 5.14| Resistivity (plateau value) of the hydrogel matrices and hydrogel -fillers 

matrices (hydrogel-bioceramics matrices, hydrogen-PDMS microbeads matrices and 

hydrogel-bioceramics-PDMS microbeads matrices) tested in this study.  

 

 

5.3.2 3D printed biomimetic cochleae  

Clinically, a CI electrode array is inserted into the scala tympani, one of the three cochlear 

ducts [285] (Figure 5.1). As a coarse-grained approach to replicate the electroanatomical 

features of a CI implanted cochlea, we approximate the cochlea as one ensemble spiral cavity 

with continuously narrowing diameter, and omit the inner soft-tissue membranous structures 

inside the cochlea, such as the basilar membrane and Reissner’s membrane. This is because, 

firstly, in a typical patient’s pre-operative CT scan as routine clinical assessment (Figure 5.14), 

the scan resolution only permits the identification of the shape of the ensemble cochlear lumen 

and not the fine microanatomical soft tissue structures; and secondly, the preliminary finite 

element modelling shows that the effect of the basilar membrane and the Reissner’s membrane 

inside a cochlea on the off-stimulation EFI profile is likely to be insignificant, as the boundary 

impedances are dominated by surrounding bone tissues (Figure 5.15). Therefore, the 

biomimetic cochleae were constructed by embedded 3D extrusion printing a tapered and spiral-

shaped 
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Figure 5.15| Schematic of the routine CI assessment process . 1. Pre-operative CT scan 

of a patient’s cochlea, which typically only has sufficient resolution to reveal the 

ensemble spiral-shaped cavity of a cochlea; 2.  Implantation of the electrode array of a 

CI in the scala tympani of the cochlea; 3. Acquisition of an intra-operative EFI (electric 

field imaging) profile from a patient, which is derived from recording the induced 

intracochlear voltage V measured at each electrode upon injecting consecutive current 

pulses at each electrode in the array. The voltage measurements are then converted to 

transimpedance magnitude |z |  by normalising the voltage V with the stimulation current 

impulse Is t im (|z| = V / I s t im). The off-stimulation (off-diagonal) measurements in the EFI 

present information about the tissue impedance [280]. 

 

 

Figure 5.16| a) Finite element model of cochlea i) with the Reissner’s membrane and 

the Basilar membrane and ii) without the intracochlear membranous structures .  

Scale bar = 2 mm. b) Simulated off-stimulation EFIs generated from the membranous 

cochlear model and from the simplified cochlear model with different bone domain 

conductivities,  σbone. The models have the following geometric descriptors – BLd = 2.1 

mm, Tra = 0.62, Wc = 10.5 mm and hc  = 4.4 mm. Definitions of the geometric descriptors 

can be found in Table 5.4. In the simulations here, the ground was set to be infinitely far 

away from the cochlea. σbone  was varied from 0.0012 to 0.23 S/m to consider the wide 

variation in the reported conductivity of  skulls and cortical bones in live human, animals 

and cadavers [281, 309, 318, 319, 310–317]. The values at the upper right of the graphs 

indicate the MAPE (median absolute percentage error) between the simulated EFIs of the 

membranous cochlear model and the simplified model. As shown in the graph, MAPE 

increases with σbone. Hence, the largest MAPE between the two models happened at σbone 

= 0.23 S/m with a MAPE only ~ 6%.   
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cochlear lumen cavity inside an electro-mimetic bone matrix (Figure 5.10). The spiral-shaped 

cavity was filled with a physiological saline to mimic the ionic conduction milieu in the cochlea 

(perilymph) (see Figure 5.6) and the conduction properties at the electrode-electrolyte 

interface. 

Since the size and the shape of a cochlea is unique to each individual and can vary 

greatly from person-to-person [284, 326, 327], four geometrical descriptors were assigned to 

parametrically describe the reported anatomical variations in CI implanted human cochleae; 

they are basal lumen diameter, taper ratio, cochlear width and cochlear height (see Figure 5.16 

and definitions in Table 5.4). For electroanatomical modelling of cochleae, a fifth descriptor, 

the matrix resistivity, was incorporated. The matrix resistivity is controlled by the void fraction 

of the electro-mimetic bone matrix. In total, 82 biomimetic cochleae were printed at different 

combinations of model descriptors. With this physical model library, a broad spectrum of the 

electroanatomical features of human cochleae was artificially reconstructed.  

 

 

Figure 5.17| µ-CT reconstructed images of the spiral lumen of the biomimetic 

cochleae with different features of geometric descriptors.  
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Table 5.4| Definitions and the ranges of the model descriptors investigated in this 

study in comparison with the reported variation in human cochleae  [284, 327–329].  

 Model descriptors Definitions 
Human 

variation 

Range of the model 

descriptors 

investigated 

 

Matrix 

resistivity, 

ρmatrix 

(kΩcm)  

Resistivity of the electro-

mimetic bone matrix 
0.6 – 26.6 

0.2 ± 0.1 – 

23 ± 4 

G
eo

m
et

ri
c 

d
es

cr
ip

to
rs

 

Basal 

lumen 

diameter, 

BLd (mm)  

The average of the width (w) 

and the height (h) of the 

cross-sectional area of the 

entrance of the cochlear 

lumen 

1.6 – 2.6 
2.00 ± 0.02 – 

2.50 ± 0.02 

Taper 

ratio, Tra 

 

The ratio of the lumen 

diameter at 1 turn (Ld,1turn) to 

the basal lumen diameter 

(BLd) 

0.3 – 1.0 
0.60 ± 0.01 – 

0.90 ± 0.06 

Cochlear 

width, Wc 

(mm) 
 

The largest distance from the 

entrance to the contralateral 

wall 

7.4 – 11.9 
7.30 ± 0.04 – 

12.7 ± 0.3 

Cochlear 

height, hc 

(mm) 
 

The largest distance between 

the apical-most point and the 

basal-most point of the 

cochlea 

4.3 – 6.2 
3.5 ± 0.1 – 

5.0 ± 0.1 

 

 

Figure 5.17a shows high-resolution µ-CT scans of a cadaveric cochlea and an exemplar 

3D printed biomimetic cochlea with a CI inserted. It is worth noting that the CI electrode-to-

spiral centre distance displayed in the 3D printed cochleae matches closely with the electrode-

to-modiolus distances measured clinically from patients’ CT scans [330] (Figure 5.17b). 

Despite only 4 geometric descriptors being used to describe patient cochlear geometry, 

biomimetic cochleae with similar patients’ geometric descriptors can approximately capture 

the overall contour of the cochlear lumen which encapsulates the length of the CI array (up to 

1.5 turn, n = 3, see Figure 5.17c). Hence, similar plain X-ray imaged electrode positions and 

the angular insertion depths were observed in the biomimetic cochleae and in the patients 

implanted with the same type of CI (Figure 5.17d). Statistically, the dependence of the CI 

angular insertion depth on the cochlear width was also similar, comparing the biomimetic 

cochlea data and the patient data (Figure 5.17e). This gives further confirmation that the 3D 
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printed cochleae have adequate structural rigidity and anatomy to provide geometrically-

guided implant insertion and positioning. It should be noted that since the 3D printed cochleae 

do not present the intracochlear membrane structures, the associated volume restriction effects 

on CI electrode positioning might not be fully captured in the 3D printed models (the effect is 

studied in Section 5.3.9.2).  

Next, intracochlear EFI profiles (normalised intracochlear voltage distribution) of the 

biomimetic cochleae were acquired with a CI1J (Advanced Bionics HiRes 90K® implant with 

HiFocusTM 1J electrode) electrode array inserted. EFI samples the intracochear voltage (V) 

along the electrode array in response to a current injection or a stimulation impulse (Istim) at 

each electrode (Figure 5.14). The off-stimulation measurements in EFI profiles contain 

information about the induced voltage spread characteristics of the cochlea. EFIs and similar 

measures (e.g. transimpedance matrix from Cochlear Corporation® or Impedance Field 

Telemetry from MED-EL®) are commonly used as part of the routine CI clinical assessment.  

To further demonstrate the importance of having a realistic bone matrix resistivity in 

reproducing the patient EFI profile, models made of materials with contrasting conduction 

properties, hydrogels (representing the highly conductive case) and solid PDMS (representing 

the insulating case) were also fabricated. Figure 5.18 shows the mean patient EFI profile 

derived from 97 patients compared with the EFI profiles of the 3D printed models with different 

matrix material properties. I found that the solid PDMS model led to a steeper and extremely 

asymmetrical EFI profile (as seen in the stimulation at the medial electrode), strongly 

mismatched with real patient profiles. In comparison, the conductive hydrogel model resulted 

in a low magnitude EFI profile, which sits outside the patient population EFI. By replicating 

realistic bone resistivities with electro-mimetic bone matrices, the biomimetic cochlea can be 

designed to match real patient stimulus spread characteristics. In addition, with the use of 

PDMS as the base material of the biomimetic cochleae, the models are long-lasting and can be 

used multiple times (Figure 5.19).  
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Figure 5.18| 3D printed biomimetic cochleae enable geometrically -guided CI 

positioning. a) µ-CT reconstructed images of (i) a cadaveric cochlea and (ii) the lumen 

of an exemplar 3D printed biomimetic cochlea with CI electrode array (marked green) 

implanted. Scale bar = 2 mm. b) The electrode-to-spiral centre distance (n = 48) of the 

biomimetic cochleae, compared to the electrode-to-modiolus distance of human cochleae 

with the same CI electrode type implanted (HiFocus TM 1J electrode array), replotted from 

literature [330]. c) Comparison of the dimensional discrepancies between patients’ 

cochlear CT and the lumen of the 3D printed biomimetic co chleae that have similar 

geometrical descriptors. The dimensional discrepancy is encoded with color with a 

defined tolerance of ± 0.3 mm, which is the mean pixel size of the patients’ CT scans, 

using AutoDesk Recap Photo. Their geometrical descriptors are as follows: i) BLd ~ 2.2 

mm, Tra ~ 0.81, Wc ~ 8.9 mm and hc ~ 4.6 mm, ii) BLd ~ 2.0mm, Tra ~ 0.9, Wc ~ 8.7 mm 

and hc ~ 4.7 mm and iii) BLd ~ 2.0 mm, Tra ~ 0.87, Wc ~ 8.4 mm and h c ~ 4.8 mm. Scale 

bar = 2 mm. d) The overlap x-ray image showing the electrode positions in the patients’ 

cochleae (P) showed in (c) and their corresponding 3D printed models (M).  They were 

implanted the same type of electrode (CISlimJ), and their corresponding angular insertion 

depths are i) ~420o, ii) ~429o and iii) 380o
. Scale bar = 2 mm. e) The relationship between 

the angular insertion depth of the CI electrode array and the cochlear width in patients’ 

cochleae (n = 19) and in the 3D printed biomimetic cochleae (n = 8) with different 

geometric descriptors. 
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Figure 5.19| Comparison of the mean patient EFI profile (n = 97), and the EFI 

profiles obtained from 3D printed models made of hydrogel, solid PDMS and electro -

mimetic bone matrix (3.6 kΩcm). The mean patient EFI was derived from 97 clinical 

EFIs, on the assumption that the insertion depths follow the suggested i nsertion depth of 

CI1J. EFIs induced by the stimulations of the basal electrode (electrode 15), the medial 

electrode (electrode 9) and the apical electrode (electrode 2) were shown.  

 

 

Figure 5.20| Long-lasting properties of the biomimetic cochleae. a) EFIs measured in 

the same electro-mimetic bone matrix cochlear model before and after a year storage.  b)  

EFIs measured in the same electro-mimetic bone matrix cochlear model after multiple 

CI insertions. No significant change is observed, illustrating the reusable property of our 

PDMS-based electro-mimetic bone matrix model. This also confirms that the applied 

force during CI insertions will not impose any significant deformation to the shape of 

the cochlear lumen of the model.  

 

 

5.3.3  Development of the neural network model  

The neural network model was developed by my collaborator, Chon Lok Lei. I performed the 

simulations.  

By training a neural network (NN) machine learning model with the dataset of EFI profiles 

acquired from the 3D printed biomimetic cochleae, a 3D printing and neural network co-

modelling (3PNN) framework (Figure 5.20) was established to model the relationship between 

the electroanatomical features of the CI implanted biomimetic cochleae and EFIs as a function 

of CI electrode position. The NN model built with the optimised hyperparameters exhibits a 
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good prediction accuracy (a MAPE of 11.9% in the 10-fold cross-validation, see Materials 

and Methods 5.2.8). Section 5.3.3.1 discusses the reasons for using neural network modelling 

instead of other existing computational models.  

To support various application needs, forward-3PNN and inverse-3PNN were 

developed. Forward-3PNN is used when patients’ cochlear geometry is known (i.e. through a 

pre-operative CT scan), and the algorithm can predict the most probable off-stimulation EFIs 

arising from different electroanatomical descriptors of a cochlea. The patient-specific EFI 

prediction covers the initial 2 – 18.5 mm section of a CI electrode array from different 

manufacturers that may have different electrode positions and spacings. Inverse-3PNN is used 

when a patient EFI is given, and the algorithm can infer the most probable distribution of the 

electroanatomical descriptors (i.e. the four geometric descriptors and the cochlear tissue 

resistivity) of the patient’s cochlea.  

 

 

 

Figure 5.21| Schematic of the workflow of 3PNN.  The hyperparameters of 3PNN were 

tuned using 10-fold cross-validation to achieve the best predictive performance  (see 

Section 5.2.8). In summary, the input layers of the neural network consist of 7 parameters 

– basal lumen diameter, taper ratio, cochlear height, cochlear width, matrix resistivity, 

an array of the stimulating electrode positions and an array of the reco rding electrode 

positions. One hidden layer with 32 nodes is used; the output of the NN model is a 

transimpedance matrix (known as EFI for Advanced Bionics ® implants, or 

transimpedance matrix for Cochlear Corporation ® implants), of which the dimension 

equals to the product of the dimension of the recording position array and the dimension 

of the stimulating position array.  
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5.3.3.1 Rationale for using neural network as a modelling approach compared to existing 

modelling approaches 

Computational models that correctly describe the behaviour of experimental data are beneficial 

when large amount of experimental data is needed for recognising trends in datasets. 

Experiments are typically time-consuming and sometimes expensive to perform, thus, 

computational models can be used as a surrogate model to predict the outcome without the 

need of additional experiments. Computational models also make determining some physically 

relevant parameters possible. Therefore, choosing the right modelling approach is of particular 

importance to reduce the discrepancy between predictions and experimental results.  

This study proposed the use of a multilayer perceptron (MLP) neural network (NN) to 

model how the EFI depends on the cochlear resistivity, basal lumen diameter, taper ratio, 

cochlear width and cochlear height. Alternative methods such as the classical parametric 

regression models and the ‘lumped parameter models' were comparatively evaluated for the 

application.  

Parametric regression models often require knowledge of the explicit theoretical 

functional form that describes the data behaviour. This method is inappropriate for this study 

because there is no theoretical functional form that well describes the voltage distribution from 

a current source in a heterogeneous medium. On the contrary, artificial neural networks are 

purely data-driven models. They are known as universal approximators — they have the ability 

to learn complex and non-linear mappings between the inputs and outputs without the need of 

knowledge of the explicit model dynamics [331]. Therefore, neural networks usually 

outperform and achieve a better fit than classical regression models when 1) the explicit 

functional form of the data behaviour is not known/perfect, 2) non-linearities are involved, and 

3) the number of variables is large. These properties are beneficial for modelling the problem 

of this study.  

Several studies have developed 'lumped parameter models' to simulate the in vivo EFI 

profiles [280, 332, 333]. These models (Figure 5.21a) simplify the description of the spatially 

varied electrical resistance of cochleae with a discrete electrically equivalent circuit consisting 

of a number of parameters, which may have direct physical meanings. To explore the feasibility 

of using a lumped parameter model to build an analytical model for the application here, we 

examined whether solutions of parameters are identifiable in backward calculation from EFI 

profiles. The code for solving the lumped parameter model was generated by my collaborator, 
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Chon Lok Lei. We attempted to infer the parameters of the lumped parameter model from 

patients’ EFI profiles. The lumped parameter model used in these studies was based on the 1st 

order leaky transmission line tissue model (Figure 5.21a) developed by Vanpoucke et al. [280]. 

Figure 5.21b shows the solutions of the parameters found from 4 patients’ EFI profiles. For 

each patient EFI, the model was solved 3 times to check if the solutions were converged. We 

found that several parameters of the lumped parameter model were non-identifiable with our 

patients’ EFI data. In particular, the parameters at the basal-most and apical-most ends 

(electrodes 1 and 16) could be inconsistent in different iterations. In addition, the results 

indicate that the transversal resistance 𝑟𝑇 changes abruptly across the electrode array. Previous 

study from Vanpoucke et al. attributed this abrupt dip at e7 – e8 to the current drain through 

facial nerve [280]. However, in our results, the dip happened at several locations along the 

electrode array, not just at e7 – e8. This may suggest 𝑟𝑇  extrapolated at specific electrode 

location may not be physically meaningful. Most importantly, the lumped parameter model is 

not able to reveal the anatomical dependence of EFI.  

 

Figure 5.22| a)  A 1s t order lumped parameter model  proposed by Vanpoucke et al. for 

modelling the electrical volume conduction within cochleae [280]. Each segment 

represents a section of an uncoiled cochlea between subsequent electrodes. The 

longitudinal resistors ( 𝑟𝐿 ) represent the current flow along the cochlear lumen, the 

transversal resistors (𝑟𝑇) represent the current flow through the lateral and modiolar bony 

structures, and the basal resistor (𝑟𝐵𝑎𝑠𝑎𝑙) represents the resistance between the base of 

cochlea and the reference electrode. b) The solutions of the parameters of the lumped 

parameter model solved by backward calculation of 4 patients’ EFI profiles. * denotes 

the parameter identifiability issue of the model where the solu tions were different over 

3 iterations. 
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5.3.4 Applicability of 3PNN on different electrode types 

3PNN was trained by EFI profiles acquired from the 3D printed cochleae using HiFocusTM 1J 

electrode array (CI1J). To show the broad applicability of 3PNN on different electrode types 

first, I measured EFIs in the same 3D printed models using different types of CI electrode 

arrays (CI1J , HiFocusTM SlimJ electrode array (CISlimJ) and Cochlear TM Nucleus® slim straight 

electrode CI522)) and examined the effects of different electrode types on EFIs. Figure 5.22a 

compares the off-stimulation EFI measurements of CI1J and CISlimJ (n = 6), and the off-

stimulation EFI between CI1J and CI522 (n = 9). It is important to note that CI1J, CISlimJ and 

CI522 were manufactured by different CI companies, and have different electrode spacings 

(Table 5.2). The 3D printed models here were randomly selected and exhibited different model 

descriptors (Figure 5.22c). The results show that the off-stimulation EFIs measured in the same 

model by the different CI electrode types have very similar overall shape and trend. 

Next, the applicability of 3PNN beyond the CI1J electrode array was confirmed in 

Figure 5.22b, where 3PNN was used to predict the off-stimulation EFIS (for up to 18.5 mm) 

of CISlimJ and CI522 electrode arrays. The prediction accuracy of CISlimJ and CI522 off-

stimulation EFIs complies with the prediction accuracy of CI1J EFIs, with ~10% MAPE. This 

finding provides confidence that 3PNN can be broadly implemented for different CI electrode 

arrays and EFIs are predominantly governed by the cochlear electroanatomy. 

 

5.3.5 Clinically validated 3PNN shows high statistical predictive performance 

The clinical applicability of 3PNN was validated using routinely acquired clinical data of 

different implant types. In total, 31 paired sets of patient’s CT scan and EFI profile were used 

for validation. They were acquired using either a CISlimJ (n = 17), a CI622 (n = 6), or a CI522 

(n = 8). The clinical EFIs used here were randomly selected to capture two standard deviations 

of the mean patient profile derived from 97 patients (Figure 5.23). Here, the inputs of the 

stimulating and the recording electrode positions were assumed to follow the suggested 

insertion depths for predicting the most likely outcomes. Starting with the forward-3PNN, the 

patients’ off-stimulation EFI profiles were predicted based on the four geometric descriptors 

measured from their CT scans, while taking the matrix resistivity input as 9.3 kΩcm (the mean 

reported resistivity of live human skulls [311–315]). Without any model adjustment for the 

different CI types, 28 out of the 31 EFI reconstructions achieve a MAPE (median  
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Figure 5.23| Applicability of 3PNN on different electrode types. a) Experimental off-

stimulation EFIs or transimpedance matrices acquired by either CI 1J, CISl imJ  or CI522 in 

same biomimetic cochlea samples. b) Accuracy of 3PNN in predicting (i) CI522 

transimpedance matrices and (ii) CISlimJ  EFIs. MAPE is used as a measure of the 

discrepancy between the predicted and the experimental data measured in the biomimetic 

cochleae. c) Specifications of the samples tested here.  
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absolute percentage error) < 12% (Figure 5.24), despite of the limited resolution of patients’ 

cochlear CT scans, and the substitution of the unknown patient cochlear tissue resistivities with 

the reported mean human skull resistivity. For a selected patient (subject 4CI522) whose EFI 

profile matches the population mean EFI (n = 97), forward-3PNN was shown to achieve a 

MAPE = 8.6% for the EFI reconstruction (Figure 5.25a-b). The capability of 3PNN to give 

patient-dependent EFI predictions is confirmed in Table 5.5, which cross-compares the 

MAPEs calculated between the patients’ EFIs and the 3PNN predictions, and the MAPEs 

between the patients’ EFIs and the population mean.  

Next, we validated our 3PNN by inversely inferring the distribution of the four cochlear 

geometric descriptors that could match a patient’s off-stimulation EFI profile with a similarity 

> 89% (Similarity (%) = 1 – MAPE (%)). Comparing the predicted distributions of the 

geometric descriptors with the corresponding patient’s features measured from their CT scans, 

the median MAPE is ≤ 8% (Figure 5.26). The above high statistical prediction accuracy 

demonstrates the capacity of 3PNN to autonomously predict clinical EFIs or patients’ cochlear 

features for different electrode types without further need to adjust the machine learning model 

that is trained by the dataset acquired from the CI1J.   

 

 

 

Figure 5.24| The clinical EFIs (n = 31) used in the validation of 3PNN to represent the 

EFI variation in patient population (n = 97). STDEV: Standard deviation.  

 

 

 



  5.3    Results and Discussion 
  

148 

 

 

 

Figure 5.25| Validation of forward-3PNN.  
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Figure 5.26| a) Comparison of the mean patients’ EFI profile  (derived from 97 profiles) 

and the profile of subject 4CI522. b) Performance of (i) forward-3PNN and (ii) inverse-

3PNN on subject 4CI522.  

 

Table 5.5| 3PNN performance compared with the MAPE obtained from the 

population mean EFI.  

 Subjects 

MAPE between the 

3PNN-predicted EFI 

and the actual subject’s 

EFI (%) 

MAPE between the 

mean patient EFI and 

the actual subject’s EFI 

(%) 

C
IS

li
m

J
 

Subject 1SlimJ 6.6 21.4 

Subject 2SlimJ 7.9 18.9 

Subject 3SlimJ 7.5 13.3 

Subject 4SlimJ 6.8 19.0 

Subject 5SlimJ 7.4 8.1 

Subject 6SlimJ 4.9 17.0 

Subject 7SlimJ 9.3 25.2 

Subject 8SlimJ 6.4 23.5 

Subject 9SlimJ 11.8 29.7 

Subject 10SlimJ 5.1 10.8 

Subject 11SlimJ 6.5 17.2 

Subject 12SlimJ 9.7 20.3 

Subject 13SlimJ 9.6 18.9 

Subject 14SlimJ 5.7 11.0 

Subject 15SlimJ 7.4 18.9 

Subject 16SlimJ 8.4 21.4 

Subject 17SlimJ 11.3 11.8 

C
I6

2
2
 

Subject 1CI622 11.0 29.0 

Subject 2CI622 11.3 23.0 

Subject 3CI622 55.8 7.0 

Subject 4CI622 10.0 38.2 

Subject 5CI622 11.8 40.6 

Subject 6CI622 10.3 41.4 

C
I5

2
2
 

Subject 1CI522 7.8 36.2 

Subject 2CI522 10.6 39.2 

Subject 3CI522 7.4 37.5 

Subject 4CI522 8.6 28.2 

Subject 5CI522 10.3 24.5 

Subject 6CI522 22.3 16.2 

Subject 7CI522 60.7 5.0 

Subject 8CI522 6.4 29.9 

 Median 8.6 21.4 

 
Interquartile range 

(IQR) 
7.1 – 10.8 16.6 – 29.3 
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Figure 5.27| Validation of inverse-3PNN.  The predicted posterior distributions were 

found using inverse-3PNN and were approximated by sampling 1,000 points in each 

prediction. Detailed values of the MAPE threshold used in each prediction can be found 

in Table 5.3. The colours of the boxplots indicate the median of the predicted resistivity. 

Error bars of the patients’ CT-measured geometric features are approximated as half 

pixel size of the CT scans.  The predictions of the patient-specific cochlear resistivity 

could not be validated due to no repor ted method of measuring cochlear resistivity of 

live human.  
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5.3.6 Effect of cochlear electroanatomy on CI voltage spread  

With the validated 3PNN model, we proceeded to investigate how the CI voltage spread 

characteristics could be affected by the four geometric descriptors and the matrix resistivity. 

Using forward-3PNN, we simulated EFI profiles by sweeping through different combinations 

of the 5 model descriptors (Example shown in Figure 5.27). In total, 3125 (5x5x5x5x5) 

combinations were evenly sampled to represent the entire modelling space of the 5 model 

descriptors, and were used to predicted their off-stimulation EFIs.  

 

Figure 5.28| Example showing the trend of the predicted EFI profiles along the 5 

model descriptors.  In each graph, only one descriptor varies, while other descriptors are 

held constant. For visualization purpose, only the transimpedanc e magnitude |z| induced 

by the stimulations at the apical electrode (electrode 2), the medial electrode (electrode 

9) and the basal electrode (electrode15) were shown here.  
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To parameterise the voltage spread characteristics for each predicted EFI profile, we 

fitted a power law following Equation (5.9), to each stimulus spread toward the apex and 

toward the base (detailed example shown in Figure 5.28a – c), 

|z| =
V

Istim

= A|x|−b + C (5.9) 

where |z| is transimpedance magnitude, V is voltage between the recording electrode and the 

ground electrode, Istim is stimulation impulse current, x is distance between the stimulating and 

the recording intracochlear electrodes along the CI, A and b are fitting coefficients, and C is 

baseline constant of the EFI, which is defined as the minimum value of the EFI.  

 

Equation (5.9) was adopted here because, theoretically, volume conduction from a point 

source in a homogeneous medium should follow an inverse relationship with the form of |𝑧| =

1

4𝜋𝜎𝑟
  (where σ is conductivity of the homogeneous medium and r is distance between the 

stimulating and the recording intracochlear electrode) [334], and the constant C captures the 

baseline feature of EFIs as |z| approaches the baseline when x → ∞. To evaluate the goodness-

of-fit of Equation (5.9), two other potential functional forms (Equations (5.10) and (5.11)) that 

are able to represent the decay features and the baseline features of EFIs were also evaluated 

(Figure 5.29). The equations were fit to clinical EFIs of different electrode types (n = 75), 

following the method described in Figure 5.28a – c. MAPE between the clinical data and the 

expected values from the fitting is used as a measure of the goodness-of-fit. The result supports 

the use of Equation (5.9) to describe EFI features as Equation (5.9) has the lowest MAPE. 

|z| =
A

x
+ C  (5.10) 

|z| = Ae−x + C (5.11) 

where A and b are fitting coefficients, and C is baseline constant of the EFI. 

 

To quantify the slope of the stimulus spreads, we computed the derivative of Equation 

(5.9) fitted EFI with respect to x (Equation (5.12)) for toward the apex or toward the base 

directions Figure 5.28d), and used the mean slope at the x = 1 mm position (Slope̅̅ ̅̅ ̅̅ ̅
x=1mm) as 

an indicator of the sharpness of voltage drop toward the apex and the base of the cochlea. As 

shown in Figure 5.30, the voltage drop is found to be shallower (smaller Slope̅̅ ̅̅ ̅̅ ̅
x=1mm value) 

in cochleae with larger basal lumen diameter and less tapered cochlear lumen (i.e. taper ratio 

closer to 1). Therefore, it is predicted that cochleae with these geometric features could 
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experience broader ‘current spread’, which may activate neurons over a broader spatial region 

(thus broader spectral convolution). It should be noted, however, that the activation function 

for neurons should also be considered for a more sophisticated prediction of the induced firing 

of neurons [335].  

d|z|

dx
=  −Abx−b−1 (5.12) 

 

Figure 5.29| Example of the power-law fitting analysis of EFIs. a)  An EFI profile with 

colours indicating the spreads toward the apex and the base. b) The profile was split into 

a series of stimulus spreads. Each stimulus spread is induced by a stimulation  of a CI 

electrode. c) Each stimulus spread is split into two parts – (i) spread toward the base 

(left) and (ii) spread toward the apex of a cochlea (right). The x -axis was converted to 

the distance between the stimulating and the recording intracochlear electrodes along the 

CI. Fitting of a power law equation ( |𝑧| = 𝐴𝑥−𝑏 + 𝐶) was performed for each directional 

stimulus spread that has a minimum of 4 points. d) The slope of each stimulus spread 

was computed by calculating the derivative of the fitting equation with respect to x. The 

graph summarises the magnitudes of |𝑆𝑙𝑜𝑝𝑒|𝑥=1𝑚𝑚  of the stimulus spreads toward the 

apex and toward the base associated with different stimulating electrodes. The mean of 

the spreads toward the apex ( |𝑆𝑙𝑜𝑝𝑒|̅̅ ̅̅ ̅̅ ̅̅ ̅
apex,  x=1mm) and the mean of the spreads toward the 

base (|𝑆𝑙𝑜𝑝𝑒|̅̅ ̅̅ ̅̅ ̅̅ ̅
base ,  x=1mm) are used to quantify the sharpness of volt age drop toward the base 

and the sharpness toward the apex in an EFI.  
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Figure 5.30| Goodness-of-fit test to evaluate the choice of the fitting forms.  

 

 

Figure 5.31| The trend of  𝑺𝒍𝒐𝒑𝒆̅̅ ̅̅ ̅̅ ̅̅
𝒙=𝟏𝒎𝒎 of the stimulus spreads toward the cochlear apex 

and the cochlear base across each model descriptor. The line in the box represents the 

median of the 𝑆𝑙𝑜𝑝𝑒̅̅ ̅̅ ̅̅ ̅̅
𝑥=1𝑚𝑚 of 625 (5x5x5x5) predicted samples.  

 

5.3.7 On-demand creation of biomimetic cochleae inheriting patient EFIs 

The clinical validation of 3PNN demonstrates that the 3D printed biomimetic cochleae can 

reproduce the off-stimulation EFIs of CI users with high fidelity, despite the physical simplicity 

of the models. With this validated platform, its application was to construct on-demand 

cochlear models that can yield patient-specific off-stimulation EFI profiles. Figure 5.31a 

shows the process to generate the patient-specific biomimetic cochlear model, where inverse-

3PNN was used to deduce the distribution of the model descriptors that could match each 

patient’s off-stimulation EFI profile with an average similarity over 90% (Figure 5.31b), and 

the patient cochlear model was then fabricated by 3D printing with a predicted set of the model 

descriptors. As shown in Figure 5.31c, the EFI profiles measured from the 3D printed 

biomimetic cochleae show good resemblance to their corresponding patients’ off-stimulation 

EFI profiles, with MAPE < 12%, while the patients’ EFI profiles show a dissimilarity of > 30% 

MAPE.  
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Figure 5.32| On-demand creation of biomimetic cochleae for replicating patient EFIs. 

a) Schematic showing the process to generate the patient -specific biomimetic cochlear 

model. b) The predicted distributions of the model descriptors of subjects 1 1J and 21J,  

and the selected parameters for fabricating on-demand patient-specific biomimetic 

cochleae, which were the median of the predicted descriptors. c) Comparison of the off-

stimulation EFIs of two patients and the off -stimulation EFIs acquired in their 

corresponding biomimetic cochleae.  

 

Beyond the application of reproducing patient-specific EFI profile with a physical 3D 

printed model, 3PNN further points to the potential occurrence of atypical EFI profiles, such 

as the ‘mid-dip’ characteristics observed in patients. The ‘mid-dip’ characteristic (Figure 5.32), 

which is distinguished by a dip in the EFI profile at the medial electrodes, has not been given 

a clear clinical explanation. It is uncertain whether unusual implantation orientations or patient-

specific cochlear biologic properties could be the origin. By visualising the positions of 

electrodes in the 3D printed models with µ-CT imaging, it was found that the electrode position, 

which was guided by the cochlear geometry, could be a potential explanation. In the model 

with the ‘mid-dip’ characteristics, the electrode positions appear to change abruptly (left panel 

in Figure 5.32c), where electrode 8 (e8) was adjacent to two ‘near-wall’ electrodes (e9 and 

e10) that were in close proximity to the spiral centre. This sudden decrease in the electrode-to-

wall distance can potentially cause a slight increase in the EFI profile, hence a dip at e8 in the 

profile. On the contrary, in the model without the ‘mid-dip’ characteristics, the electrode 

positions changed gradually. This suggests that the relative position of the electrode to the 

neighbouring electrodes and the lumen wall can be one of the causes giving rise to the mid-dip 

abnormality in the EFI profile.  
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Figure 5.33| The electrode positions in a model showing an atypical ‘mid -dip’ EFI 

profile (left) and a model with a typical EFI profile (right). a)  Reconstructed 3D µ-

CT volumes of the cochlear lumens of the biomimetic cochleae with a CI electrode array 

inserted (marked green). Scale bar = 2 mm. b) Off-stimulation EFI profiles of the models 

with the peaks indicating the maximum transimpedance,  |z| of the spread distributions at 

off-stimulation positions. c) Top view and d)  side view of the cochlear lumens of the 

models, showing the positions of the electrodes in the lumens of the models relative to 

the lumen wall. Distance in the negative direction refers to t he distance towards the 

cochlear centre, vice versa. Electrode 8 (red) and electrodes 9 – 10 (blue) are highlighted 

to contrast the electrode contour which generates the mid -dip EFI. 
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5.3.8 Informing patient-specific cochlear tissue resistivity 

As the absolute resistivity of patients’ temporal bones near the cochlear vicinity cannot be 

measured non-invasively in living subjects, the inverse-3PNN offered in this study further 

presents a unique capability in inferring the resistivities of patients’ cochlear tissues based on 

their individual EFI profiles. Figure 5.33 shows the ranges of the patient-specific resistivities 

(n = 37), which were deduced with unknown geometric descriptors for subjects1J 1 – 6 and with 

paired pre-operative CT (thus known patient geometric descriptors) for the remaining 31 

subjects. All the predicted patient resistivity ranges (0.6 – 20.3 kΩcm) lie within the reported 

resistivity range of live human skulls (0.6 – 26.6 kΩcm) [311–315]. In particular, the mean 

predicted patient cochlear resistivity (6.6 kΩcm, n = 37) is close to the mean reported resistivity 

of live human skulls (9.3 kΩcm) [311–315].   

 

 

Figure 5.34| 3PNN estimating patient-specific resistivity of the cochlear tissue. a) 

Cochlear resistivity predictions of subjects 1 – 61J (n = 6) were carried out with unknown 

patients’ geometric descriptors, whereas the rest (n = 31) were undertaken with the 

information of the geometric descriptors measured from their cochlear CT scans. The 

grey dotted lines show the reported upper and lower limits of in vivo human skull 

resistivities [311–315]. b) A histogram showing the distribution of the predicted cochlear 

resistivity of all patients (n = 37). The mean predicted resistivity was found to be 6.6 

kΩcm. 
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5.3.9 Potential uncertainty in 3PNN 

Several potential sources of uncertainty are noted in 3PNN. These include the discrepancy 

caused by the absence of the intracochlear membranes in the 3D printed models, the 

uncertainties in the measurements of the low-resolution clinical CT scans, the deviations in the 

vertical position of CI electrode array in cochlear lumen, the deviations in the CI electrode 

insertion depth due to different surgical practices, and the dimensional discrepancy between 

the patient’s cochlea and the cochlear lumen described using the four geometrical descriptors. 

The absence of the intracochlear membranes in the 3D printed models have been studied in 

Figure 5.15. The potential effects of other uncertainties on EFIs are studied below and are 

summarized in Table 5.6. In addition, the 3D printed cochleae did not account for the frictional 

force generated during CI electrode insertions beneath the basilar membrane in human cochleae, 

which may occasionally cause electrode array buckling or even intracochlear trauma affecting 

CI performance [336, 337]. The friction could have attributed to the localised buckling 

configuration of the CI electrode array captured in the 3D model giving the ‘mid-dip’ EFI. 

Future studies can explore the possibility of incorporating the membranous structures into 3D 

printed cochlear models, and coupling computational mechanics in the modelling process.  

 

5.3.9.1 Effect of the uncertainty in the CT measurements of the geometric features on off-

stimulation-EFI predictions 

The uncertainty in the CT measurements is assumed to be half pixel size of the patient’s CT 

scan. Figure 5.34a shows that the MAPE between the predicted EFI using raw measurements 

and the predicted EFI when a geometric descriptor is subject to ± uncertainty. The impact of 

the uncertainty in basal lumen diameter, cochlear width and cochlear height on the EFI 

predictions is low, while the uncertainty in taper ratio might cause an significant effect on the 

predictions with a median MAPE ~ 7%. 

 

5.3.9.2 Effect of the vertical position of the electrode array in the cochlea on off-stimulation 

EFIs 

As the biomimetic cochleae did not mimic the intracochlear membrane structures, the 

volumetric restriction on the placement of the electrode caused by the membranes cannot be 

captured in the 3D printed cochlear model. Finite element modelling was used to investigate 

the effect on off-stimulation EFIs obtained when the vertical position (z-position) of the 



  5.3    Results and Discussion 
  

159 

 

electrode array was shifted by 0.5 mm or 1 mm for different matrix resistivities (Figure 5.34b). 

The effect was found to be negligible with a MAPE just < 0.5% when the matrix resistivity of the 

model was set to 9.3 kΩcm (the mean resistivity of live human skull). The MAPE is increased to ~ 

5% when the vertical position was shifted by 1 mm in an extreme model that has a matrix resistivity 

of 0.6 kΩcm (the lowest bound of the resistivity of live human skull) [311–315]. 

 

5.3.9.3 Effect of the deviations in the CI electrode insertion depth due to different surgical 

practices 

To investigate how much the surgical variation in the insertion depth affects EFIs, the change 

in EFIs were evaluated when there was a ± 2 mm difference in the typical insertion depth using 

the 3D printed models (n = 18) (Figure 5.34c). Overall, an 8% median MAPE is observed. 

 

5.3.9.4 Effect of the dimensional discrepancy between the patient’s cochlea and the cochlear 

lumen described using the four geometrical descriptors on off-stimulation EFIs 

Comparing the patient’s cochleae and the cochlear lumens described by the four geometric 

descriptors (Figure 5.17c), most region of the 3D volumes up to 1.5 cochlear turn has a 

dimensional discrepancy less than ± 0.3 mm. Therefore, sensitivity analyses were performed to 

investigate the effect of EFIs when the cochlear lumen diameter was subject to ± 0.3 mm via 1) 

3PNN (by changing the input values of basal lumen diameter and taper ratio) and by (2) FEM (by 

enlarging and shrinking the 3D volume of the patient’s cochlea by ± 0.3 mm). Figure 5.34d shows 

that the resulting MAPEs obtained from both methods range from 2% to 20.8%, depending on the 

matrix resistivity. The median MAPE is 4.8% in 3PNN and 8.1% in FEM. 
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Figure 5.35| Sensitivity analyses assessing the effect of the potential sources of 

uncertainty on EFIs.  a) The effect of the uncertainty in the CT measurements of the 

geometric features on EFI predictions. n = 62 predictions based on the CT measurements 

of 31 patients. b) The effect on off-stimulated EFIs when the vertical position (z-position) 

of the electrode array is shifted by ( i) 0.5 mm and (ii) 1 mm for different matrix 

resistivities. The value at the upper right indicates the MAPE between the z-shifted and 

the reference (no-shifted) cases. The geometrical features of the COMSOL model are the 

same as the conditions used in the model without the membrane structures in Figure 

5.15a.ii and the ground was placed at the outer surface of the 8 mm radius sphere . c) (i) 

Boxplot summarised the MAPEs of (ii) the experimental CI1J EFIs acquired when there 

was a ± 2 mm variation in the electrode insertion depth in the 3D printed models (n = 

18). d) The MAPE between the simulated EFIs when the lumen diameter is subject to ± 

0.3 mm at different matrix resistivities computed by i) 3PNN and ii) FEM. IQR = 

interquartile range. 
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Table 5.6| Table summarised the potential uncertainties in 3PNN, and their 

estimated effect on off-stimulation EFIs.  BLd  = basal lumen diameter, ρmat rix = matrix 

resistivity, Tra = taper ratio, W c = cochlear width and hc = cochlear height. IQR = 

interquartile range. 

Potential uncertainty in 3PNN  Approximated error on EFI (MAPE) 

Absence of the membranous structures in the 

3D printed models (Figure 5.15) 

IQR = 2.8 – 5.0% 

Median = 4% (n = 5) 

Uncertainty in patients’ CT measurements 

(Figure 5.34a) 

BLd IQR = 2.3 – 4.7%, Median = 2.9% (n = 62) 

Tra IQR = 4.0 – 16.4%, Median = 6.8% (n = 62) 

Wc IQR = 0.4 – 0.5%, Median = 0.5% (n = 62) 

hc IQR = 0.2 – 0.3%, Median = 0.2% (n = 62) 

Uncertainty in z-position of CI electrode array 

in cochlear lumen (shifted from 0.5 – 1 mm) 

(Figure 5.34b) 

IQR = 0.3% - 2.8% 

Median = 0.4% (n = 6) 

Variation in CI insertion depth due to different 

surgical practices (± 2 mm) 

(Figure 5.34c) 

IQR = 6.4 – 9.6% 

Median = 7.9% (n = 18) 

Geometrical discrepancy between patient 

cochlea and model’s geometry (± 0.3 mm) 

(Figure 5.34d) 

IQR = 3.2 – 7.4% (3PNN) or 6.2 – 10.1% (FEM) 

Median = 4.8% (3PNN) or 8.1% (FEM) (n = 18) 

 

 

5.3.10 Limitation of finite element modelling 

The 3PNN co-modelling approach proposed in this study provides a complementary, statistical 

and data-driven approach derived from 3D printed biomimetic cochleae. Comparing with FEM, 

3PNN utilises physical models to bypass the sensitivity in the choice of boundary conditions 

and undetermined physical laws that were normally faced by FEM. The choice of the boundary 

condition was known to be undetermined in simulating cochlear stimulation via FEM [286]. In 

monopolar cochlear stimulation, the return electrode lies outside the physical domain of the 

model, hence, there is no boundary condition that can perfectly match the in vivo situation 

[286]. As shown in Figure 5.35a, the simulated FEM profile is greatly affected by the choice 

of the boundary condition. Although placing the ground at the lumen opening in FEM 

(condition I) yields the EFIs most matching to the experimental EFIs, the resemblance is still 

not ideal. In addition, even condition VII in FEM exactly mimics the five electroanatomical 

features of the 3D printed models and the grounding condition employed in experiments, FEM 

cannot reproduce the results of the physical models due to the undetermined modelling 

parameters. When performing the same comparative study for a linear geometry, as shown in 

Figure 5.35b, the MAPE can be > 180%. Hence, the physical phenomenon descriptions 

provided by FEM might be incomplete. However, it should be noted that any computational 

modelling has both advantages and disadvantages. The benefits of FEM are still manifold, 

which notably includes the possibility of studying individual boundary condition/parameter at 
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a time with a graphical user interface. Additionally, FEM has been adopted as an ancillary 

measure at several points in this study to validate several assumptions undertaken in 3PNN that 

are not easily examined by 3PNN alone (e.g. how the presence of the intracochlear membranes 

affects EFIs).  

 

 

Figure 5.36| The effect of boundary conditions on finite element modelling of 

cochlear stimulation. a.i) FEM of a simplified spiral cochlea  without the membrane 

structures. Scale bar = 2 mm. a.ii) Off-stimulation EFI profiles simulated with the 

common choices of boundary conditions used in literature, in comparison with the 

experimental results acquired from the corresponding 3D printed cochlear models that 

have the same electroanatomical model descriptors as the COMSOL models. The FEM 

boundary conditions studied here are ground at (I) the cochlear lumen opening, (II) a 

quarter of the outer surface, which is near the lumen opening, of the 8 mm radius sphere.  

(III) half of the outer surface of the 8 mm radius sphere, (IV) the bottom half of the 

outer surface of the 8 mm radius sphere, (V) the outer surface of the 8 mm radius sphere, 

(VI) the outer surface of an infinitely surrounding sphere, and (VII) the bottom surface 

of a 20x20x15 mm cuboid, as highlighted in blue.  3 models are examined here. They 
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have the same geometric features (BLd = 2.38 mm, Tra = 0.59, Wc = 10.5 mm, hc = 4.4 

mm) but different matrix resistivities (model 1: 23.4 kΩcm, model 2: 1.9 kΩcm and 

model 3: 0.7 kΩcm). b.i) FEM of a linear uncoiled cochlea without the membrane 

structures. Scale bar = 10 mm. b.ii) Off-stimulation EFIs simulated using four different 

choices of boundary condition, in comparison with the experimental results a cquired 

from the corresponding 3D printed linear cochlear models that have the same 

electroanatomical model descriptors as the COMSOL models. The boundary condition 

examined here are ground at (I) the cochlear lumen opening, (II) the outer surface of the 

30 mm radius sphere, (III)  half of the outer surface of the 30 mm radius sphere, and (IV) 

the bottom surface of a 40.6x15x15 mm cuboid, as indicated in blue. 4 linear models 

were examined here. They have the following electroanatomical features – Model 1: BLd  

= 2.38 mm, Tra = 1, Lc = 40.6 mm, and Rm = 23.4 kΩcm; Model 2: BLd = 2.38 mm, Tra = 

0.79, Lc  = 40.6 mm, and Rm  = 1.9 kΩcm; Model 3: BLd  = 2.38 mm, Tr a = 0.79, Lc  = 40.6 

mm, and Rm = 1.9 kΩcm; Model 4: BLd = 2.5 mm, Tra = 0.59, Lc = 40.6 mm, and Rm = 

3.6 kΩcm; The values at the upper right of the graphs indicate the MAPEs between the 

simulated EFIs and the experimental EFIs.  BLd  = basal lumen diameter, Tra = taper ratio, 

Wc = cochlear width and hc = cochlear height. 

 

 

5.4    Conclusion 

This study created a physical library of 3D printed biomimetic cochlear models that statistically 

captures the reported broad spectrum of off-stimulation EFI profiles of CI patients, which are 

dependent on the patterns of electrical conduction through tissues. The 3D printed cochlear 

models can be used multiple times and were designed with impedance-tuneable electro-

mimetic bone matrices that display suitable mechanical stiffness for geometrically-guided CI 

electrode insertion, while limiting damage to CI electrodes during insertion. Complementary 

to FEM, the 3D printed biomimetic cochleae offer a robust physical means to replicate the 

dynamics of ionic conduction and the electron-ion interaction in cochleae with implanted CIs. 

This is useful as it bypasses the sensitivity in the choice of boundary conditions that are required 

in FEM (Figure 5.35), and it intrinsically captures physical phenomena that could be difficult 

to replicate fully in FEM.  

The use of standard-of-care patient CT scans in 3PNN is practical for clinical translation 

because high-resolution micro-CT scans cannot be performed in living patients. As the 

associated resolution of clinical CT scans does not allow for detailed construction of cochlear 

surface contours, nor the inclusion of the membranous structures (~2 to 4 µm thick as reported 

in literature [281, 307]), 3PNN does not aim to capture the thorough structural details of human 

cochleae. It should be noted that the accuracy of 3PNN could be subject to several uncertainties. 

The effects of the uncertainties are summarised in Table 5.6. 
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Adopting machine learning along with parametric descriptions of the cochlear 

geometry, 3PNN requires only a fraction of the computation time per EFI prediction (estimated 

300 times faster) compared to our FEM models (for Intel i5 CPU). The fast and automated 

nature of 3PNN facilitates the generation of sufficient amount of simulated data for deciphering 

trend and sensitivity in a high dimensional problem. This is imperative for solving the ‘volume 

conduction’ problem, the first step in computational neuroengineering for modelling electrical 

stimulation in a biological structure [291]. This work also suggests that the intracochlear 

excitation spread can be largely reproduced by physically replicating the volumetric conduction 

within the cochlear lumen and the cochlear tissue vicinity without biological components. 

Further studies that evaluate the correlation between the intracochlear voltage distribution and 

the excitation of neural cells will be of particular benefit to expand the use of 3PNN in 

modelling the signal perception at the neuronal level. 

The framework proposed in this study could potentially provide the first approach to 

readily infer the in vivo bulk resistivity of individual patient’s cochlear bone matrix via CI 

telemetry. Validation of the accuracy of the cochlear tissue resistivity prediction is not 

performed in the current work; this is because, as of yet, there is no reported method to measure 

cochlear tissue resistivity in live patients. In the present work, a default resistivity value of 9.3 

kΩcm (mean resistivity of live human skull) was used to approximate the patient-specific 

resistivity of cochleae tissues in forward-3PNN. Thus, providing future validation to the 

inferred mean cochlear tissue resistivities (e.g. 6.6 kΩcm, n = 37) can potentially further 

improve the predictive power of forward-3PNN. Alternatively, future investigations which 

explore the correlation between the 3PNN inferred cochlear tissue resistivity and the cochlear 

physiological and pathological status, may provide a foundation for the use of CI telemetry as 

a diagnostic indicator. This might enable the detection of early abnormalities after CI 

implantation, without resorting to imaging methodologies that use ionizing radiation in patients 

(which particularly should be avoided in children). 

Overall, 3PNN was demonstrated to be predictive for correlating the off-stimulation 

EFI and the geometric parameters collected from clinical patient CTs, without the need for 

model adjustment and re-calibration. This was validated with clinical EFI data of four different 

CI types (up to a position of 18.5 mm along the cochlear lumen), and 28 out of 31 predictions 

show good accuracy, MAPE < 12% (median MAPE = 8.6%). Therefore, the co-modelling 

framework has a potential capability of forecasting the stimulation performance of CIs from 

different manufacturers, hence assisting the development of CI electrode arrays tailored to 
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patient’s cochlear anatomy. Comparing to conventional animal and cadaver models, the ‘print-

and-learn’ modelling concept proposed here offers a physical-manipulatable, ethical and 

economic approach, which may help reduce the need for animal experiments. Complemented 

with FEM, 3PNN could form a building block for future cochlear digital twins for CI testing. 

With the rising usage of neuromodulating electronic implants, the ‘print-and-learn’ co-

modelling concept proposed here is anticipated to facilitate the physical modelling and digital 

twin innovation of other bioelectronic implant prototypes, beyond its applications in CIs.
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Chapter 6  

Conclusions and Future Work 

 

6.1    Conclusions 

3D extrusion-based printing holds promises for facile fabrication of a wide variety of soft 

materials, offering the potential to manufacture innovative systems with better biomimicry in 

structures and compositions. As yet, the innovation and wide adoption of extrusion-based soft 

material printing technology grapples with problems of high cost and lacking guideline for the 

standardisation of the printing process. Although many previous published studies have 

demonstrated the applications of 3D printing in producing biology-inspired anatomical models 

with excellent shape resemblance, these models usually lack functionality and hence are not 

capable to provide insights into clinical problems that are anatomy-dependent. Therefore, this 

thesis focuses on 1) developing a replicable and versatile 3D extrusion printing platform for 

soft materials as an affordable alternative to commercial systems, 2) proposing a rational 

guideline on the decision of printing methods for soft materials, and 3) developing a modelling 

technique that combines 3D printing and machine learning to model the electroanatomical-

dependent ‘current spread’ phenomena evoked by neuromodulation implants in human tissues. 

The principal findings of my research work are summarised below.    

 

6.1.1 Development of a printing platform for soft materials  

A customisable and low-cost extrusion-based printing platform was developed from scratch 

using simple mechanical components, 3D printed parts, and a compact robotic arm. The cost 

of the platform starts from £900 for a single printhead system to £1900 for a fully equipped 

system with four printheads, syringe and stage heaters, and an UV module. Enabled by the 

hackable programmes I developed in this work, the platform offers fully flexible operations 

and accepts unconventional geometry inputs, (i.e. coordinates, equations, and pictures), beyond 

the standard 3D CAD model input offered by commercial printers.  
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Comparing to commercial printing platforms, this platform offers significant cost 

saving and a high degree of customisability that allows unprecedented operations, such as non-

planar printing and printing with variable speed. The control programme is user-friendly and 

was designed for users who had no prior programming experience. With the use of a robotic 

arm, the platform can be compact in size and is easy to install. The detailed instruction of the 

assembly method and the programme design provided in this study can promote the 

replicability of the platform, hence new users can contribute towards the future development 

of the platform. Several limitations of the platform are noted. They are the payload limit (0.5 

kg) and the inferior precision and repeatability of the robotic arm (~ 200 μm). However, the 

0.5 kg capacity should suffice most lab-based operations, and the position repeatability problem 

encountered when fabricating multi-material objects can be overcome by the manual calibration 

system offered by the platform, which helps users to readjust the location for creating well-

aligned objects.   

 

6.1.2 An investigation on methods for soft material printing 

With the extrusion-based printing platform I developed, I explored methods for fabricating a 

wide range of soft materials, ranging from naturally derived hydrogels (e.g. collagen), synthetic 

hydrogels, pH-responsive hydrogels (e.g. polyacrylic acid) to silicone elastomers. I tested the 

printability of inks in different supportive baths reported in previous literature. The finding 

here reveals the importance of auxiliary tools (i.e. UV and heating systems) and the choice of 

supportive baths on the success of printing. Specifically, I proposed the use of oil-based baths 

for silicone resin-based inks and pH-responsive hydrogels; gelatin slurry for hydrogels that 

crosslink via ionic and pH methods, and Carbopol for thermal- and photo-crosslinkable 

hydrogels. The rational guide proposed in this study might help new users efficiently design 

appropriate fabrication methods for their applications. Further research could be undertaken to 

systematically investigate the effect of different factors, such as rheology, surface tension and 

ionic charge of the support bath and the ink, on the ink printability (discussed in Section 6.2.3). 

This information will enable a comprehensive perspective for the standardisation of the 

technology.  
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6.1.3 3D printed biomimetic cochleae and machine learning co-modelling 

provides clinical informatics for cochlear implant patients  

The work here integrates 3D extrusion printing technology with neural network machine 

learning model (termed ‘3PNN’) for interpreting clinical electric field imaging (EFI) profiles 

of CI patients. The 3D printed cochleae were created with tuneable electro-anatomy to capture 

the human variability, and were able to replicate clinical scenarios of EFI profiles at the off-

stimuli positions. Several applications of this co-modelling framework were demonstrated, 

including autonomous predictions of patient EFI or cochlear geometry, unfolding the electro-

anatomical factors causing CI stimulus spread, on-demand printing of patient-specific models 

that gave similar patient EFI profile for CI testing, and inference of patients’ in vivo cochlear 

tissue resistivity by CI telemetry. Nonetheless, it should be noted that the predictions are 

subject to several uncertainties, such as the uncertainties in the clinical CT measurements and 

the variation in the CI electrode array insertion depth due to different surgical practices, etc.  

3PNN does not aim to capture the exact geometrical details of human cochleae. Specifically, 

3PNN uses four geometrical descriptors to describe the shape of cochlear lumens, and the 

matrices of the 3D biomimetic models do not imitate the porous and spatially heterogeneous 

bone structure. The reason is twofold. First, this makes 3PNN practical for clinical translation 

as clinical CT scans do not typically have sufficient resolution revealing the detailed structures 

of the patients’ cochleae. Second, this allows ease of interpretation and reduces modelling time 

and cost. The fact that the intracochlear excitation spread can be largely reproduced by physical 

in vitro models without any biological components also suggests that it is unnecessary to 

imitate the full setting of clinical scenarios, but rather important to choose appropriate 

representative features when modelling complex real-world problems. Taken together, I 

envisage that the co-modelling principle proposed in this study could facilitate other areas of 

clinical modelling and promote the digital twin innovations for electrical prostheses in 

healthcare.  
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6.2    Future work  

6.2.1 Further development of the custom-made 3D extrusion printing platform 

Several potential improvements of the platform can be made to further advance its user-

friendliness and functionality. As discussed in Chapter 3, the setup can be advanced by the 

incorporations of 1) an automatic calibration system for efficient operations, 2) cooling systems 

for printing protein-based hydrogels, 3) a retraction mechanism for preventing the ink from 

oozing during transition between print paths and 4) a multi-channel microfluidic printhead for 

rapid material switching in heterogeneous material printing. Further to these, novel printheads 

can be developed to advance the printing methods. For example, inclusions of coaxial 

printheads and copper electrode printheads will permit fabrication of core-shell structures and 

ionoprinting [338]. Micropipette printheads will enable small volume depositions, which is 

desirable for inks that are present in small quantities, such as cell pellets and organoids. 

Preliminary work has been done in developing a micropipette printhead (Figure 6.1). However, 

an alignment issue has been observed with the current design, causing inaccurate deposition. 

The design of the micropipette printhead should be improved in the future to ensure the central 

alignment of the micropipette. Lastly, a graphical user interface (GUI) for operation control 

might make the platform more accessible and easier to use, however it should be noted that the 

use of a GUI reduces the customisability of the platform. 

 

 

Figure 6.1| a) A preliminary prototype of a micropipette printhead that is designe d to 

couple with a 5 µl or 10 µl PCR micropipette. b) Preliminary results showing i) a 5 mm 

and ii) a 15 mm line made of cell pellet and Matrigel printed using the micropipette 

printhead shown in (a). Scale bars = 1 mm.  
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6.2.2 Fabrication of complex pH-responsive soft actuators 

In Chapter 4, the morphing behaviours of 2D pH-responsive strips made of PAA filaments at 

different infill angles were investigated. Future work should further examine the effect of 

different strip sizes and heterogeneous infill patterns on the shape evolution for a complete 

understanding on the anisotropic swelling mechanism. Structures of heterogeneous print paths 

can be designed and fabricated using the picture geometry input offered by the printer. With 

the oil-based support bath proposed in Chapter 4, it will be intriguing to fabricate three-

dimensional complex structures made of more than one pH-responsive hydrogels to form dual-

responsive systems. Potential candidates are PAA that swells in alkali and chitosan that swells 

in acid. These dual-responsive systems might offer possibility for achieving complicated and 

multi-directional actuations for uses in biocompatible soft robots.   

 

6.2.3 Rheological and interfacial measurements of inks and support baths 

Due to COVID restrictions, there was a restricted accessibility to the rheometer, hence the rheology of 

the inks and the support baths was not studied in Chapter 4. 

In Chapter 4, a conceptual guideline for printing soft materials is proposed based on empirical 

observation, and the capability of the support baths previous reported in literature, including 

gelatin slurry developed in FRESH v1.0 method (gelatin type A) [52], Carbopol [122] and 

fumed silica-mineral oil baths [168], were assessed.  

To further enable the standardisation of the printing process and provide a 

comprehensive guideline, a systematic study should be carried out to quantify the relationship 

between the print fidelity and the rheological of the inks and the bath, such as storage modulus 

(G’) and viscosity. As ionic interaction between the bath and the ink can tremendously increase 

the viscosity and G’ of the printed ink, examining the effect of the ionic charge of the bath on 

the embedded printability of the ink would be beneficial. In addition, beyond the support baths 

tested in this study, the performance of other commonly used support baths in literature, such 

as gelatin slurry (type B) developed in FRESH v2.0 [136] and agarose fluid gel [163], should 

be assessed to attain a broader investigation. Lastly, as the surface tension between the ink and 

the bath is highly crucial to the printability in phase difference systems, it would be 

advantageous to further examine the use of surfactants in arresting the shape evolution in these 

systems. The scope of work proposed here could greatly benefit the research community, 

saving the time-consuming trial-and-error process for finding an appropriate printing method. 
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6.2.4 Further improvement on the 3PNN co-modelling framework 

A few uncertainties have been noted in the 3PNN framework. These uncertainties hamper the 

accuracy in modelling the electric-field imaging profiles of cochlear implant patients. The 

accuracy of a neural network model in general can be improved with the amount of input 

dataset. Therefore, more 3D printed cochlear models capturing a wider range of geometric 

descriptors should be fabricated to increase the prediction accuracy of 3PNN. Apart from this, 

further study can be undertaken to construct a spatially heterogeneous architecture in the 

electro-mimetic bone matrices of the 3D printed cochlear models for mimicking the spatially-

dependent tissue properties of human cochleae. 
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