ke

Ak
FKTHS

VETENSKAP
28 OCH KONST 2%

Vet

Degree Project in Fibre and Polymer Technology

Second Cycle, 30 credits

Advancing Volumetric Printing for
Tissue Engineering Through
Viscosity Modification

CATRIONA BELL



Volumetric Printing for Tissue Engineering

Abstract

Volumetric additive manufacturing (VAM) enables the rapid fabrication of complex three-
dimensional structures by selectively polymerising an entire object within a volume of
photocurable resin. This approach is particularly promising for tissue engineering; how-
ever, the low viscosity of hydrogel precursor solutions can result in sedimentation of the
polymerising structure and poor print fidelity. This thesis investigated laponite as a rhe-
ological modifier for poly(ethylene glycol) diacrylate (PEGDA)-based hydrogel resins to
improve their suitability for volumetric printing.

The effects of PEGDA molecular weight and laponite concentration on resin rheology,
optical behaviour, mechanical properties, swelling, and printability were systematically
evaluated. PEGDA 700 was selected as the base polymer due to its improved mechanical
properties and dimensional stability compared with a PEGDA 250:700 blend. Increasing
the laponite concentration from 0 to 4 wt.% produced a concentration-dependent increase
in viscosity, from 1.3 £+ 0.1 mPa-s for PEGDA-only (10 wt.%) hydrogel resins to 1940 +
390 mPa-s at 4 wt.% laponite. However, higher laponite concentrations also reduced resin
processability, with pronounced thickening making the formulations increasingly difficult
to prepare and handle.

Volumetric printing demonstrated that formulations containing 1 and 2 wt.% laponite
stabilised the polymerising structure and enabled the fabrication of self-supporting hy-
drogel constructs. The 1 wt.% laponite formulation provided the most favourable balance
between print stability, processability, and optical behaviour and was successfully used
to fabricate a complex three-dimensional geometry. Preliminary biocompatibility studies
further showed no adverse effect of laponite concentrations up to 4 wt.% on the short-term
metabolic activity of MC3T3-E1 cells.

Overall, this work demonstrated that laponite is an effective rheological modifier for
PEGDA-based hydrogel resins and can overcome the limitations associated with low vis-
cosity resins in volumetric printing. A formulation containing 10 wt.% PEGDA 700,
0.05 wt.% LAP (2,4,6-trimethylbenzoylphosphinate), and 1 wt.% laponite was identified
as a promising system for volumetric fabrication of hydrogel constructs and provides a
platform for further optimisation towards tissue engineering applications.
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Sammanfattning

Volymetrisk additiv tillverkning (VAM) mojliggor snabb framstéllning av komplexa tre-
dimensionella strukturer genom selektiv polymerisation av ett helt objekt i en volym av
fotohdrdande harts. Tekniken ar sérskilt lovande for vavnadstekniska tillampningar. Den
laga viskositeten hos hydrogelprekursorer kan dock leda till sedimentation av den poly-
meriserande strukturen, vilket forsdmrar utskriftsnoggrannheten. I detta examensarbete
undersoktes laponit som reologisk modifierare i hydrogelhartser baserade pa polyetylengly-
koldiakrylat (PEGDA) for att forbattra deras lamplighet for volymetrisk utskrift.

Effekten av PEGDA:s molekylvikt och laponitkoncentrationen pa hartsernas reologi, op-
tiska egenskaper, mekaniska egenskaper, svéllning och utskrivbarhet utvarderades sys-
tematiskt. PEGDA 700 valdes som baspolymer eftersom materialet uppvisade béttre
mekaniska egenskaper och hogre dimensionsstabilitet &n en blandning av PEGDA 250
och PEGDA 700. Nar laponitkoncentrationen 6kades fran 0 till 4 viktprocent gav detta
en koncentrationsberoende 6kning av viskositeten, fran 1,3 + 0,1 mPa-s fér rent PEGDA-
harts (10 viktprocent) till 1940+ 390 mPa-s vid 4 viktprocent laponit. Samtidigt forsam-
rades hartsernas bearbetbarhet vid hogre laponitkoncentrationer, eftersom den kraftiga
fortjockningen gjorde formuleringarna successivt svarare att bereda och hantera.

Vid volymetrisk utskrift visade det sig att formuleringar med 1 och 2 viktprocent laponit
stabiliserade den polymeriserande strukturen och méjliggjorde framstéallning av sjalvba-
rande hydrogelkonstruktioner. Formuleringen med 1 viktprocent laponit gav den basta
balansen mellan utskriftsstabilitet, bearbetbarhet och optiska egenskaper och anvindes
framgangsrikt for att tillverka en komplex tredimensionell geometri. Preliminara biokom-
patibilitetsstudier visade dessutom att laponitkoncentrationer upp till 4 viktprocent inte
hade nagon negativ inverkan pa den kortsiktiga metaboliska aktiviteten hos MC3T3-E1-
celler.

Sammantaget visar resultaten att laponit dr en effektiv reologisk modifierare for PEGDA-
baserade hydrogelhartser och kan motverka de begransningar som lagviskdsa hartser in-
nebar vid volymetrisk utskrift. En formulering bestaende av 10 viktprocent PEGDA 700,
0,05 viktprocent LAP (litiumfenyl-2,4 6-trimetylbensoylfosfinat) och 1 viktprocent laponit
identifierades som ett lovande system for volymetrisk framstéllning av hydrogelkonstruk-
tioner och utgor en plattform for fortsatt optimering mot vavnadstekniska tillampningar.
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Abbreviations
2D Two-dimensional
3D Three-dimensional
AM Additive manufacturing
CAD Computer-aided design
COs Carbon dioxide
CcQ Camphorquinone
DI Deionised
DLP Digital light processing
DSMZ German Collection of Microorganisms and Cell Cultures
FBS Fetal bovine serum
GelMA Gelatin methacryloyl
IPA Isopropyl alcohol
ITX [sopropylthioxanthone
LAP Lithium phenyl-2,4,6-trimethylbenzoylphosphinate

MC3T3-E1 Mouse calvarial preosteoblast cell line

a-MEM Alpha minimum essential medium
M, Number-average molecular weight
OSMO Object-space model optimisation
PBS Phosphate-buffered saline

PDMS Polydimethylsiloxane

PEG Poly(ethylene glycol)

PEGDA Poly(ethylene glycol) diacrylate
PMMA Poly(methyl methacrylate)

Ru Ruthenium

SPS Sodium persulfate

STL Stereolithography file format
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TPO Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
[OAY Ultraviolet

UV-Vis Ultraviolet—visible

VAM Volumetric additive manufacturing
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Volumetric Printing for Tissue Engineering

1 Introduction

The loss or failure of human tissues and organs represents a major challenge in modern
healthcare. For patients with end-stage organ failure, transplantation remains one of
the few definitive treatment options; however, its application is fundamentally limited by
the availability of suitable donor organs. Tissue engineering has therefore emerged as an
approach to develop biological substitutes capable of restoring, maintaining, or improving
tissue function [I,2]. In the long term, the fabrication of functional, patient-specific tissues
and organs could provide an alternative to donor transplantation, while engineered tissue
models also offer important platforms for disease modeling and drug development.

A central challenge in tissue engineering is the fabrication of three-dimensional (3D)
constructs that reproduce the complex architecture and biological environment of native
tissues. In the human body, the spatial organisation of cells, materials, and biochemical
signals plays an important role in tissue function, yet conventional scaffold fabrication
methods offer limited control over this organisation [3]. 3D bioprinting has therefore
emerged as a promising manufacturing technology, enabling the controlled fabrication of
complex constructs from biomaterials, living cells, and bioactive molecules.

Among the various bioprinting technologies, extrusion-based printing is currently the most
widely used due to its compatibility with a broad range of hydrogel bioinks. However,
its sequential layer-by-layer fabrication process limits printing speed and resolution while
exposing encapsulated cells to prolonged processing times and significant shear stresses
during extrusion [4]. These limitations have motivated the development of alternative
fabrication strategies capable of producing complex tissue constructs more rapidly while
maintaining high cell viability.

Volumetric additive manufacturing (VAM) has recently emerged as a promising alterna-
tive to conventional bioprinting techniques. Unlike conventional AM, VAM constructs
entire 3D objects simultaneously by projecting multiple light patterns into a rotating
volume of photocurable resin. As a result, complex structures can be fabricated within
seconds while eliminating layer-by-layer artefacts and substantially reducing the mechan-
ical stress experienced by encapsulated cells [5]. The ability to rapidly fabricate complex,
cell-laden structures makes VAM particularly attractive for the future production of larger
and increasingly sophisticated engineered tissues. In this context, VAM represents a po-
tential step towards the long-term ambition of fabricating functional tissues and organs.

Despite its considerable promise, widespread application of VAM for hydrogel bioprinting
remains limited by the material requirements of photocurable resins. Poly(ethylene glycol)
diacrylate (PEGDA) is one of the most widely investigated resin systems for VAM owing to
its excellent biocompatibility, rapid photocrosslinking, and tunable mechanical properties
[6, B]. However, PEGDA hydrogel precursor solutions possess inherently low viscosity,
particularly at the relatively low polymer concentrations required for hydrogel fabrication.
During volumetric printing, insufficient resin viscosity can result in sedimentation, fluid
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motion, and poor structural fidelity, compromising the quality of printed constructs |7, 8].
Improving the rheological behaviour of hydrogel systems is therefore a key challenge in
advancing tissue engineering applications in VAM.

The aim of this work is to investigate the use of laponite, a synthetic nanoparticle, as an ad-
ditive for PEGDA-based resins used for volumetric printing. The effects of PEGDA molec-
ular weight and laponite concentration on resin rheology, hydrogel mechanical properties,
swelling behaviour, and printability were systematically evaluated to identify formula-
tions suitable for volumetric printing. Following optimisation through hydrogel casting,
the selected formulation was applied to volumetric printing and assessed through printing
trials, mechanical characterisation, and preliminary cell culture studies. By linking resin
composition to processing behaviour and final hydrogel performance, this work provides
insight into the design of PEGDA-based hydrogel systems for volumetric bioprinting.
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2 Theoretical Background

2.1 Additive Manufacturing for Biomedical Applications

Additive manufacturing (AM) of polymeric material has become an increasingly important
fabrication strategy in tissue engineering due to its ability to generate custom, complex
three-dimensional geometries with high precision. One of its key advantages is the ability
to tune mechanical and physiochemical properties, allowing materials to be engineered
for specific biological environments and functional requirements. As a result, AM plays
a central role in the development of personalised implants, scaffolds, and drug delivery

systems [9, [10].

2.1.1 Extrusion-Based Additive Manufacturing

Build Material
Filament

Heated Nozzle

Current Filament
Layer

Print Bed

Figure 1: Schematic illustration of extrusion-based additive manufacturing, demonstrat-
ing the extrusion of a filament through a heated nozzle and the sequential layer-by-layer
deposition process [11].

Among polymer AM technologies, extrusion-based printing is one of the most widely
used fabrication strategies. Extrusion-based systems operate by depositing shear-thinning
inks through a nozzle in a continuous, layer-by-layer manner under applied mechanical
force. Following deposition, the extruded material undergoes solidification via mechanisms
such as crystallisation, polymer chain rearrangement, or chemical crosslinking. After the
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completion of each layer, either the extrusion head moves upward or the build platform
is lowered to enable deposition of the next layer (Figure (1)) [12].

While extrusion-based printing is highly versatile and compatible with a wide range of
biomaterials, it is inherently limited by the speed and resolution constraints associated
with sequential layer-by-layer fabrication. Additionally, in tissue engineering applications,
cell encapsulation remains challenging due to the significant shear stresses experienced
during extrusion [4]. These limitations have motivated the development of alternative
AM strategies capable of producing complex three-dimensional structures more rapidly
and with reduced mechanical stress on biological components.

2.1.2 Volumetric Additive Manufacturing

Volumetric additive manufacturing (VAM) is an emerging fabrication technique that en-
ables the rapid production of three-dimensional structures by solidifying an entire object
within a volume of photocurable resin. Unlike conventional layer-by-layer AM approaches,
structures are formed simultaneously throughout the resin, rather than sequentially. This
layerless fabrication process eliminates layered artifacts, produces smooth surfaces, and
significantly reduces fabrication times. The concept of VAM was first introduced by Shus-
teff et al., who demonstrated a holographic approach based on the superposition of multi-
ple light fields to fabricate three-dimensional objects in a single step. Using poly(ethylene
glycol) diacrylate (PEGDA)-based resins and a 532 nm light source, they were able to
produce complex structures within approximately 10 s (Figure [2)) [5].

Among the different implementations of VAM, tomographic volumetric printing is one of
the most widely studied approaches. In this method, a series of two-dimensional light pat-
terns is projected into a rotating cylindrical vial containing liquid resin. These projections
correspond to tomographic representations of the target geometry, which are computa-
tionally derived from a digital 3D model using mathematical frameworks such as the
Radon transform and the Fourier slice theorem [13] [14]. The resulting set of projections,
known as sinograms, represent the target geometry from multiple projection angles and
enables reconstruction of the three-dimensional structure during printing (Figure [3)) [15].

During fabrication, the projected light patterns are synchronised with the rotational
motion of the vial. As light passes through the resin from multiple directions, energy
accumulates within the volume through superposition, generating a spatially resolved
three-dimensional dose distribution. Polymerisation occurs only in regions where the ac-
cumulated light dose exceeds a critical threshold determined by the photochemistry of the
resin system; voxels (volumetric pixels) receiving contributions from multiple projections
surpass this threshold and solidify, while regions exposed to insufficient cumulative dose
remain liquid and are subsequently removed [17]. This threshold behaviour is strongly
influenced by oxygen inhibition of free radical polymerisation; dissolved oxygen acts as a
radical scavenger, reacting with photogenerated radicals at rates several orders of magni-
tude faster than chain propagation. As a result, an initial light dose is required to deplete
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Figure 2: Examples of complex three-dimensional structures fabricated by volumetric
printing [5].

oxygen locally before polymerisation can proceed. This establishes a well-defined energy
threshold that confines curing to regions corresponding to the target geometry [17, [18].

A typical VAM system consists of a light source matched to the absorption spectrum
of the photoinitiator, a spatial light modulator coupled with projection optics, and a
rotating stage supporting a transparent resin-filled vial (Figure |3). Accurate fabrication
requires precise synchronisation between projection patterns and rotational motion of the
vial. The achievable resolution in VAM depends on several factors, including projection
fidelity, photoinitiator kinetics, light absorption, and light scattering within the resin, with
reported feature sizes typically on the order of 50-80 pm [13} 19, [18]. During printing,
optical distortions arising from refraction and lensing at material interfaces can affect
light propagation; these effects are commonly mitigated either by immersing the vial in a
refractive-index-matching bath or by applying computational corrections to the projected
images [13].

Beyond tomographic approaches, alternative volumetric printing strategies have also been
explored. For example, multi-beam interference systems use optical elements such as mir-
rors to split a single light source into multiple beams that intersect within the resin,
generating a three-dimensional intensity distribution through constructive interference
[5]. Despite differences in implementation, all volumetric printing approaches rely on
the same fundamental principle: the controlled superposition of light from multiple di-
rections to generate a spatially resolved energy distribution that selectively exceeds the
polymerisation threshold in the desired geometry.
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rotation stage

photocurable
resin

index matched
fluid

Figure 3: Schematic representation of volumetric additive manufacturing. Top: Exper-
imental setup consisting of a projector, rotating resin container, and index-matched fluid
bath. Bottom: Generation of a three-dimensional object through projection of multiple
two-dimensional light patterns (sinogram projections) into a rotating volume of photocur-

able resin [16].

2.2 Resin Composition

The composition of the photopolymer resin is the primary determinant of both printabil-
ity and the final properties of structures fabricated via VAM. Typical resin formulations
consist of monomers or polymers, photoinitiators, inhibitors or absorbers, and solvents or
diluents. A wide range of material systems have been explored for VAM, including acry-
lates, thiol-ene systems, silicones, and polymer-derived ceramics, enabling applications
that range from structural materials to tissue engineering. This breadth of compatible
chemistries highlights the versatility of VAM as a fabrication platform. Representative
material systems used in VAM are summarised in Table
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Table 2: Representative material systems used in volumetric additive manufacturing.

Chemistry Monomers Photoinitiator Ref.
Acrylate Poly(ethylene glycol) diacrylate Irgacure [5, 16]
Gelatin methacryloyl Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate
Thiol-ene Triethylene glycol diacrylate Irgacure 907 [20, 211
Triethylene glycol divinyl ether Lithium phenyl-2,4,6- 22]
Triallyl ether isocyanurate trimethylbenzoylphosphinate
Triallyl isocyanurate Diphenyl(2,4,6-
Tris(2-mercaptoethyl) isocyanurate trimethylbenzoyl)phosphine
Norbornene-functionalized gelatin oxide
Polycaprolactone + pentaerythritol
tetrakis(3-mercaptopropionate)
Silk-based ink Silk sericin Ruthenium complex + Sodium  [23]
Silk fibroin persulfate
Silicone Vinyl-terminated polydimethylsiloxane Isopropylthioxanthone [24]
Hydride-functional silicone resin
Platinum catalyst
Polymer- Polysiloxane Diphenyl(2,4,6- [25]
derived ceramic  1,4-butanediol diacrylate trimethylbenzoyl)phosphine
Silica glass Trimethylolpropane triacrylate %)gglephorquinone [26]
2-Hydroxyethyl methacrylate Ethyl-4-

(dimethylamino)benzoate

Among these, acrylate-based systems are the most widely studied due to their rapid
polymerisation kinetics and compatibility with photoinitiated free radical processes. For
example, Shusteff et al.’s resin in the first demonstration of volumetric printing con-
sisted of PEGDA and Irgacure as the photoinitiator, while Bernal et al. utilised gelatin
methacryloyl (GelMA) with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) to
fabricate cell-laden constructs with high viability, establishing VAM as a viable platform
for bioprinting [5] [6]. Beyond acrylates, alternative chemistries have been explored to ad-
dress limitations such as oxygen inhibition and to improve control over network formation.
Thiol-ene systems, in particular, exhibit reduced sensitivity to oxygen and more uniform
polymerisation kinetics; Cook et al. demonstrated highly tunable thiol-ene resins for
VAM, while Rizzo et al. achieved near 100% cell viability using thiol-norbornene-based
systems [20, 2I]. These developments demonstrate the expanding range of chemistries
available for volumetric printing.

For biomedical applications, material selection is further constrained by the need for bio-
compatibility. Hydrogel-based resins are therefore of particular interest due to their high
water content, cytocompatibility, and ability to mimic aspects of the extracellular matrix.
Among these, PEGDA is widely used as a model system due to its well-characterised
photopolymerisation behaviour, tunable mechanical properties, and established use in
tissue engineering. Consequently, this study focuses on PEGDA-based hydrogel systems
as a platform for investigating the relationship between resin formulation, rheological
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behaviour, and printability in VAM.

2.2.1 Poly(ethylene Glycol) Diacrylate Hydrogels

Hydrogels are crosslinked polymer networks capable of retaining large amounts of wa-
ter, forming soft, hydrated structures that resemble biological tissue. Hydrogels may be
formed through either physical crosslinking, which relies on reversible interactions such
as hydrogen bonding or ionic interactions, or chemical crosslinking, where polymer chains
are connected by permanent covalent bonds. Their inherent biocompatibility, together
with tunable physical and chemical properties, has led to widespread use in applications
including tissue engineering, drug delivery, and wound healing [27].

Among synthetic hydrogels, PEGDA is one of the most extensively studied systems for
photopolymerisation-based fabrication. PEGDA is derived from poly(ethylene glycol)
(PEG), a hydrophilic and water-soluble polymer, by functionalisation of its terminal
hydroxyl groups with acrylate moieties (Figure [28]. This modification renders the
polymer photocrosslinkable, enabling rapid network formation under light exposure [29].
The mechanical properties and swelling behavior of PEGDA hydrogels can be tuned by
adjusting parameters such as molecular weight, polymer concentration, photoinitiator con-
centration, and curing conditions. Consequently, PEGDA is well suited for light-based
additive manufacturing techniques, including volumetric printing, due to its rapid curing
kinetics and tunable material properties.

H3C /—CH3
AN

) o

H3C
o 3

Triethylamine

(0] . HaC \)k (o]

HO ,r{/\/ }H i g X o /rf\/ N
S 25°C, Ny 2

0]

Poly(ethylene glycol) Diol Acryloyl Chloride Poly(ethylene glycol) Diacrylate

Figure 4: Synthesis of poly(ethylene glycol) diacrylate via esterification of poly(ethylene
glycol) diol with acryloyl chloride.

2.2.2 Photoinitiators

Photoinitiators are critical components of photopolymer systems as they convert light
energy into reactive species that initiate polymerisation. Upon absorbing light at specific
wavelengths, they transition to an excited state and generate active species (e.g. radicals,
cations, or anions) through bond cleavage or interactions with surrounding molecules [30].
Photoinitiators are generally classified into two types. Type I photoinitiators are single-
component systems that directly undergo homolytic cleavage upon irradiation, producing
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radicals efficiently and rapidly (Figure , while Type II systems require a co-initiator
(e.g. an electron or hydrogen donor), and generate reactive species via electron or hydro-
gen transfer after excitation (Figure[5b) [31,32]. As a result, Type II systems are typically
slower and less efficient due to competing side reactions such as quenching by monomers
or oxygen [33][34]. Table |3|summarises the photoinitiators previously investigated for use

in VAM.
J .. .
(a)

¢ L~ L <
CACEN N G A G
(b)

Figure 5: Representative photoinitiation mechanisms of (a) type I and (b) type II pho-
toinitiators under UV irradiation.

o]

Table 3: Representative photoinitiators previously investigated in VAM, including their
classification and characteristic absorption wavelength ranges.

Photoinitiator Type Wavelength
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) Typel  380-425 nm
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) TypeI  380-425 nm
Irgacure Type I 380-425 nm
Isopropylthioxanthone (ITX) Type I 350-420 nm
Ruthenium (Ru) + sodium persulfate (SPS) Type IT  400-450 nm
Camphorquinone (CQ) Type II ~ 430-510 nm

In VAM, photoinitiator selection is particularly critical due to the need for uniform light
propagation throughout the resin volume. Type I photoinitiators are most commonly
used due to their fast initiation kinetics; however, their concentration must be carefully
balanced. The concentration should be sufficiently high to enable efficient polymerisation,
but low enough to maintain optical transparency and allow light to penetrate the full resin
volume. This trade off can be approximated as:

c=— (1)
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optical attenuation length [35]. Lower concentrations improve light penetration and enable
larger print volumes, but may result in reduced polymer conversion and poorer mechanical
properties. Higher concentrations, on the other hand, enhance curing efficiency, but limit
light penetration. More generally, effective photoinitiators should exhibit an absorption
spectrum matched to the light source, high quantum efficiency, and good solubility in the
resin, while minimising discoloration of the final material. For biocompatible systems,
additional requirements include low cytotoxicity and high water solubility [33] [30].

2.2.3 Rheological Modifiers

“ Alginate
“\“/ PEGDA

A\ LAP

{__ Physical Crosslinks

‘ Chemical Crosslinks

Figure 6: Schematic illustration of network formation in a PEGDA-alginate system dur-
ing photopolymerisation. (i) Uncrosslinked precursor solution. (ii) Partially crosslinked
network formed during intermediate light exposure. (iii) Fully crosslinked hydrogel net-
work following photopolymerisation. Adapted from Hall et al. [].

A major challenge in PEGDA-based VAM systems is the inherently low viscosity of
PEGDA resins. Pure PEGDA with molecular weights of 250 and 700 gmol™! exhibit
viscosities of approximately 10 and 100 mPa-s, respectively [7]. As hydrogel formula-
tions typically contain relatively low PEGDA concentrations, the viscosity of the final
resin is often even lower. Although low-viscosity formulations facilitate resin handling
and rapid photopolymerisation, they can lead to part sedimentation and reduced print fi-
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delity. Consequently, considerable research has focused on increasing resin viscosity while
maintaining suitable optical and photopolymerisation properties.

One strategy for modifying resin viscosity is the incorporation of secondary polymers that
increase intermolecular interactions within the resin. Hall et al. demonstrated that the
addition of 0.5 wt.% alginate to PEGDA hydrogel formulations increased viscosity from
approximately 1 mPa-s to 50 mPa-s through hydrogen-bonding interactions (Figure @
The resulting increase in viscosity prevented sedimentation of the curing structure during
volumetric printing, enabling successful fabrication of PEGDA hydrogel constructs. The
improved rheological properties also resulted in high print fidelity, with feature sizes as
small as 47 pm achieved using a resin containing 10 wt.% PEGDA and 0.5 wt.% algi-
nate. However, alginate addition resulted in a reduction of the compressive modulus of
the resulting hydrogel constructs, highlighting a potential trade-off between rheological
modification and the final hydrogel properties [8]. This motivates the investigation of
alternative viscosity modifiers.

Nanoparticle additives provide an alternative strategy for modifying the rheological prop-
erties of PEGDA-based systems. Among these, laponite is a synthetic sodium magnesium
lithium phyllosilicate with the empirical formula Nag.[(SigMgs5Lig3)O000(OH),| 707, Tt
consists of disc-shaped nanoplatelets approximately 25-30 nm in diameter and 1 nm in
thickness (Figure [7)) [36, 7]. When dispersed in water, laponite forms a colloidal suspen-
sion in which the platelet faces carry a permanent negative charge, while the platelet edges
become positively charged under neutral conditions. This anisotropic charge distribution
promotes electrostatic attraction between platelet faces and edges, resulting in the forma-
tion of a reversible three-dimensional “house-of-cards” network (Figure [8)) [36, 37, 138].

rs T + {1nm

A

>
>

LAP nanoplatelet

i 25-30 nm

Figure 7: Schematic illustration of the laponite crystal structure and nanoplatelet mor-
phology. Laponite consists of disc-shaped nanoplatelets approximately 25-30 nm in di-
ameter and 1 nm thick, with negatively charged faces and positively charged edges under
neutral conditions [?].

Peak et al. demonstrated that the addition of laponite (2-8 wt.%) to PEG-based formu-
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lations significantly increased viscosity through the formation of this colloidal network,
with viscosities of 30-50 mPa-s achieved at 2 wt.% laponite and up to several thousand
Pa-s at higher concentrations [38]. These findings suggest that relatively low laponite
concentrations may provide sufficient viscosity enhancement to suppress sedimentation.
In PEGDA-laponite systems, it is therefore proposed that a similar colloidal network
will contribute to increased precursor viscosity, and upon photopolymerisation, becomes
physically incorporated within the covalently crosslinked PEGDA network.

i, 7T L

“~\/ PEG

' Laponite

Figure 8: Schematic illustration of structure formation in (i) PEG, (ii) laponite, and
(iii) PEG/laponite solutions following 18 h of hydration. Adapted from Peak et al. [38].

Collectively, previous studies demonstrate that rheological modification can stabilise low-
viscosity PEGDA resins and enable successful volumetric printing. However, the me-
chanical effects associated with secondary polymer additives motivate the investigation of
alternative rheological modifiers. The strong and concentration-dependent viscosity en-
hancement provided by laponite makes it a promising candidate for controlling PEGDA
resin rheology. Consequently, this study investigates PEGDA-laponite formulations as a
platform for volumetric printing of hydrogel constructs.
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2.2.4 Alternative Strategies for Low-Viscosity Resins

While the following approaches do not directly alter resin composition, they provide
alternative methods for stabilising low-viscosity resins for volumetric printing. These
approaches focus on external stabilization of the resin through sacrificial physical networks
that are removed after printing. Riffe et al. introduced gelatin as a sacrificial scaffold,
forming a temporary physical network that stabilised the resin during printing before
being removed through thermal treatment [39]. Similarly, Toombs et al. developed an
ethyl cellulose-based thermoreversible organogel, in which a physically crosslinked network
prevented sedimentation during printing and could subsequently be removed by heating
above its melting point [26]. These approaches enable the processing of formulations that
would otherwise be difficult to print while minimising permanent changes to the final
polymer network; however, they introduce additional formulation complexity and post-
processing steps. As a result, material-based approaches that directly tailor resin rheology
are preferred due to their relative simplicity and compatibility with volumetric printing.

2.3 Free Radical Photopolymerisation

Free radical polymerisation can proceed via different mechanistic pathways, with pho-
topolymerisation of PEGDA in VAM occuring via chain-growth polymerisation of acrylate
groups. In this mechanism, reactive radical chain ends sequentially add to carbon-carbon
double bonds, allowing polymer chains to grow rapidly. Due to the difunctional nature
of PEGDA, continued propagation results in the formation of a covalently crosslinked
three-dimensional network.

Figure[J|illustrates the free-radical chain-growth photopolymerisation mechanism of PEGDA
initiated by LAP under irradation in the range of 365-405 nm. LAP is a Type I photoini-
tiator and undergoes homolytic cleavage following photon absorption, generating radical
species capable of initiating polymerisation [31]. Initiation occurs when the generated rad-
ical reacts with the carbon-carbon double bond of an acrylate group on PEGDA, forming
a new carbon-centred radical that serves as the active site for subsequent propagation.
During propagation, this radical reacts with further acrylate groups, forming covalent
bonds while regenerating a radical at the newly formed chain end. Since PEGDA con-
tains two acrylate groups per molecule, growing chains can react at multiple sites, resulting
in crosslink formation and the development of a three-dimensional hydrogel network [40].

In the presence of oxygen, reactive radical species may be quenced through reactions
with dissolved molecular oxygen, thereby inhibiting further polymerisation. Consequently;,
a sufficient concentration of radicals must be generated to overcome oxygen inhibition
before sustained polymerisation and network formation can occur. This contributes to
the polymerisation threshold exploited in volumetric printing, where only regions receiving
a sufficient cumulative light dose undergo polymerisation [17]. Termination occurs when
radical activity is quenched, either through radical-radical recombination, in which two
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active chain ends combine to form a covalent bond, or through disproportionation, where
hydrogen transfer between radicals produces one saturated and one unsaturated chain

end [40)].
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Figure 9: Free-radical photopolymerisation of PEGDA initiated by (LAP) under UV ir-
radiation, showing (a) homolytic cleavage of LAP and formation of 2,4,6-trimethylbenzoyl
and phosphinyl radical species, (b) initiation by radical addition to a PEGDA acrylate

group and subsequent chain propagation, and (c) crosslinking of PEGDA chains to form
a three-dimensional polymer network.

2.4 Material Requirements for Volumetric Printing

2.4.1 Optical Properties

As VAM relies on the controlled propagation of light throughout the resin volume, the
optical properties of the resin play a critical role in determining print fidelity. Light

attenuation arises from both absorption and scattering. Absorption occurs primarily
through the photoinitiator and can be described by the Beer-Lambert law:
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A =ecl (2)

where A is the absorbance, ¢ is the molar absorption coefficient, ¢ is the concentration of
the absorbing species, and [ is the optical path length. According to the Beer—Lambert
law, absorbance increases with both the concentration of absorbing species and the op-
tical path length. In contrast, scattering redirects light from its intended propagation
path, broadening the deposited light dose and reducing printing accuracy [18, [41],142]. For
nanoparticle-filled resins, scattering becomes increasingly important as particle concen-
tration increases. Consequently, resin formulation requires balancing optical transparency
with other material properties, as additives that improve print stability may also increase
light scattering and compromise print fidelity.

2.4.2 Rheological Properties

Rheological behaviour is a key determinant of resin stability and print fidelity in VAM.
Unlike extrusion-based printing, where materials experience high shear stresses during
deposition and therefore require shear-thinning behaviour and rapid viscosity recovery,
the resin in VAM remains stationary throughout printing [43]. Consequently, the most
relevant rheological parameter is the zero-shear viscosity, which governs the stability of
the resin during fabrication.

Viscosity describes a fluid’s resistance to deformation under an applied stress. For a
Newtonian fluid, the shear stress 7 is directly proportional to the applied shear rate 7,
where 7 is the dynamic viscosity:

T =17 (3)

Newtonian fluids exhibit a constant viscosity regardless of shear rate, whereas non-
Newtonian fluids exhibit shear-dependent viscosity. Hydrogel precursor solutions typi-
cally display shear-thinning behaviour, in which viscosity decreases with increasing shear
rate due to the alignment and disentanglement of polymer chains and, in particle-filled
systems, disruption of the colloidal network [44] [43] 45].

A sufficiently high zero-shear viscosity suppresses fluid motion and particle migration
arising from density gradients generated during polymerisation, thereby improving print
fidelity [46]. Rheological characterisation is typically performed using shear sweeps, from
which the viscosity flow curve is obtained. Polymer solutions generally exhibit a lower
Newtonian plateau corresponding to the zero-shear viscosity, followed by a shear-thinning
region as polymer chains progressively align with the direction of flow, and, at sufficiently

high shear rates, an upper Newtonian plateau corresponding to the infinite-shear viscosity
[47].
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2.4.3 Mechanical Properties

Mechanical properties are an important consideration for hydrogels used in VAM, partic-
ularly for tissue engineering applications, where constructs must provide sufficient struc-
tural integrity while remaining mechanically compatible with native tissues. Furthermore,
cells are known to respond to the mechanical properties of their extracellular environment,
making it desirable for engineered hydrogels to approximate the stiffness of the target tis-
sue [48]. Mechanical characterisation of hydrogels is commonly performed using uniaxial
compression testing, as these materials are primarily subjected to compressive loading in
biological environments. During testing, an applied force generates a compressive stress
o, while the resulting deformation is quantified as strain e. Within the initial linear elastic
region, stress is proportional to strain according to Hooke’s law:

o= Fe (4)

where F is the Young’s modulus. The compressive modulus is obtained from the slope of
the initial linear region of the stress—strain curve and is commonly used as a measure of
hydrogel stiffness [49].

== 50 PEGDA

== 5% PEGDA + Alg
== 10% PEGDA

== 10% PEGDA + Alg
== 15% PEGDA

Stress (kPa)

== 15% PEGDA + Alg

Strain (%)

Figure 10: Representative compressive stress—strain curves illustrating the effect of
PEGDA concentration and alginate incorporation on the mechanical behaviour of PEGDA
hydrogels. Adapted from Hall et al. [§].

For covalently crosslinked hydrogels such as PEGDA, mechanical properties are governed
primarily by the crosslink density of the polymer network. Increasing polymer concen-
tration, decreasing PEGDA molecular weight, or increasing the degree of photopolymeri-
sation generally increases crosslink density, producing stiffer hydrogels [49]. Secondary
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polymers and nanoparticle additives can further modify the mechanical response through
additional physical interactions. For example, Hall et al. demonstrated that increasing
PEGDA concentration increased the compressive modulus of PEGDA hydrogels (Figure
[8], while nanoparticles have been found to reinforce hydrogels [50, [51]. Soft hydrogels
typically exhibit compressive moduli of approximately 1-200 kPa, overlapping with the
mechanical properties of many native soft tissues [52].

2.4.4 Biocompatibility

Biocompatibility is a critical requirement for hydrogel systems intended for tissue engi-
neering applications. A biomaterial must support cell viability and normal cellular func-
tion without inducing cytotoxic or adverse inflammatory responses. For photocrosslink-
able hydrogels, biocompatibility depends not only on the base polymer, but also on the
photopolymerisation process, photoinitiator concentration, and any additives incorpo-
rated into the resin. PEGDA is widely used as a hydrogel precursor in tissue engineering
due to its excellent biocompatibility: however, PEGDA is inherently bioinert and lacks
cell adhesion motifs, resulting in poor protein adsorption and limited cell attachment
[53, 54]. Consequently, PEGDA hydrogels generally support cell viability, but often re-
quire surface modification or incorporation of bioactive molecules to promote robust cell
attachment and spreading [55].

The incorporation of laponite has been previoulsy investigated for improving the mechan-
ical and rheological properties of PEGDA hydrogels without compromising their biocom-
patibility. Numerous studies have reported high cell viability in PEGDA-laponite hydro-
gels, indicating that laponite is generally cytocompatible at the concentrations typically
employed for tissue engineering applications [36, 51]. In addition, several studies have sug-
gested that laponite may promote cell attachment through adsorption of serum proteins
onto its charged nanoparticle surfaces, providing binding sites for cell-surface integrins
[53, 56]. Although improved cell attachment has been reported for some formulations,
the primary consideration is that incorporation of laponite maintains the cytocompatibil-
ity of PEGDA hydrogels while enabling modification of their physical properties.
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3 Knowledge Gaps

VAM has demonstrated significant potential for the rapid fabrication of complex hydro-
gel structures for tissue engineering applications. PEGDA is particularly well suited to
light-based fabrication due to its rapid photopolymerisation and tunable properties; how-
ever, the low viscosity of PEGDA hydrogel formulations presents a significant limitation
for volumetric printing, as insufficient resin viscosity can result in sedimentation of the
polymerising structure and reduced geometric fidelity. Although this limitation has been
recognised, relatively few studies have systematically investigated rheological modification
of PEGDA-based resins specifically for volumetric printing.

Previous work has demonstrated that increasing resin viscosity can stabilise hydrogel
constructs during volumetric printing: the incorporation of alginate into PEGDA formu-
lations, for example, has successfully prevented sedimentation and enabled high-fidelity
printing [§]. However, alginate incorporation was also associated with a reduction in the
compressive modulus of the resulting hydrogels, highlighting the potential influence of rhe-
ological modifiers on the properties of the final printed structure. Sacrificial stabilisation
strategies, including gelatin and thermoreversible organogels, have similarly enabled the
processing of low-viscosity resins, but require additional formulation or post-processing
steps |39, 26]. Consequently, there remains a need to investigate alternative rheological
modifiers that can provide sufficient resin stability while maintaining suitable hydrogel
properties and a relatively simple formulation process.

Laponite has been widely investigated as a rheological and mechanical modifier in hydrogel
systems, and its ability to form concentration-dependent colloidal networks and substan-
tially increase the viscosity of PEG-based formulations is well established [38] [36]. Fur-
thermore, PEGDA-laponite hydrogels have demonstrated cytocompatibility and tunable
mechanical properties, supporting their potential use in biomedical applications [53], [51].
Despite these properties, the use of laponite as a rheological modifier for PEGDA-based
volumetric printing remains insufficiently characterised.

This study therefore investigates laponite as a rheological modifier for PEGDA-based
hydrogel resins for volumetric printing. The effect of laponite concentration on resin
viscosity, optical behaviour, hydrogel mechanical properties, swelling, and printability is
evaluated to identify a formulation that provides sufficient stability for volumetric fabrica-
tion. The cytocompatibility of the resulting hydrogel formulations is additionally assessed.
Through this investigation, the study aims to determine whether laponite can provide a
simple and effective strategy for overcoming the rheological limitations of low-viscosity

PEGDA hydrogel resins in VAM.
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4 Materials and Methods

4.1 Resin Preparation

Hydrogel precursor solutions were prepared using poly(ethylene glycol) diacrylate (PEGDA,
M, = 250 and 700 g mol~!, TCI Chemicals), lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, BLDpharm), laponite RD (BYK), and Milli-Q water. All formulations were pre-
pared to a total mass of 10 g, with Milli-Q water used to make up the mass. Stirring was
performed at 920 rpm, and all formulations were protected from light using aluminium

foil prior to curing or printing. Solutions were allowed to rest for 24 h prior to printing

or casting.
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Figure 11: Chemical structures of PEGDA 250 (left) and PEGDA 700 (right). PEGDA
250 contains approximately three ethylene glycol repeat units, whereas PEGDA 700 con-
tains approximately thirteen.

The resin preparation protocol was refined throughout the project as formulation require-
ments became clearer. The initial print trials used a simple vortexing and sonication
approach to rapidly screen PEGDA molecular weight, PEGDA concentration, and the ef-
fect of laponite. For subsequent hydrogel casting experiments, the protocol was modified
to improve laponite incorporation by adding the nanoparticle gradually under continuous
stirring. Finally, for print optimisation, separate PEGDA /LAP and laponite stock solu-
tions were prepared to improve resin homogeneity, reduce batch-to-batch variation, and
allow more reproducible preparation during iterative printing experiments.

Sample codes were assigned to facilitate organisation of the experimental procedures, raw
data, and supplementary material. The codes follow the format XX-Y-Z-LW, where XX
denotes the experimental series (IP = initial printing, HC = hydrogel casting, and PO =
print optimisation), YYY denotes the PEGDA molecular weight or composition, Z indi-
cates the total PEGDA concentration (wt.%), and LW denotes the laponite concentration
(wt.%). For blended formulations, B indicates a PEGDA 250:700 mixture prepared at
a 1:3 mass ratio. For clarity, formulations are described by their full composition in the
Results and Discussion section.
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4.1.1 Resin Preparation for Initial Printing Trials

For the initial print trials, PEGDA and Milli-Q water were added to a conical tube and
vortexed for 30 s. LAP, and where applicable, laponite were then added, and the mixture
was vortexed for a further 30 s. The solutions were transferred to glass vials, and the
laponite-containing formulations were sonicated for 10 min to improve particle dispersion.

Table 4: Formulations used for the initial print trials. All formulations were prepared
to a total mass of 10 g using Milli-Q water.

Sample Code PEGDA M, (gmol™!) PEGDA (wt.%) LAP (wt.%) Laponite (wt.%)

IP-250-5-L0 250 5 0.05 0
IP-250-10-L0 250 10 0.05 0
IP-250-15-L0 250 15 0.05 0
IP-700-5-L0 700 5 0.05 0
IP-700-10-L0 700 10 0.05 0
IP-700-15-L0 700 15 0.05 0
IP-B-5-L0 250:700 (1:3) 5 0.05 0
IP-B-10-L0 250:700 (1:3) 10 0.05 0
IP-B-15-L0 250:700 (1:3) 15 0.05 0
IP-B-5-1.2 250:700 (1:3) 5 0.05 2
IP-B-10-L2 250:700 (1:3) 10 0.05 2
IP-B-15-1.2 250:700 (1:3) 15 0.05 2

4.1.2 Resin Preparation for Hydrogel Casting

For the hydrogel casting experiments, Milli-QQ water was first added to a glass vial con-
taining a magnetic stir bar. LAP was added and dissolved under stirring, followed by
the addition of PEGDA. The solution was vortexed for 30 s, after which laponite was
gradually added under continuous stirring. The mixture was then vortexed for a further
1 min and sonicated for 10 min to promote homogenous particle dispersion.

Table 5: Formulations used for the hydrogel casting experiments. All formulations were
prepared to a total mass of 10 g using Milli-Q water.

Sample Code PEGDA M, (gmol™!) PEGDA (wt.%) LAP (wt.%) Laponite (wt.%)

HC-700-10-L0 700 10 0.05 0
HC-700-10-L05 700 10 0.05 0.5
HC-700-10-L1 700 10 0.05 1
HC-700-10-1.2 700 10 0.05 2
HC-700-10-L4 700 10 0.05 4
HC-B-10-L2 250:700 (1:3) 10 0.05 2
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4.1.3 Resin Preparation for Printing Optimisation

For print optimisation, a PEGDA/LAP stock solution was prepared by adding Milli-
Q water preheated to 60 °C to a beaker containing a magnetic stir bar, followed by
the addition of LAP under stirring. After complete dissolution of the photoinitiator,
PEGDA was added and mixed until homogenous. The stock solution was then sonicated
for 30 min. Separately, laponite stock dispersions were prepared by gradually adding
laponite to Milli-QQ water under stirring. The dispersions were sonicated for 10 min and
subsequently allowed to hydrate for 2 h. Final print optimisation formulations were
obtained by combining the PGEDA /LAP stock solution and laponite stock dispersion
in the required proportions to achieve the target PEGDA and laponite concentrations,
followed by 10 min of sonication.

Table 6: Formulations used for the print optimisation experiments. All formulations
were prepared to a total mass of 10 g using Milli-Q water.

Sample Code PEGDA M, (gmol™') PEGDA (wt.%) LAP (wt.%) Laponite (wt.%)

PO-700-10-L0 700 10 0.05 0
PO-700-20-L0 700 20 0.05 0
PO-700-30-L0 700 30 0.05 0
PO-700-10-L05 700 10 0.05 0.5
PO-700-10-L1 700 10 0.05 1
PO-700-10-L2 700 10 0.05 2

4.2 Hydrogel Fabrication

4.2.1 Mold Fabrication

Cylindrical molds (10 mm diameter, 5 mm height) were fabricated from polydimethyl-
siloxane (PDMS) using a replica molding process. A positive master containing cylindrical
features of the desired dimensions was first prepared, and liquid PDMS was cast against
the master to produce a negative mold. The PDMS was cured for 24 hours before de-
molding, yielding reusable elastomeric molds for hydrogel fabrication.

4.2.2 Hydrogel Casting and Curing

An aliquot of 350 uL. hydrogel precursor solution was dispensed into the PDMS mold and
exposed to 405 nm light for 1 min to initiate photopolymerisation. Following curing,
the hydrogels were carefully removed from the molds using a spatula and washed with
deionised (DI) water for 30 s to remove residual uncrosslinked material. The samples were
then transferred to a 12-well plate containing 2 mL of phosphate-buffered saline (PBS)
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and stored until further testing. PBS was used to provide a physiologically relevant
environment for biomedical applications.

4.3 Volumetric Printing

4.3.1 Volumetric Printing System

Volumetric printing was performed using two custom-built tomographic volumetric printer
based on a digital light processing (DLP) projection system, as previously described by
Hedayati et al. (Figure [57, 58]. Printer A was used for the initial print trial, and
printer B was used for all subsequent experiments. Although two printer configurations
were used throughout this work, both used the same core components, and differed only in
the vial loading mechanism. Each system consisted of a 385 nm DLP projector with pro-
jection area of 32.4 x 57.6 mm (TVP05-30-405/460, Xiamen Zhisen, China), a motorised
rotation stage, and an overhead red-light illumination system for sample observation.
Printing was performed using cylindrical glass vials with diameters of either 18 or 27.5
mm, depending on the experiment. The printing parameters used are summarised in

Table [

Table 7: Summary of the volumetric printing system parameters and settings used
throughout this study.

Parameter Setting
Ilumination intensity 40-78%
Irradiance 23.7-47.2 mW cm 2
Number of revolutions 2-3

Time per revolution 12 s
Refractive index (vial) 1.485
Refractive index (resin) 1.485

Vial outer diameter 18.0, 27.5 mm
Vial inner diameter 16.4, 25.9 mm
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Projector

Red Light

Rotation Stage

Figure 12: The two custom-built volumetric printers used throughout this study. The
principal components of each system, including the DLP projector, motorised rotation
stage, and red-light illumination system, are indicated.

Two model geometries were used: a cylinder (5 mm diameter x 10 mm height) and two
David models with overall dimensions of 14 x 23 x 14 mm and 5 x 8 x 5 mm (width x height
x depth) (Figure . The geometries were designed as computer-aided design (CAD)
models, exported as stereolithography (STL) files, and imported into the in-house printer
control software, TomoPrint. Prior to printing, each STL model was converted into a
three-dimensional voxel representation suitable for volumetric reconstruction. An object-
space model optimisation (OSMO) algorithm was then used to calculate the grayscale
projection sequence required to produce the desired three-dimensional light dose distri-
bution while accounting for optical refraction and light attenuation within the resin [57].
The resulting projection sequence consisted of a series of grayscale images (pixel values
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0-255), in which higher grayscale values corresponded to a greater projected light intensity
and, consequently, a higher local light dose delivered to the resin.

Figure 13: CAD models of the geometries used for volumetric printing. Left: cylinder
(5 mm diameter x 10 mm height). Right: David models (14 x 23 x 14 mm and 5 x 8 x 5
mm; width x height x depth).

To print, the resin-filled glass vial was mounted onto the motorised rotation stage. During
printing, the vial rotated synchronously with the projected grayscale image sequence,
generating the prescribed three-dimensional light dose distribution throughout the resin
volume. Following printing, the vial was removed from the printer for post-processing.

4.3.2 Post-Processing

The printed object was removed from the resin-filled vial and washed twice with approx-
imately 20 mL isopropyl alcohol (IPA) to remove residual resin before being post-cured
under 405 nm light for 1 min. Finally, the samples were transferred to well plates con-
taining PBS and stored until further characterisation.

4.4 Material Characterisation

4.4.1 Rheology

Viscosity of the hydrogel precursor solutions was measured using a Discovery HR-2 rheome-
ter (TA Instruments) equipped with a parallel plate geometry (25 mm diameter). The
gap distance was set to 200 pm for all measurements. Samples were prepared by directly
pipetting the hydrogel precursor solution from the vial onto the rheometer plate, ensuring
uniform coverage of the plate surface following lowering of the upper geometry. Steady
shear measurements were performed to evaluate viscosity as a function of shear rate. Data
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was collected over a shear rate range from 10 to 100 s~!, with an equilibration time of 5 s

and an averaging time of 30 s at each step. All measurements were conducted at 25 °C.
The reported viscosity values correspond to measurements taken at a shear rate of 50 s~*.

4.4.2 Compression Testing

Compression testing was performed to determine the elastic modulus of the hydrogels
using an Instron 5967 universal testing machine equipped with a 500 N load cell and
parallel plate compression geometry. Prior to compression testing, the cured hydrogels
or printed structures had been equilibrated in PBS for 48 hours. Compression tests were
conducted at room temperature. Each sample was loaded onto the machine and a preload
force of 0.1 N was applied to ensure proper contact. Compression was then performed
at a displacement rate of 0.5 mmmin~', and the compressive modulus was determined
from the slope of the stress-strain curve in the 0.15mmmm™' to 0.25 mmmm™! strain
region for all samples. Cured hydrogels had dimensions of 10 mm in diameter and 5 mm
in height, whereas printed constructs were 5 mm in diameter and 10 mm in height due to
dimensional constraints imposed by the printing vial.

4.4.3 Swelling

Following curing or printing, the initial diameter and height of the hydrogel discs were
measured using a caliper. The samples were then placed in a 12-well plate containing 2 mL
PBS and left covered at room temperature for 48 hours, after which their dimensions were
measured again. The volumetric swelling ratio was calculated using Equation [5] where
where V; is the initial volume after curing and Vjg is the volume after 48 hours. Notably,
the hydrogels were not dried prior to swelling measurements. This approach was chosen
to better reflect the intended tissue engineering application, in which the materials are
not expected to undergo a dry state, thereby providing a more representative assessment
of post-curing swelling behavior.

_ Vis
Q- 5)

4.4.4 UV-Vis Spectroscopy

UV-visible absorption spectra of the resin formulations were recorded over a wavelength
range of 350-700 nm using a Thermo Scientific UV-Vis spectrophotometer (GENESY'S
10S). Resin samples were transferred to PMMA cuvettes for measurement, while DI water
was used as the baseline reference.
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4.5 Biocompatibility Assessment

4.5.1 Cell Culture and Seeding

MC3T3-E1 mouse preosteoblast cells (DSMZ, ACC-210) were cultured in T75 tissue cul-
ture flasks containing 12 mL of a-MEM medium (VWR, L0475) supplemented with 15%
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (50 UmL™" peni-
cillin and 50 pgmL ™" streptomycin). Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO,, and the culture medium was replaced every 2-3 days.

Cryopreserved cells were thawed in warm water, transferred to 9 mL of complete medium,
and centrifuged at 130 x g for 7 min. The cell pellet was resuspended in fresh medium
and seeded into T75 flasks at a density of 0.5-1 x 10° cells per flask. Upon reaching
approximately 80% confluence, cells were passaged by aspirating the culture medium,
washing twice with 5 mL. PBS, and incubating with 4 mL of 0.05% TrypLE for 3-5 min.
Following detachment, 8 mL of complete medium was added to neutralise the enzyme,
and the cell suspension was centrifuged at 130 x g for 7 min. The supernatant was
discarded, and the cell pellet was resuspended in fresh medium to obtain a homogeneous
cell suspension for cell counting and subsequent seeding.

Cell concentration and viability were determined using a haemocytometer. A 1:1 dilution
of the cell suspension and trypan blue solution was prepared by mixing 100 ul of each.
Subsequently, 10 pL. of the mixture was loaded onto the haemocytometer, and viable
cells were counted. The cell concentration was calculated after correcting for the dilution
factor, and the suspension was diluted with complete medium to achieve the desired
seeding density. Cells were seeded into 24-well plates containing the hydrogel samples at
a density of 2.5 x 10° cells per well in a total volume of 1 mL. Control wells containing
cells without hydrogels were prepared in parallel. The plates were incubated overnight
at 37°C in a humidified atmosphere containing 5% CO, to allow cell attachment prior to
metabolic activity measurement.

4.5.2 Metabolic Activity

Following the 24 h incubation period, relative metabolic activity, used as an indicator of
cell viability, was quantified using a PrestoBlue assay. The culture medium was aspirated
and replaced with 1 mL of a 10% (v/v) PrestoBlue solution prepared in complete culture
medium. Samples were incubated for approximately 1.5 h at 37 °C, after which 100 pL
of the reaction solution from each well was transferred to a 96-well plate. Absorbance
was measured at 570 nm with a reference wavelength of 600 nm using a microplate reader
(Tecan). Cells cultured without hydrogels served as the control group. Relative cell
viability was determined by normalising the blank-corrected absorbance of each sample
to that of the control according to:
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Asam e A an
Cell viability (%) = 7 bl Abl K % 100 (6)
control — <1blank

where Agample; Acontrol; and Aplank are the absorbance values of the sample, cell-only con-
trol, and blank wells, respectively. Blank wells contained only the PrestoBlue solution
prepared in complete medium.
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5 Results and Discussion

5.1 Prelimary Printability Assessment

Preliminary volumetric printing trials were conducted to evaluate the printability of
PEGDA-based hydrogel resins and identify formulation limitations prior to systematic
resin optimisation. These experiments provided an initial assessment of the effects of
PEGDA concentration, molecular weight, and the incorporation of laponite as a rheologi-
cal modifier on printability. The David model (5 x 8 x 5 mm) was selected for these trials
as its geometric complexity enabled qualitative assessment of print fidelity and structural
integrity. All prints were performed at a projection intensity of 23.7 mW cm™2 for 3 rev-
olutions. The formulation reported by Hall et al., consisting of 5, 10, 15 wt.% PEGDA
250:700 at a 1:3 ratio with 0.05 wt.% LAP, served as the initial reference formulation,
prepared via the resin preparation method for Initial Printing Trials [8].

5.1.1 Printability of PEGDA-Only Resins

Initial studies evaluated PEGDA formulations with no laponite to establish a baseline for
printing prior to incorporation of the nanoparticle. Across all formulations, sedimentation
and poor geometric fidelity were observed. As shown in Figure [14] the 5 and 10 wt.%
PEGDA 250 formulations exhibited extremely poor print fidelity, with the polymerised
regions collapsing and settling at the bottom of the vial. Increasing the PEGDA 250
concentration to 15 wt.% improved the structural integrity sufficiently for the printed
construct to be removed from the vial; however, the intended geometry was still not
accurately produced. As 15 wt.% was the only PEGDA 250 concentration to produce a
removable construct, this concentration was subsequently used to evaluate the PEGDA
700 and PEGDA 250:700 formulations.

Similar behaviour was observed for the PEGDA 700 formulation. Although, the 15 wt.%
PEGDA 700 construct could be removed from the vial, it also exhibited deformation and
poor geometric fidelity. Among the formulations, the PEGDA 250:700 blend produced
the highest print fidelity as partial features of the David model could be distinguished.
However, there was still sedimentation, indicating that the resin viscosity was insufficient
to stabilise the construct during printing.
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PEGDA 700 PEGDA 250:700

Figure 14: Initial printing trials of PEGDA-only formulations with varying PEGDA
concentrations and molecular weights.

All formulations additionally exhibited flaring toward the walls of the vial, indicating
polymerisation beyond the intended geometry. The printed constructs were also more
turbid than conventionally UV-cured PEGDA hydrogels, which are generally transpar-
ent. Since PEGDA hydrogels do not inherently exhibit this opacity when cured under
controlled conditions, the turbidity observed in these preliminary prints was attributed
primarily to the non-optimised printing conditions rather than the intrinisic optical prop-
erties of the resin. As these experiments were intended only as an initial assessment of
resin printability, the exposure parameters had not yet been optimised.

Collectively, these observations demonstrated that PEGDA-only formulations lacked the
viscosity required for volumetric printing, motivating subsequent incorporation of laponite
as a rheological modifier.

5.1.2 Effect of Laponite on Initial Printability

To improve resin stability and reduce sedimentation during printing, 2 wt.% laponite was
added while varying the PEGDA concentration within the PEGDA 250:700 system. Fol-
lowing a 24 h resting period, the precursor solutions exhibited a substantial increase in
viscosity compared to the PEGDA-only formulations, with the resins approaching gel-like
behaviour. As shown in Figure [15] incorporation of laponite reduced sedimentation and
improved structural integrity across all PEGDA concentrations. Unlike the PEGDA-only
systems, all printed constructs possessed sufficient mechanical stability to be removed in-
tact from the printing vial. Increasing PEGDA concentration again resulted in progressive
improvements in structural integrity, with the 15 wt.% PEGDA formulation producing
the most mechanically stable construct. Despite these improvements, print fidelity re-
mained limited. Although the overall shape of the printed structures was better retained

—_
=
L%

D

£,
oo (KITH%
Page 29 Of > e 5 P



Volumetric Printing for Tissue Engineering

compared to the PEGDA-only formulations, fine geometric features of the David model
were still poorly resolved.

Overall, these preliminary studies demonstrated that incorporation of laponite as a viscos-
ity modifier improved resin stability and enabled the formation of self-supporting printed
constructs. However, the printed structures still exhibited poor print fidelity, motivating
the subsequent systematic optimisation of the resin formulation.

After post-processing

Figure 15: Initial printing trials of PEGDA 250:700-laponite resin formulations with
varying PEGDA concentrations (5, 10, and 15 wt.%). All formulations contained 2 wt.%
laponite and 0.05 wt.% LAP. Top: Representative printed structures immediately after
printing for each PEGDA concentration. Bottom: Corresponding samples after post-
processing (5, 10, 15 wt.% L-R).

5.2 PEGDA-Laponite Resin Optimisation

Following the preliminary printing trials, systematic optimisation of the resin formulation
was done to identify the composition most suitable for volumetric printing. Hydrogel
casting provided a controlled platform for evaluating the influence of resin composition
and preparation method on rheological, mechanical, and swelling properties. The insights
gained from these experiments were subsequently used to select an optimised formulation
for volumetric printing. Resins for initial viscosity measurement (Section were
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prepared according to the Initial Printing Trials protcol, while all following resins were
prepared according to the Hydrogel Casting method.

5.2.1 Effect of Resin Composition on Viscosity

The preliminary printing trials demonstrated that laponite improved printability by in-
creasing resin viscosity. To further investigate this, the rheological behaviour of the initial
formulations was characterised. Hall et al. reported that successful volumetric printing of
PEGDA-based formulations required a viscosity of approximately 50 mPa-s, providing a
useful benchmark for assessing resin suitability for printing [§]. To facilitate comparison,
viscosity values were determined at a shear rate of 50 s~! by linear interpolation between
the measured values at approximately 40 and 63 s~ (Table .

Table 8: Viscosity of PEGDA 250:700 resin formulations at a shear rate of 50 s~

PEGDA (wt.%) Laponite (wt.%) Viscosity at 50 s~ (mPa-s)

15 0 1.8 £ 0.0

5 2 216.3 + 11.8
10 2 199.0 £ 7.3
15 2 239.2 £ 0.3

The PEGDA-only formulation exhibited a viscosity of 1.8 mPa-s, substantially below the
value reported by Hall et al., and consistent with the sedimentation observed during the
initial printing trials. In contrast, the incorporation of 2 wt.% laponite increased the
viscosity by more than two orders of magnitude, yielding viscosities between 199.0 and
239.2 mPa-s for all formulations, exceeding the value reported by Hall et al [8].

As seen in Figure [16, PEGDA concentration had little influence on viscosity, indicating
that the rheological behaviour was dominated by the laponite network rather than the
polymer concentration. All laponite-containing formulations also exhibited shear-thinning
behaviour, consistent with the behaviour of laponite suspension reported in literature
(Figure [17)). This supports the formation of the reversible three-dimensional "house-of-
cards" network responsible for the substantial increase in viscosity, in which electrostatic
interactions between laponite nanoplatelets are progressively disrupted and aligned under
increasing shear [59] [37].
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Figure 16: Viscosity at a shear rate of 50 s™! for PEGDA 250:700 resin formulations
with varying PEGDA concentrations. All formulations contain 2 wt.% laponite and 0.05
wt.% LAP. The 15 wt.% PEGDA formulation without laponite (0 wt.%) is included for
comparison.
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Figure 17: Viscosity as a function of shear rate for PEGDA 250:700 resin formulations
with varying PEGDA concentrations. All formulations contain 2 wt.% laponite and 0.05
wt.% LAP. The 15 wt.% PEGDA formulation without laponite (0 wt.%) is included for
comparison.
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It should be noted that the measured viscosities are likely to underestimate the effective
viscosity during printing. Following preparation, the formulations were allowed to rest for
24 h, during which a gel-like network developed. This structure was partially disrupted
during sample transfer and further broken down as shear was applied during testing.
Consequently, the measurements should be regarded as comparative values rather than
absolute representations of the undisturbed resin during printing.

5.2.2 Selection of PEGDA Formulation

Since PEGDA concentration had little influence on resin viscosity, a PEGDA concentra-
tion of 10 wt.% was selected for further optimisation. The effect of PEGDA molecular
weight was then investigated by comparing a PEGDA 250:700 blend with PEGDA 700
while maintaining constant laponite (2 wt.%) and LAP (0.05 wt.%) concentrations.

The characterisation results for both formulations are summarised in Table [l It should
be noted that the viscosity measurements were obtained from resins prepared using dif-
ferent preparation methods, with the main difference being improved dispersion of the
laponite particles; therefore, the viscosity values should be interpreted with caution when
comparing the two formulations.

Table 9: Summary of characterisation results for 10 wt.% PEGDA formulations contain-
ing 2 wt.% laponite and 0.05 wt.% LAP.

PEGDA Laponite Viscosity Compressive Swelling
Formulation (wt.%) at 50 s=! (Pa-s) Modulus (kPa) Ratio
PEGDA 250:700 2 199.0 £ 7.3 93.8 £ 224 0.88 + 0.08
PEGDA 700 2 51.7 £ 0.0 144.9 £ 17.3 1.00 £ 0.04

PEGDA 700 hydrogels exhibited a higher compressive modulus than the PEGDA 250:700
blended formulation (Figure , with average moduli of 144.9 £+ 17.3 kPa and 93.8
+ 22.4 kPa, respectively. The higher stiffness of the PEGDA 700 formulation is likely
associated with differences in the resulting polymer network, as PEGDA 700’s longer
polymer chain may promote the formation of a stronger hydrogel network. In addition,
PEGDA 250 has previously been reported to exhibit limited aqueous solubility, due to
its lower ratio of PEG repeat units to acrylate end groups, making it relatively less
hydrophilic than PEGDA 700 [60]. While no visible phase separation was observed during
resin preparation, reduced precursor homogeneity may have contributed to less uniform
laponite dispersion and crosslinking, resulting in the lower compressive modulus of the
blended formulation.
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Figure 18: Compressive modulus of 10 wt.% PEGDA hydrogels containing 2 wt.%
laponite and 0.05 wt.% LAP after 48 h immersion in PSB. Error bars represent the
standard deviation.

Swelling measurements further highlighted differences in stability of the two hydrogel for-
mulations (Figure . PEGDA 700 hydrogels exhibited a swelling ratio close to 1 (1.00
+ 0.04), indicating minimal dimensional change following 48 h immersion in PBS. In con-
trast, the PEGDA 250:700 blended hydrogels exhibited a swelling ratio of 0.88 4+ 0.08,
corresponding to a net reduction in volume. This reduction may reflect incomplete incor-
poration of PEGDA 250 into the crosslinked network. As mentioned previously, PEGDA
250 has been reported to exhibit limited aqueous solubility, which may have reduced
the homogeneity of the precursor solution and resulted in a less uniform polymer net-
work following curing. Consequently, uncrosslinked or weakly incorporated material may
have been lost during PBS immersion. These observations are consistent with the lower

compressive modulus of the blended formulation, suggesting reduced network integrity
compared with PEGDA 700 alone.

Taken together, these results demonstrate that PEGDA molecular weight influences the
mechanical performance and stability of the resulting hydrogels. PEGDA 700 produced
hydrogels with greater mechanical strength and dimensional stability and was therefore
selected for all subsequent formulation optimisation and volumetric printing experiments.
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Figure 19: Swelling ratio of 10 wt.% PEGDA hydrogels containing 2 wt.% laponite and
0.05 wt.% LAP after 48 h immersion in PSB. Error bars represent the standard deviation.
The horizontal line denotes a swelling ratio of 1, corresponding to net change in volume
relative to the initial state.

5.2.3 Optimisation of Laponite Concentration

Having selected PEGDA 700 as the base polymer, the effect of laponite concentration on
resin and hydrogel properties was systematically investigated. Formulations containing
10 wt.% PEGDA 700 and 0.05 wt.% LAP were prepared with 0, 0.5, 1, 2, and 4 wt.%
laponite. Rheological, optical, mechanical, and swelling characterisation were performed
to determine the laponite concentration that provided the most favourable balance be-
tween printability and performance. Results are summarised in Table

Increasing the laponite concentration resulted in a progressive increase in viscosity at 50
s7! (Figure . Formulations containing 0 and 0.5 wt.% laponite exhibited similarly low
viscosities at 50 s7! (1.3 & 0.1 and 1.9 & 0.2 mPa-s, respectively), indicating that 0.5
wt.% laponite was insufficient to establish significant particle-particle interactions within
the resin. Increasing the laponite concentration to 1 wt.% produced a modest increase in
viscosity to 2.4 + 0.1 mPa-s. Although this represented almost a twofold increase relative
to the PEGDA-only formulation, the viscosity remained below the value reported by Hall
et al. for successful volumetric printing [8]. Nevertheless, visual observations suggested
the onset of gel network formation, as the 1 wt.% formulation exhibited noticeably reduced
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flow within the vial compared with the 0 and 0.5 wt.% formulations (Figure [21).

Table 10: Summary of characterisation results for 10 wt.% PEGDA 700 hydrogel for-
mulations containing varying laponite concentrations and 0.05 wt.% LAP.

Laponite Viscosity Compressive Swelling
(wt.%) at 50 s~! (mPa-s) Modulus (kPa) Ratio
0 1.3 £0.1 134.8 £ 21.7 0.84 + 0.03
0.5 1.9+ 0.2 145.5 £ 30.7 0.96 + 0.06
1 244+0.1 95.6 £+ 10.5 0.94 + 0.05
2 51.7 £ 0.0 144.9 £ 17.3 1.00 £+ 0.04
4 1940 £ 390 65.6 £ 14.3 1.04 + 0.06
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Figure 20: Viscosity at a shear rate of 50 s™! for 10 wt.% PEGDA 700 resin formulations
containing varying laponite concentrations. All formulations contain 0.05 wt.% LAP

A more pronounced increase was observed at 2 wt.% laponite, reaching 51.7 mPa-s. Fur-
ther increasing the laponite concentration to 4 wt.% resulted in a viscosity of 1940 +
390 mPa-s, representing an increase of almost two orders of magnitude relative to the
2 wt.% formulation. However, this formulation was considerably more difficult to pre-
pare, exhibiting pronounced thickening during mixing that prevented complete laponite
dispersion. This likely contributed to the greater experimental variability observed for
the 4 wt.% formulation, as reflected by the larger standard deviation. Overall, these re-
sults demonstrate that laponite is an effective rheology modifier for PEGDA-based resins.
While 2 wt.% achieved the viscosity benchmark reported by Hall et al. for volumetric
printing, visible thickening was already evident at 1 wt.%, suggesting that partial network
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formation occurs at lower laponite concentration despite the comparively low measured
viscosity.

Figure 21: Visual appearance of PEGDA 700 resin formulations containing 0, 0.5, 1,
and 2 wt.% laponite. Increasing laponite concentration resulted in progressively higher
resin viscosity, as indicated by the increased resistance to flow when the vials are tilted.

The compressive modulus of the hydrogels exhibited a non-monotonic dependence on
laponite concentration (Figure 22)). Relative to the PEGDA-only formulation (134.8 =+
21.7 kPa), the modulus increased slightly to 145.5 + 30.7 kPa at 0.5 wt.% laponite, sug-
gesting a modest reinforcing effect of the dispersed laponite platelets. However, the rela-
tively large variation between replicates indicates that this increase should be interpreted
with caution. Increasing the laponite concentration to 1 wt.% resulted in a reduction in
compressive modulus to 95.6 + 10.5 kPa, before increasing again to 144.9 4+ 17.3 kPa at
2 wt.%. A further increase to 4 wt.% laponite resulted in a decrease in modulus to 65.6 +
14.3 kPa. As this formulation was considerably more difficult to mix, the cured hydrogels
exhibited visible surface irregularities, suggesting incomplete dispersion of the laponite
throughout the resin. The reduced compressive modulus is therefore likely attributed to
poor precursor homogeneity rather than the effect of laponite concentration alone.

Although laponite is generally expected to reinforce the polymer network, no clear rela-
tionship between laponite concentration and compressive modulus was observed. These
results suggest that the mechanical properties were influenced not only by laponite con-
centration, but also by experimental variability associated with resin preparation and
hydrogel fabrication.
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Figure 22: Compressive modulus of hydrogels containing 10 wt.% PEGDA 700, 0.05
wt.%, and varying laponite concentrations.

Swelling measurements further demonstrated the influence of laponite concentration on
the dimensional stability of the hydrogels (Figure . The PEGDA-only hydrogel exhib-
ited the lowest swelling ratio (0.84 4+ 0.03), corresponding to a net reduction in volume
after 48 h immersion in PBS. The incorporation of laponite progressively increased the
swelling ratios towards unity. Swelling ratios of 0.96 + 0.06, 0.94 + 0.05, 1.00 £ 0.04,
and 1.04 £ 0.06 were obtained for the 0.5, 1, 2, and 4 wt.% formulations, respectively,
indicating improved dimensional stability during PBS immersion. In particular, the 2
wt.% formulation exhibited virtually no net change in volume after 48 h, suggesting the
formation of a stable hydrogel network. This behaviour is consistent with previous studies
reporting that laponite can enhance hydrogel stability through physical interactions with
the polymer network [53].

However, visual observations showed that the hydrogels containing laponite became in-

creasingly turbid with increasing laponite concentration (Figure. Whereas the PEGDA-
only hydrogel was optically transparent, the 0.5 and 1 wt.% formulations exhibited greater

opacity. At 2 and particularly 4 wt.% laponite, the hydrogels appeared almost opaque.
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Figure 23: Swelling ratio of hydrogels containing 10 wt.% PEGDA 700, 0.05 wt.% LAP,
and varying laponite concentrations after 48 h of immersion in PBS. The horizontal line
denotes a swelling ratio of 1, corresponding to net change in volume relative to the initial
state.
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Figure 24: Visual comparison of cast PEGDA 700 hydrogels with varying laponite
concentrations.

UV-Vis spectroscopy confirmed these visual observations (Figure . All formulations
exhibited an absorption maximum at approximately 380 nm, corresponding to the ab-
sorption of the LAP photoinitiator. As the LAP concentration was identical in every
formulation, the true absorption by the photoinitiator is expected to be similar. However,
formulations containing laponite exhibited a higher apparent absorbance across the entire
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measured wavelength range. This behaviour can be attributed to light scattering by dis-
persed laponite particles and particle networks within the resin; light scattered out of the
optical path does not reach the detector and is therefore interpreted by the spectropho-
tometer as an increase in absorbance. Consequently, both the absorbance at the 380 nm
LAP peak and the baseline throughout the visible region increase with the addition of
laponite. The spectra of the 1 and 2 wt.% formulations were similar, suggesting that in-
creasing the laponite concentration from 1 to 2 wt.% produced only a modest additional
increase in optical scattering.

0.7 4 .
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Figure 25: UV-Vis absorbance spectra of resin formulations containing 10 wt.% PEGDA
700, 0.05 wt.% LAP, and varying laponite concentrations measured over 350-700 nm.

To investigate whether the scattering originated from large particulate aggregates, the
resins were filtered through a 0.2 pm membrane prior to UV-Vis analysis (Figure , shown
for the 2 wt.% formulation). Filtration produced only a minor reduction in the measured
absorbance, indicating that optical scattering was not primarily caused by removable large
aggregates. Instead, the results suggest that the turbidity arises predominantly from finely
dispersed laponite tactoids or particle networks that remain suspended after filtration.

Overall, laponite concentration strongly influenced both resin processability and hydro-
gel performance. While increasing laponite concentration improved precursor viscosity,
excessive loading (4 wt.%) resulted in poor precursor homogeneity and reduced mechan-
ical performance. Based on the combined rheological, optical, mechanical, and swelling
characterisation, the 1 and 2 wt.% formulations were identified as the most promising
candidates and were therefore selected for further optimisation and volumetric printing
studies.
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Figure 26: UV-Vis absorbance spectra of resin formulations containing 10 wt.% PEGDA
700, 0.05 wt.% LAP, and either 0 or 2 wt.% laponite. The 2 wt.% laponite formulation
was additionally filtered through a 0.2 pm membrane prior to measurement.

5.2.4 Optimisation of Resin Preparation

Following optimisation of the resin formulation, the preparation protocol was refined to
improve precursor homogeneity. Rather than preparing each formulation directly from the
individual components, a PEGDA /LAP stock solution was first prepared and sonicated
prior to mixing with the laponite dispersion (Print Optimisation protocol). This approach
was intended to promote complete dissolution of the PEGDA and photoinitiator before
laponite addition, thereby improving precursor homogeneity and the consistency of the
resulting hydrogels.

Table 11: Compressive modulus and swelling ratio of hydrogels prepared using the
revised resin preparation method with 10 wt.% PEGDA 700, 0.05 wt.% LAP, and either
1 or 2 wt.% laponite.

Laponite (wt.%) Compressive Modulus (kPa) Swelling Ratio

1 134.5 £ 8.9 0.94 + 0.04
2 159.8 £ 19.3 1.01 £ 0.08

The revised preparation method was evaluated using formulations containing 1 and 2
wt.% laponite (Table . Mechanical performance improved for both formulations, with
the compressive modulus increasing from 95.6 to 134.5 kPa for the 1 wt.% formulation and
from 144.9 to 159.8 kPa for the 2 wt.% formulation (Figure . In contrast, the swelling
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ratios remained largely unchanged at 0.94 and 1.00 for the 1 and 2 wt.% formulations,
respectively (Figure [28).

The increase in compressive modulus suggests that the revised preparation method im-
proved the quality of the precursor prior to curing. Improved dissolution and dispersion
of the resin components would be expected to facilitate more effective photopolymerisa-
tion, resulting in hydrogels with greater mechanical strength. These results demonstrate
that resin preparation is an important parameter in the fabrication of PEGDA-laponite
hydrogels. The revised preparation protocol was adopted for all subsequent volumetric
printing experiments.
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Figure 27: Compressive modulus of hydrogels prepared using the revised resin prepara-
tion method with 10 wt.% PEGDA 700, 0.05 wt.% LAP and either 1 or 2 wt.% laponite.
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Figure 28: Swelling ratio of hydrogels prepared using the revised resin preparation
method with 10 wt.% PEGDA 700, 0.05 wt.% LAP and either 1 or 2 wt.% laponite after
48 h in PBS immersion. The horizontal line denotes a swelling ratio of 1, corresponding
to net change in volume relative to the initial state.

5.3 Volumetric Printing Performance

Following resin optimisation, volumetric printing experiments were performed to evaluate
the printability of the selected PEGDA-laponite formulations. The printing workflow
comprised three stages: establishing printing parameters on a new printer using PEGDA-
only resins, comparing the printability of the 1 and 2 wt.% laponite formulations, and
demonstrating the fabrication of a complex three-dimensional geometry.

5.3.1 Establishment of Printing Parameters

As the volumetric printing experiments were performed on a different printer from the
preliminary studies, the printing parameters were first re-established using PEGDA-only
formulations containing 10, 20, and 30 wt.% PEGDA. These trials were used to determine
the projection intensity and printing time required to achieve complete polymerisation.
A cylindrical geometry (10 mm diameter x 5 mm height) was used throughout this op-
timisation, as it enabled rapid assessment of print stability and geometric fidelity while
producing samples suitable for subsequent compression testing.
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A projection intensity of 60%, corresponding to an irradiance of 36.7 mW cm~2, with a

print time of 24 s (2 revolutions) consistently produced complete polymerisation and was
therefore used for subsequent printing experiments. The resulting prints are shown in
Figure Although complete polymerisation was achieved under these conditions, none
of the PEGDA-only formulations produced well-defined cylindrical structures. Instead,
the partially cured structures gradually settled towards the bottom of the vial during
printing, leading to distorted geometries and accumulation of material at the base of
the vial. This behaviour is consistent with the low viscosities measured during resin
characterisation and further demonstrates that appropriate exposure conditions alone are
insufficient for successful volumetric printing, but that adequate resin viscosity is also
required to stabilise the curing structure throughout fabrication.

Figure 29: Time-series images of resin formulations containing 10, 20, and 30 wt.%
PEGDA 700 during volumetric printing. The images highlighted by the blue box corre-
spond to the final printed structures.
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5.3.2 Effect of Laponite Concentration on Printability

Based on the resin optimisation study, formulations containing 1 and 2 wt.% laponite
were selected for volumetric printing as they provided the most favourable balance of
rheological, mechanical, and swelling properties. A 0.5 wt.% formulation was included as
a low-viscosity reference to assess the minimum laponite concentration required to stabilise
the curing structure during printing. The resulting printing behaviour and structures are

shown in Figures [30] and

Figure 30: Time-series images of resin formulations containing 0.5, 1, and 2 wt.%
laponite during volumetric printing. The images highlighted by the blue box correspond
to the final printed structures.
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Figure 31: Printed hydrogel specimens containing 10 wt.% PEGDA and 0.5, 1, and 2
wt.% laponite. Representative images show the shape fidelity and structural stability of
the printed parts after post-processing.

The 0.5 wt.% formulation exhibited poor print stability, with the partially cured structure
settling towards the bottom of the vial during fabrication and producing a distorted final
geometry. This behaviour is consistent with its low viscosity (1.9 mPa-s at 50 s7!),
which was only marginally higher than that of the PEGDA-only resin. Increasing the
laponite concentration to 1 wt.% markedly improved printability. The structure remained
suspended throughout fabrication and retained a well-defined cylindrical geometry despite
its relatively low measured viscosity (2.4 mPa-s). This behaviour suggests that formation
of a weak laponite network was sufficient to stabilise the curing structure, consistent
with the gel-like behaviour observed during resin preparation. The 2 wt.% formulation
exhibited the greatest print stability and geometric fidelity, remaining fully suspended
throughout fabrication. This improvement corresponded with the substantial increase in
viscosity measured during rheological characterisation (51.7 mPa-s).

Overall, these results demonstrate that increasing laponite concentration improves print
stability by preventing movement of the curing structure during fabrication. While 0.5
wt.% laponite was insufficient, both the 1 and 2 wt.% formulations produced stable,
well-defined prints.
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Figure 32: Printed hydrogel containing 10 wt.% PEGDA and 2 wt.% laponite. Contin-
ued polymerisation beyond the target geometry resulted in dimensional deviation from
the intended cylinder dimensions of 5 mm diameter and 10 mm height.

Although the 2 wt.% formulation produced the most stable prints, it also introduced
practical disadvantages. The higher viscosity made the resin more difficult to prepare
and handle, while continued polymerisation after printing caused expansion of the con-
struct while it remained suspended in the resin prior to post-processing (Figure . In
comparison, the 1 wt.% formulation exhibited fewer printing artefacts and was easier to
process.

Compression testing of the printed hydrogels (Figure showed that the trends observed
for the cast hydrogels were retained following volumetric printing. The 2 wt.% formula-
tion exhibited a higher compressive modulus than the 1 wt.% formulation (194.6 + 19.9
and 120.5 £ 9.9 kPa, respectively), confirming the reinforcing effect of the higher laponite
concentration. However, the improvement in stiffness was accompanied by reduced pro-
cessability and increased post-print polymerisation. Considering both the printing perfor-
mance and mechanical properties, the 1 wt.% formulation provided the most favourable
overall balance and was therefore selected for printing more complex geometries.
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Figure 33: Compressive modulus of printed PEGDA 700 hydrogels containing 1 and 2
wt.% laponite.

5.3.3 Volumetric Printing of Complex Structures

To assess the ability of the optimised resin formulations to fabricate complex three-
dimensional structures, the David model (5 x 8 x 5 mm) was selected as a represen-
tative geometry. Compared with the cylindrical specimens used for optimisation, the
David model contains fine features, curved surfaces, and varying cross-sections, providing
a more demanding assessment of print fidelity.

To validate the selection of the 1 wt.% formulation for fabrication of complex geometries,
both the 1 and 2 wt.% formulations were printed using the previous printing parameters
(36.7 mW cm™? irradiance for 24 s). The 1 wt.% formulation produced a well-defined
David model with good preservation of the overall geometry and surface features (Fig-
ure . In contrast, the 2 wt.% formulation exhibited noticeable over-polymerisation,
resulting in enlarged structures and reduced feature resolution. These observations sug-
gest that the higher laponite concentration broadened the delivered light dose, promoting
over-polymerisation and reducing feature resolution.
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Figure 34: Final printed structures suspended in the resin for formulations containing
10 wt.% PEGDA with 1 and 2 wt% laponite.

To further improve print fidelity, the irradiance was systematically varied while maintain-
ing the 1 wt.% laponite formulation and a constant exposure time of 24 s for printing of
the David model (14 x 23 x 14 mm) (Figures [35 and [36). Irradiances ranging from 47.2
to 32.3 mW cm 2, corresponding to projection intensity settings of 78-53%, were evalu-
ated. Decreasing the irradiance progressively reduced over-polymerisation and improved
agreement between the printed and intended geometries. Pronounced enlargement and
loss of fine features were observed at 47.2 and 42.7 mW c¢cm 2, whereas prints produced at
36.7 and 33.5 mW cm ™2 exhibited improved feature definition. The highest overall print
fidelity was achieved at 32.3 mW cm™2, which most closely reproduced the dimensions
and surface details of the original model.

These results demonstrate that complex three-dimensional geometries can be successfully
fabricated using PEGDA-laponite resins following optimisation of both the resin formu-
lation and printing parameters. The combination of 10 wt.% PEGDA, 1 wt.% laponite,
an irradiance of 32.3 mW cm™2, and a 24 s exposure time produced the highest-quality
prints. While the incorporation of laponite was essential for achieveing sufficient resin
viscosity and print stability, it also increased light scattering, resulting in turbid printed
structures. Consequently, although fine features could be fabricated, their visual definition
was partially obscured by the reduced optical transparency of the material, highlighting
a trade-off between printability and optical clarity.

The significance of this turbidiy is ultimately application-dependent and may be of lim-
ited concern for constructs where optical transparency is not required. In applications
requiring transparent structures, further optimisation of the resin formulation would be
necessary. Moreover, increased light scattering may reduce spatial control over poly-
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merisation and consequently, print fidelity. This represents a particular limitation for
applications requiring highly defined microscale features, such as pores or microchannels
designed to support cell attachment and proliferation.

33.5 mWcm2 32.3 mWcm2

______________________________________________________________________

Figure 35: Representative David models printed from resin containing 10 wt.% PEGDA
700, 1 wt.% laponite, and 0.05 wt.% LAP using a constant exposure time of 24s and
varying irradiance (32-47 mW cm™2).

____________________________________________________

Figure 36: Zoomed in view of the David model printed at an irradiance of 32.3 mW cm ™2

(Figure .
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5.4 Biocompatibility Assessment

To investigate the short-term biological response to the PEGDA-laponite hydrogels,
MC3T3-E1 pre-osteoblast cells were cultured on hydrogels containing 0, 1, 2, and 4 wt.%
laponite for 24 h. Cell morphology was assessed using bright-field microscopy, and relative
metabolic activity was quantified using the PrestoBlue assay.

Representative bright-field images are shown in Figure In the cell-only control,
MC3T3-E1 cells exhibited the expected elongated morphology characteristic of adherent
cells. In the hydrogel-containing wells, cells were observed primarily on the surrounding
tissue culture plastic, with no obvious attachment to the PEGDA hydrogels after 24 h.
This behaviour is consistent with the well-documented bioinert nature of PEGDA hydro-
gels [53 55, [54]. No noticeable differences in cell morphology or distribution were observed
between hydrogels containing different laponite concentrations.

Relative metabolic activity after 24 h is shown in Figure All hydrogel formulations
exhibited metabolic activities comparable to or greater than that of the cell-only control,
with no reduction in metabolic activity observed as the laponite concentration increased
from 0 to 4 wt.%. Formulations containing 0 and 1 wt.% laponite exhibited the highest
metabolic activities (116.5 £ 11.6% and 117.4 £+ 10.5%, respectively), while the 2 and
4 wt.% formulations remained close to the control (107.3 £ 2.1% and 104.6 £ 1.5%,
respectively). These results indicate that incorporation of laponite did not adversely
affect the short-term metabolic activity of MC3T3-E1 cells.
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Control

Figure 37: Representative bright-field microscopy images of MC3T3-E1 cells cultured
for 24 h in the cell-only control and on PEGDA /LAP hydrogels containing 0, 1, 2, and 4
wt.% laponite.
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Figure 38: Relative metabolic activity of MC3T3-E1 cells cultured on PEGDA hydrogels
containing 0, 1, 2, and 4 wt.% laponite for 24 h, normalised to the cell-only control.

Overall, these preliminary studies indicate that incorporation of laponite into PEGDA
hydrogels does not induce acute cytotoxic effects toward MC3T3-E1 cells over 24 h. Al-
though cell attachment to the hydrogel surface was not observed, the absence of reduced
metabolic activity demonstrates that laponite concentrations up to 4 wt.% do not ad-
versely affect short-term cell viability under the conditions investigated. Further studies
examining longer culture periods, cell attachment, and proliferation are required to fully
evaluate the biological potential of these materials for tissue engineering applications.
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6 Conclusion

This work investigated the use of laponite as a rheological modifier for PEGDA-based
hydrogel resins for volumetric additive manufacturing. The effects of PEGDA molecular
weight, laponite concentration, and resin preparation on rheological, optical, mechanical,
and biological properties were evaluated to identify a formulation suitable for volumetric
printing.

The results demonstrate that laponite is an effective rheological modifier for PEGDA /LAP
hydrogel systems. Incorporation of laponite substantially increased resin viscosity, im-
proving resin stability and enabling successful volumetric printing of PEGDA hydrogels.
Among the formulations investigated, a resin containing 10 wt.% PEGDA 700, 0.05 wt.%
LAP, and 1 wt.% laponite provided the most favourable balance between viscosity, ease
of processing, and printability. This formulation enabled the fabrication of complex hy-
drogel constructs with improved structural fidelity while maintaining suitable mechanical
properties and short-term cytocompatibility.

The principal limitation associated with laponite incorporation was increased light scat-
tering. As laponite concentration increased, the resins and printed hydrogels became
progressively more opaque, highlighting a trade-off between rheological enhancement and
optical performance. Although this did not prevent successful printing at 1 wt.% laponite,
the significance of the reduced optical transparency is application-dependent. Turbidity
may be of limited concern for constructs where transparency is not required; however,
increased light scattering may reduce spatial control over polymerisation and limit the
fabrication of highly defined features. This is particularly relevant for tissue engineer-
ing applications requiring precise microscale architectures, such as well-defined pores or
microchannels.

Overall, this work demonstrates that low concentrations of laponite provide a simple and
effective strategy for overcoming the low viscosity of PEGDA hydrogel resins, enabling
their use in volumetric printing while preserving favourable mechanical and biological
properties. These findings contribute to the development of improved hydrogel formu-
lations for volumetric bioprinting and provide a foundation for future work aimed at
reducing light scattering, optimising optical performance, and incorporating bioactive
components to enhance cell attachment and tissue regeneration.
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7 Outlook

While this work has demonstrated the successful use of laponite as a rheological mod-
ifier for PEGDA-based hydrogel resins in volumetric printing, several areas remain for
further development. A key limitation of laponite addition is increased light scattering
caused by the dispersed nanoparticles. Although increasing laponite concentration im-
proves resin viscosity and print stability, the resulting reduction in optical transparency
affects light propagation and limits printing accuracy. Future work should therefore inves-
tigate strategies to reduce or compensate for light scattering while maintaining sufficient
resin viscosity. This may include optimisation of laponite concentration and dispersion,
as well as alternative rheological modifiers.

Further development of the computational methods used for volumetric printing could also
improve print fidelity. The projection calculations used in this work were not specifically
adapted to account for the optical properties of laponite-containing resins. Incorporating
resin-specific optical behaviour, including light attenuation and scattering, into the projec-
tion calculations may enable more accurate dose delivery and reduce overpolymerisation.
This could be combined with systematic optimisation of printing parameters, including
projection intensity and exposure time, for individual resin formulations.

The resin preparation method should also be investigated further. The continued refine-
ment of the preparation procedure throughout this work demonstrated that processing
conditions can influence the resulting hydrogel properties, particularly the mechanical
properties. Future studies should systematically evaluate parameters such as mixing,
sonication, hydration, and resting time to establish a standardised preparation protocol
and improve batch-to-batch reproducibility.

An important next step is the encapsulation of cells directly within the resin prior to vol-
umetric printing. The biocompatibility assessment performed in this work indicated that
the incorporation of laponite did not adversely affect cellular metabolic activity. How-
ever, direct cell encapsulation would require the development of a sterile resin preparation
procedure and evaluation of cell viability following both resin exposure and volumetric
printing. Longer-term studies of cell proliferation, morphology, and function within the
printed hydrogel constructs would further establish the suitability of the developed for-
mulation for tissue engineering applications.

Finally, volumetric printing remains a relatively new additive manufacturing technique,
and many current systems are custom-built rather than commercially standardised. Con-
sequently, substantial variation exists between printer configurations and optical setups.
However, the flexibility of custom-built systems also provides opportunities for in-house
modification and optimisation. Future work should therefore focus on the combined de-
velopment of resin formulation, projection computation, and printer parameters, with
the aim of tailoring the complete printing process to the specific optical and rheological
properties of hydrogel-based resins.
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8 Appendix
8.1 Irradiance Calibration

Table 12: Measured irradiance at different projection intensity settings.

Projection Intensity (%) Irradiance (mW cm?)

0 0.00
10 0.97
20 8.94
30 16.67
40 23.69
20 30.36
60 36.66
70 42.65
80 48.31
90 53.80
100 57.01

8.2 Rheological Data

8.2.1 Raw Rheology Data

Table 13: Raw rheology data for PEGDA 250:700 (1:3) resin formulations.

Formulation Replicate Shear Rate (s™!) Viscosity (Pa-s)

IP-B-15-L0 1 10.0010 0.001995
IP-B-15-L0 1 15.8506 0.001737
IP-B-15-L0 1 25.1170 0.001806
IP-B-15-L0 1 39.8177 0.001767
IP-B-15-L0 1 63.0976 0.001759
IP-B-15-L0 1 99.9964 0.001750
IP-B-15-L0 2 10.0030 0.001981
IP-B-15-L0 2 15.8490 0.001752
IP-B-15-L0 2 25.1190 0.001799
IP-B-15-L0 2 39.8140 0.001771
IP-B-15-L0 2 63.0910 0.001762
IP-B-15-L0 2 99.9980 0.001753
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Formulation Replicate Shear Rate (s™!) Viscosity (Pa-s)

IP-B-5-L2 1 10.0027 1.366760
IP-B-5-1L.2 1 15.8474 0.757125
IP-B-5-1L.2 1 25.1174 0.433784
IP-B-5-1L.2 1 39.8088 0.264968
IP-B-5-1.2 1 63.0854 0.172874
IP-B-5-1.2 1 99.9994 0.118360
IP-B-5-L2 2 10.0043 1.292590
IP-B-5-1L2 2 15.8453 0.710574
IP-B-5-1L.2 2 25.1180 0.411645
IP-B-5-1L2 2 39.8108 0.243577
IP-B-5-1L2 2 63.0862 0.162182
IP-B-5-1.2 2 100.0090 0.110726
IP-B-10-L2 1 10.0021 1.570560
IP-B-10-L2 1 15.8521 0.729204
IP-B-10-L2 1 25.1161 0.394363
IP-B-10-L2 1 39.8116 0.243090
IP-B-10-L2 1 63.0903 0.153957
IP-B-10-L2 1 99.9915 0.105447
IP-B-10-L2 2 10.0019 1.493720
IP-B-10-L2 2 15.8498 0.686530
IP-B-10-L2 2 25.1188 0.371460
IP-B-10-L2 2 39.8126 0.229710
IP-B-10-L2 2 63.0915 0.147620
IP-B-10-L2 2 99.9986 0.101230
IP-B-15-L2 1 10.0041 1.552560
IP-B-15-L2 1 15.8522 0.867702
IP-B-15-L2 1 25.1202 0.479778
IP-B-15-L2 1 39.8173 0.283445
IP-B-15-L2 1 63.0966 0.181659
IP-B-15-L2 1 100.0010 0.123932
IP-B-15-L2 2 10.0045 1.604030
IP-B-15-L2 2 15.8505 0.839401
IP-B-15-L2 2 25.1213 0.476997
IP-B-15-L2 2 39.8117 0.284652
IP-B-15-L2 2 63.1092 0.181227
IP-B-15-L2 2 100.0240 0.122889
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Table 14: Raw rheology data for PEGDA 700 resin formulations.

Formulation Replicate Shear Rate (s7!) Viscosity (Pas)

HC-700-10-LO 1 10.0000 0.00137916
HC-700-10-L0 1 15.8492 0.00134610
HC-700-10-L0 1 25.1218 0.00128577
HC-700-10-LO 1 39.8087 0.00125978
HC-700-10-LO 1 63.0946 0.00124863
HC-700-10-LO 1 100.0140 0.00123832
HC-700-10-LO 2 9.9997 0.00241081
HC-700-10-L0 2 15.8487 0.00170885
HC-700-10-LO 2 25.1143 0.00154656
HC-700-10-LO 2 39.8084 0.00142918
HC-700-10-LO 2 63.1019 0.00136165
HC-700-10-LO 2 99.9902 0.00130625
HC-700-10-L05 1 9.9997 0.00242081
HC-700-10-L05 1 15.8487 0.00236470
HC-700-10-L05 1 25.1143 0.00193460
HC-700-10-L05 1 39.8084 0.00182630
HC-700-10-L05 1 63.1019 0.00180340
HC-700-10-L05 1 99.9902 0.00174890
HC-700-10-L05 2 9.9992 0.00250857
HC-700-10-L05 2 15.8501 0.00232592
HC-700-10-L05 2 25.1199 0.00218375
HC-700-10-L05 2 39.8138 0.00209517
HC-700-10-L05 2 63.0977 0.00203360
HC-700-10-L05 2 100.0060 0.00197464
HC-700-10-L1 1 10.0008 0.00619767
HC-700-10-L1 1 15.8518 0.00419607
HC-700-10-L1 1 25.1209 0.00306797
HC-700-10-L1 1 39.8190 0.00244504
HC-700-10-L1 1 63.1035 0.00220743
HC-700-10-L1 1 100.0080 0.00208143
HC-700-10-L1 2 10.0008 0.00648300
HC-700-10-L1 2 15.8518 0.00435200
HC-700-10-L1 2 25.1209 0.00314600
HC-700-10-L1 2 39.8190 0.00251200
HC-700-10-L1 2 63.1035 0.00229100
HC-700-10-L1 2 100.0080 0.00212400
HC-700-10-L2 1 10.0026 0.25145500
HC-700-10-L2 1 15.8486 0.13624800
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Formulation Replicate Shear Rate (s™!) Viscosity (Pa-s)

HC-700-10-L2 1 25.1195 0.08763980
HC-700-10-L2 1 39.8045 0.05947280
HC-700-10-L2 1 63.0959 0.04175310
HC-700-10-L2 1 99.9930 0.03015360
HC-700-10-L2 2 10.0008 0.21985300
HC-700-10-L2 2 15.8492 0.13216700
HC-700-10-L2 2 25.1205 0.08675600
HC-700-10-L2 2 39.8058 0.05938560
HC-700-10-L2 2 63.0959 0.04194450
HC-700-10-L2 2 99.9910 0.03038870
HC-700-10-L4 1 10.0076 10.29380000
HC-700-10-L4 1 15.8515 5.24097000
HC-700-10-L4 1 25.1191 3.23900000
HC-700-10-L4 1 39.8130 2.03232000
HC-700-10-L4 1 63.0899 1.17815000
HC-700-10-L4 1 99.9916 0.67085600
HC-700-10-L4 2 10.0059 12.46400000
HC-700-10-L4 2 15.8477 6.56915000
HC-700-10-L4 2 25.1200 4.00994000
HC-700-10-L4 2 39.8063 2.62148000
HC-700-10-L4 2 63.0933 1.69548000
HC-700-10-L4 2 100.0100 0.96302800

8.2.2 Interpolation of Viscosity at 50 s~!

! were estimated by linear interpolation between the two nearest

Viscosity values at 50 s~
experimentally measured shear rates, approximately 40 and 63 s~!. The viscosity was
determined by linear interpolation for each replicate individually. The reported values

represent the mean + standard deviation of the interpolated replicate viscosities.
Linear interpolation was performed using:
50 —

Y
M50 = M + = — (12 — M) (7)
T2 — N

where 15 is the estimated viscosity at 50 s71, 4; and 4, are the lower and upper measured

shear rates, and 7; and 7 are the corresponding measured viscosities.

As an example, for formulation IP-B-5-L2, replicate 2:
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41 = 39.8108 s, m = 0.243577 Pa - s

49 = 63.0862 s, ny = 0.162182 Pa - s

Substituting these values into the interpolation equation:

50 — 39.8108
63.0862 — 39.8108

ns0 = 0.243577 + (0.162182 — 0.243577)

150 = 0.2079 Pa - s

8.3 Compression Testing

8.3.1 Compressive Modulus Determination

The compressive modulus was determined from the initial linear elastic region of the
stress—strain curve. A linear regression was fitted to the stress—strain data between 15%
and 25% strain, and the slope of the fitted line was taken as the compressive modulus.

Table 15: Compressive modulus values for PEGDA 700 and PEGDA 250:700 (1:3)
hydrogel formulations, determined from the slope of a linear fit to the stress—strain curve
between 15% and 25% strain.

Formulation Replicate Modulus (kPa)

HC-700-10-L2 1 173.68
HC-700-10-L2 2 135.26
HC-700-10-L2 3 157.85
HC-700-10-L2 4 137.12
HC-700-10-L2 5 123.57
HC-700-10-L2 6 141.98
HC-700-10-L2 Mean 144.91
HC-B-10-L2 1 68.32
HC-B-10-L2 2 95.36
HC-B-10-L2 3 103.11
HC-B-10-L2 4 110.82
HC-B-10-L2 5 117.83
HC-B-10-L2 6 67.38
HC-B-10-L2 Mean 93.80
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Table 16: Compressive modulus values for PEGDA 700 hydrogel formulations containing
varying laponite concentrations, determined from the slope of a linear fit to the stress—
strain curve between 15% and 25% strain.

Formulation Replicate Modulus (kPa)

HC-700-10-L0 1 151.42
HC-700-10-L0 2 136.07
HC-700-10-L0 3 112.94
HC-700-10-L0 4 109.63
HC-700-10-L0 5 133.09
HC-700-10-L0 6 165.70
HC-700-10-L0 Mean 134.81
HC-700-10-L05 1 165.28
HC-700-10-L05 2 118.01
HC-700-10-L05 3 173.47
HC-700-10-L05 4 163.88
HC-700-10-L05 5 106.80
HC-700-10-L05 Mean 145.49
HC-700-10-L1 1 85.15

HC-700-10-L1 2 92.84

HC-700-10-L1 3 105.91
HC-700-10-L1 4 107.44
HC-700-10-L1 5 86.86

HC-700-10-L1 Mean 95.64

HC-700-10-L2 1 173.68
HC-700-10-L2 2 135.26
HC-700-10-L2 3 157.85
HC-700-10-L2 4 137.12
HC-700-10-L2 5 123.57
HC-700-10-L2 6 141.98
HC-700-10-L2 Mean 144.91
HC-700-10-L4 1 54.50

HC-700-10-L4 2 60.64

HC-700-10-L4 3 81.77

HC-700-10-L4 Mean 65.64
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Table 17: Compressive modulus values for PEGDA 700 hydrogel formulations made
with optimised resin preparation method containing 1 and 2 wt.% laponite, determined
from the slope of a linear fit to the stress—strain curve between 15% and 25% strain. The
prefix H denotes cast hydrogel samples.

Formulation Replicate Modulus (kPa)
H-PO-700-10-L1 1 149.81

H-PO-700-10-L1 2 128.45
H-PO-700-10-L1 3 135.59
H-PO-700-10-L1 4 129.27
H-PO-700-10-L1 ) 125.44
H-PO-700-10-L1 6 138.66
H-PO-700-10-L1 Mean 134.54
H-PO-700-10-L2 1 165.01
H-PO-700-10-L2 2 138.39
H-PO-700-10-L2 3 175.90
H-PO-700-10-L2 4 179.27
H-PO-700-10-L2 ) 140.70
H-PO-700-10-L2 Mean 159.85
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Table 18: Compressive modulus values for volumetrically printed PEGDA 700 hydrogel
formulations containing 1 and 2 wt.% laponite, determined from the slope of a linear fit
to the stress—strain curve between 15% and 25% strain. The prefix P denotes printed
hydrogel samples.

Formulation Replicate Modulus (kPa)
P-PO-700-10-L1 1 118.37

P-PO-700-10-L1 2 112.23
P-PO-700-10-L1 3 115.11
P-PO-700-10-L1 4 137.69
P-PO-700-10-L1 ) 113.34
P-PO-700-10-L1 6 126.53
P-PO-700-10-L1 Mean 120.54
P-PO-700-10-1L2 1 226.00
P-PO-700-10-1.2 2 199.24
P-PO-700-10-L2 3 180.34
P-PO-700-10-L2 4 191.58
P-PO-700-10-L2 5 175.60
P-PO-700-10-L2 Mean 194.55
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8.3.2 Stress—Strain Curves

0.4

03

02+

Compressive Stress (MPa)

0.1

Figure 39: Stress—strain curves for the HC-700-10-L2 hydrogel formulation.

025

Comgpressive Stress (MPa)

=]
=
®

vvvvvvvvv

Page 64 of o

i



Volumetric Printing for Tissue Engineering

04

03

Compressive Stress (MPa)
o
5]

0.1

0 01 02 03 0.4 05
Compressive Strain
Rep. ST =2 m=3il==jq =—f =8

Figure 41: Stress—strain curves for the HC-700-10-L0 hydrogel formulation.
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Figure 42: Stress—strain curves for the HC-700-10-L05 hydrogel formulation.
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Figure 43: Stress—strain curves for the HC-700-10-L1 hydrogel formulation.
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Figure 44: Stress—strain curves for the HC-700-10-L2 hydrogel formulation.
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Figure 45: Stress—strain curves for the HC-700-10-L.4 hydrogel formulation.
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Figure 46: Stress—strain curves for the H-PO-700-10-L1 hydrogel formulation.
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Figure 47: Stress—strain curves for the H-PO-700-10-L2 hydrogel formulation.
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Figure 48: Stress—strain curves for the P-PO-700-10-L1 printed hydrogel formulation.
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Figure 49: Stress—strain curves for the P-PO-700-10-L2 printed hydrogel formulation.

8.4 Swelling Measurements

Table 19: Volume measurements and swelling ratios for PEGDA 700 and PEGDA
250:700 (1:3) hydrogel formulations after 48 h immersion in PBS.

Formulation Replicate V; (mm?®) Vg (mm?) Q@

HC-700-10-L2 1 304.74 309.02 1.014
HC-700-10-L2 2 310.57 296.96 0.956
HC-700-10-L2 3 296.51 287.40 0.969
HC-700-10-L2 4 295.13 304.08 1.030
HC-700-10-L2 ) 274.57 267.06 0.973
HC-700-10-L2 6 282.89 295.74 1.045
HC-700-10-L2 Mean - - 0.998
HC-B-10-L2 1 273.66 219.85 0.803
HC-B-10-L2 2 236.84 207.77 0.877
HC-B-10-L2 3 236.35 189.08 0.800
HC-B-10-L.2 4 251.88 251.20 0.997
HC-B-10-L.2 ) 271.49 248.72 0.916
HC-B-10-1L.2 Mean - - 0.879
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Table 20: Volume measurements and swelling ratios for PEGDA 700 hydrogel formula-
tions containing varying laponite concentrations after 48 h immersion in PBS.

Formulation Replicate V; (mm?®) Vi (mm?) Q

HC-700-10-LO 1 306.89 268.83 0.876
HC-700-10-L0 2 293.59 253.25 0.863
HC-700-10-LO 3 298.21 260.85 0.875
HC-700-10-LO 4 281.44 236.78 0.841
HC-700-10-L0 ) 292.10 237.12 0.812
HC-700-10-L0 6 307.91 245.72 0.798
HC-700-10-LO Mean - - 0.844
HC-700-10-L05 1 307.72 312.47 1.015
HC-700-10-L05 2 298.22 278.07 0.932
HC-700-10-L05 3 332.44 318.36 0.958
HC-700-10-L05 4 300.96 303.67 1.009
HC-700-10-L05 ) 302.15 264.58 0.876
HC-700-10-L05 Mean - - 0.958
HC-700-10-L1 1 306.27 272.92 0.891
HC-700-10-L1 2 288.77 261.76 0.906
HC-700-10-L1 3 293.55 292.87 0.998
HC-700-10-L1 4 272.99 266.15 0.975
HC-700-10-L1 ) 292.44 271.78 0.929
HC-700-10-L1 Mean - - 0.940
HC-700-10-L2 1 304.74 309.02 1.014
HC-700-10-L2 2 310.57 296.96 0.956
HC-700-10-L2 3 296.51 287.40 0.969
HC-700-10-L2 4 295.13 304.08 1.030
HC-700-10-L2 5 274.57 267.06 0.973
HC-700-10-L2 6 282.89 295.74 1.045
HC-700-10-L2 Mean - - 0.998
HC-700-10-L4 1 262.02 272.92 1.042
HC-700-10-L4 2 308.89 323.40 1.047
HC-700-10-L4 3 285.38 272.74 0.956
HC-700-10-L4 4 301.80 334.77 1.109
HC-700-10-L4 Mean - - 1.039
DTU

i

Page 70 of



Volumetric Printing for Tissue Engineering

Table 21: Volume measurements and swelling ratios for PEGDA 700 hydrogel formula-
tions containing 1 and 2 wt.% laponite after 48 h immersion in PBS. The prefix H denotes
cast hydrogel samples.

Formulation = Replicate V; (mm?) Vg (mm?) Q
H-PO-700-10-L1 1 267.11 251.55 0.942
H-PO-700-10-L1 2 290.08 260.96 0.900
H-PO-700-10-L1 3 281.76 257.45 0.914
H-PO-700-10-L1 4 255.60 256.09 1.002
H-PO-700-10-L1 ) 235.01 219.97 0.936
H-PO-700-10-L1 6 247.69 229.13 0.925
H-PO-700-10-L1 Mean - - 0.936
H-PO-700-10-L2 1 272.56 274.91 1.009
H-PO-700-10-1.2 2 207.60 218.19 1.051
H-PO-700-10-1.2 3 337.78 328.53 0.973
H-PO-700-10-1L2 4 207.31 200.93 0.969
H-PO-700-10-12 ) 269.35 307.06 1.140
H-PO-700-10-L2 6 279.26 252.25 0.903
H-PO-700-10-L2 Mean - - 1.007
DTU
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