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Abstract

Our reliance on synthetic structural materials has contributed extensively to environmental degradation, re-
source depletion, and pollution. The urgent need for sustainable alternatives has sparked interest in bio-
based materials that align with Nature’s cycles while maintaining high performance. However, finding such
alternatives has remained challenging, especially for ceramics, which typically require high-temperature pro-
cesses to achieve structural integrity. Yet Nature offers a promising blueprint: the nacreous layer, "mother of
pearl”, found in molluscan shells. Millions of years have allowed these invertebrates to evolve remarkable
defect tolerance, achieving strength, stiffness, and toughness - a combination elusive in most conventional
ceramics.

Despite extensive efforts, mimicking the intricate microstructure of nacre to achieve new, advanced ma-
terials remains challenging. Recent studies have leveraged the outstanding shaping freedom and microstruc-
tural control offered by additive manufacturing to provide new opportunities. However, these approaches
continue to rely on sintering to improve mechanical properties, thereby undermining their ecological poten-
tial. The underlying printing process also remains largely unexplored. This thesis confronts both challenges
by exploring a novel bacterial stiffening approach in direct ink writing using various material compositions.
For the first time, mineral-depositing bacteria are incorporated into a ceramic-biopolymer suspension in an
attempt to achieve sinter-like stiffening of the structure at reduced energy expenditure.

Direct ink writing ceramic-polymer bioinks is challenging due to the sensitivity of colloidal dispersions
to changes in electrostatic and steric interactions, further complicated by strongly time-dependent rheol-
ogy. These aspects hindered exploring the effects of biomineralisation on material performance. A ’print-
ing window’ is identified, beyond which bacteria-induced coagulation disrupts extrusion, establishing an
essential constraint. Printability may be improved by controlling pH, performing more appropriate rheolog-
ical experiments, and tuning rheology. Nutrient and bacterial content reduced material strength, meaning
that any positive effect of biomineralisation must at least overcome this negative influence to provide a net
benefit. Excessively high void content highlights the need to maximise compaction and solid content. Cru-
cially, biomineralisation was achieved in preliminary tests, suggesting that the approach is fundamentally
promising. These findings provide critical insights and guidelines for developing shaped, strong, tough, and
sustainable ceramic materials, paving the way towards eco-friendly materials inspired and built by Nature.

Keywords
Ceramic composites; bioinspired; additive manufacturing; biomineralisation
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Introduction

When we think of strength and toughness, molluscs are rarely the first thing that comes to mind. Yet, nearly
fifty years ago, Currey and Taylor (1974) revealed that molluscan shells possess exceptional strength and
toughness despite being composed of weak base materials, a feat that remains challenging to replicate using
synthetic materials (Ritchie, 2011). Similarly, bacteria might seem an unlikely ally in materials science, yet
mineral-depositing strains can enhance material strength and even enable self-healing (Jonkers et al., 2010;
Anbu et al., 2016). This thesis aims to explore the synergy between these two unlikely sources of inspiration,
aiming to harness their mechanisms to develop advanced and sustainable structural materials.

1.1. Addressing our planet’s needs

Before the industrial era, human-made structures primarily relied on naturally abundant materials: stone,
clay, wood, hemp, flax, bone, shells, and, to a lesser degree, metals, formed the objects of daily life. However,
the onset of the industrial era set in motion a relentless pursuit of better-performing materials, triggering a
decisive shift towards synthetic alternatives known for their strength and durability. While these innovations
have arguably improved the quality of life and fuelled economic growth, they have undeniably contributed to
our current, pressing environmental challenges, particularly in climate change, resource depletion, pollution,
and ecosystem destruction (IPCC, 2022).

The industrial sector alone is responsible for over 25% of annual global anthropogenic greenhouse gas
emissions, with the majority stemming from the production of basic synthetic materials such as iron, steel,
cement, plastics, chemicals, and non-ferrous metals like aluminium (Rissman et al., 2020; Hertwich, 2021;
IPCC, 2022). Plastics, in particular, present a significant challenge: 92% of global plastics production is at-
tributed to just seven groups of (semi-)synthetic polymers. Of all plastic waste, only 9% is recycled, while
12% is incinerated, and a staggering 79% is either landfilled or mismanaged, often ending up in unsanitary
landfills, open pits, or the ocean (Geyer et al., 2017; Ritchie et al., 2023).

The need for sustainable alternatives to these environmentally harmful materials is evident. However, to
encourage widespread adoption, these alternatives must match current materials’ mechanical performance
and cost-effectiveness. Developing such materials is a complex and open-ended challenge, but fortunately,
there is a well-established source of inspiration to guide us: Nature.

1.2. Mimicking Nature

Industry demands don't often overlap with those of plants and animals, which optimise for functions like
reproduction, nutrient transport, mobility, and signalling. In contrast, engineering settings typically push
low-cost and lightweight solutions. Yet, there are surprising parallels. For instance, in plants, mass represents
a metabolic investment, so evolutionary pressure favours structures that maximise stiffness and strength
whilst minimising weight (Wegst et al., 2015). Similarly, the limited availability of chemical building blocks
forces living organisms to develop innovative solutions using abundant elements, which tend to be cheap
(Hurd et al., 2012). Crucially, whereas human-made materials typically embody relatively simple microstruc-
tures, plants and animals have evolved multifunctional materials that combine strength, damage tolerance,
adaptability, self-healing ability, and low weight by harnessing complex interactions and structures spanning
multiple length scales (Meyers et al., 2013; Wegst et al., 2015; Libonati and Buehler, 2017). Ample research
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2 1. Introduction

demonstrates that replicating these intricate biological strategies can significantly advance material design
(Ball, 2001; Bhushan, 2009; Wegst et al., 2015).

This thesis seeks to pave the way for harnessing such complexity in biological systems to expand the capa-
bilities of sustainable materials. Specifically, materials that are both tough (resistant to fracture) and strong
(capable of bearing high loads before failure) are essential for safety-critical applications but remain chal-
lenging to replicate synthetically (Ritchie, 2011). This challenge has already been mastered by an unexpected
source in the animal kingdom, which serves as the muse of this thesis: the mollusc.

1.3. The structure of the molluscan shell

Certain molluscs, like oysters and abalone, produce shells with an inner nacreous layer, "mother-of-pearl”,
that is not only visually striking but has also captivated materials scientists for a remarkable reason: despite
being composed almost entirely (95 vol%) of ceramic material, the layer is both strong and tough under ten-
sion. To place into perspective, the toughness of pure aragonite is approximately 0.25 MPam'/2, while nacre
exhibits a toughness up to 10 MPam'/2: a 40-fold increase (Wegst et al., 2015). More impressively, the work
of fracture is 3000 times greater (Jackson et al., 1988). To understand the underlying mechanisms of this re-
markable behaviour, this section and the next briefly review the structure and mechanics of nacre, drawing
primarily from the reviews by Wang and Gupta (2011) and Wegst et al. (2015) unless otherwise stated.

a)

prismatic layer

periostracum

-
>

b) c)
Columnar nacre Sheet nacre
H N growtn Zone[ — = 1:1l I:l
| | [ | [ | | Il | |
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| I | | I Il
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] ] T ] ] ]

Figure 1.1: Schematic representation of the bivalve molluscan anatomy (a), the two stacking arrangements found in nacre: the highly
tessellated columnar nacre (b) and the randomly arranged sheet nacre (c). Adapted from Cartwright et al. (2009) and Schmieden (2019).

Depicted in fig. 1.1, nacre is composed of alternating layers of thick (200-900 nm) mineral tablets and a
thin (~30 nm) biopolymer matrix. These tablets, approximately 5-9 pm in diameter and polygonal in shape,
consist mainly of aragonite, a mineral form of calcium carbonate (CaCO3). When viewed from the side
(fig. 1.2a), they contain a degree of non-uniformity in thickness, with edges being slightly thicker than the
centre ("wavy" or "dovetail-like") in a highly conformal manner, i.e. remaining tightly stacked with adja-
cent layers (Barthelat et al., 2007; Espinosa et al., 2009). Early work using transmission electron microscopy
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1.4. Deformation and toughening mechanisms in nacre 3

suggested that the tablets are monocrystalline, but later work proved that they are composed of millions of
nanometre-sized (30—40 nm) grains bound together by a soft, amorphous biopolymer. Xie et al. (2010) and
Oaki and Imai (2005) have also identified nanolayered structures within the tablets themselves. Although not
completely understood, these nanograins and metalayers contribute to a tablet that is both more deformable
and stronger than monolithic aragonite (Wang and Gupta, 2011).

a)

Figure 1.2: Scanning electron micrographs of natural nacre showing conformal non-uniform thickness ("waviness") (a), and surface
asperities and mineral bridges (b). Scale bars in b are 200 nm. Adapted from Barthelat and Espinosa (2007).

The interlayer between tablets is filled mainly by the biopolymer matrix, which consists primarily of a
well-ordered network of fibrous f-chitin, a polysaccharide, alongside various proteins, predominantly gel-
like silk fibroin. However, the tablets are not smooth, and small mineral grains or "asperities’ 30-100 nm in di-
ameter and ~10 nm in amplitude cover the tablet surfaces randomly with a spacing in the order of 60-120 nm,
protruding into the interlayer and interposing with asperities of neighbouring tablets (fig. 1.2b). Some of
these asperities form direct connections, 'mineral bridges, 5-50 nm in diameter between adjacent tablets.
Crucially, this particular element of the microstructure forms the driving incentive of this thesis.

1.4. Deformation and toughening mechanisms in nacre

The structural arrangement described in section 1.3 gives rise to a captivating array of physical mechanisms.
Under a quasi-static predatory load, the mollusc shell experiences a bending moment. Since the nacreous
layer always exists under a harder, outside layer of prismatic calcite (fig. 1.1a), it is predominantly in tension
and yields before the outside layer fails in compression. A shift in the neutral axis occurs, leading to a higher
compressive stress in the prismatic layer and a higher tensile strain in the nacreous layer. This stress-strain
asymmetry results in a flexural strength that is compression-dominated rather than tension-dominated, as
typically expected for ceramics.

Early pioneering work by Currey (1977) showed that straining in nacre is accompanied by large-scale
whitening of the sample, which was later associated with scattering of light due to widespread separation
(dilatation’) between tablet ends. Later work showed that nacre indeed deforms primarily through shearing
of the biopolymer and tablet sliding, as opposed to, for example, elongation of the tablets (Jackson et al., 1988;
Sarikaya and Aksay, 1995; Wang et al., 2001).

The toughness of nacre, on the other hand, is driven by an impressive number of intrinsic and extrinsic
mechanisms working synergistically to prevent crack propagation. At an abstract level, nacre not only has
a high crack initiation toughness but also displays so-called "rising R-curve behaviour", i.e. its resistance to
fracture increases with increasing crack extension. This behaviour is critical for inhibiting crack propagation
as it means the material strengthens locally, drawing strain away from the crack.

The mechanisms behind this high and rising fracture resistance are a topic of extensive research but can
be distilled into three principles. First, at the micrometre scale, crack deflection at the matrix-tablet interface
leads to a highly tortuous crack path, requiring higher work of fracture to propagate. Second, behind the crack
tip, tablets and matrix material bridging the crack wake continue to provide traction, shielding the crack tip
from the applied load. Third, stress concentrations at the crack tip lead to the creation of a large "process
zone’ where widespread inelastic deformation occurs, dissipating much of the energy that would otherwise
go into propagating the main crack.

Various mechanisms have been proposed to explain the formation of this process zone, some of which
are depicted in fig. 1.3b. Essentially, for strain redistribution to occur, hardening must take place locally at
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4 1. Introduction

peak stress locations. The key component for this behaviour in nacre was suggested by Barthelat and Es-
pinosa (2007) and Barthelat et al. (2007): at large strains, the irregular thickness of the tablets causes physical
interlocking, transferring stress to adjacent, non-locked regions. This locking behaviour agrees well with ex-
perimental measurements of the distances tablets slide before significant hardening occurs.

Additionally, at a smaller scale, Wang et al. (2001) and Evans et al. (2001) propose that the interposing as-
perities on tablet surfaces hinder sliding and provide increasing strain resistance. Similarly, mineral bridges
formed between tablets require energy to break and subsequently function as additional asperities. At the
nanoscale, individual macromolecules of the organic matrix have been measured to extend with a sawtooth-
like force-extension curve, indicating the successive release of inter- and intramolecular interactions such as
folded domains, loops, or sacrificial bonds, and were found to be reversible (Smith et al., 1999). Lastly, the
nanograins comprising the tablets have been observed to rotate and deform, contributing to energy dissipa-
tion within the tablets themselves (Li et al., 2006).

a b c
Proteins + chitin ~30 nm grains Breaking of mineral bridges

wnfl el

Inelastic shearing resisted by nano-asperities

" - /,.'-VJ
d S0

Organic layer acting as viscoelastic glue

— gl

Tablet interlocking during sliding

—Pae F

Figure 1.3: Overview of the hierarchical structure and properties of nacre. Adapted from Wegst et al. (2015).

This vast array of mechanisms contributes to the remarkable behaviour of nacre in differing amounts.
However, other than tablet interlocking being the primary contributor to the rising toughness of nacre, the
extent to which the remaining mechanisms contribute remains unclear from literature. It should also be
noted that whereas much mechanical testing on nacre has been carried out in quasi-static conditions, under
high strain rates, which more closely resembles the natural loading conditions, nacre shows even superior
strength and toughness next to additional intra-tablet toughening mechanisms as demonstrated by Huang
etal. (2011). The balance between mechanisms may shift with increasing loading rates, meaning more minor
contributors should not be neglected. Future work may illuminate this and, more importantly, how to effec-
tively replicate them. For the purpose of this report, the current depth of understanding will suffice. Instead,
we shift our focus to the arduous efforts directed at replicating this complex behaviour.

1.5. Fabrication methods for synthetic nacre

Nacre’s impressive performance has provoked a vast amount of research directed at replicating its structure
using synthetic pathways, many aimed at finding combinations outperforming natural nacre using different
base components (Corni et al., 2012; Wang et al., 2012; Wegst et al., 2015). As a consequence, a multitude
of fabrication approaches has been reported in literature. In this section, those most promising from the
perspective of scalability, mechanical properties, and ability to reproduce nacre’s microstructure (Corni et
al.,, 2012; Wegst et al., 2015) are briefly summarised and exemplified to provide context and reference for
subsequent discussion. As a bare minimum, I consider only materials with layered microstructures in the
micrometre range, with additional preference for those showing other nacre-like features such as segmented
ceramic layers (i.e., tablets), surface asperities, and mineral bridges. For a more extensive description of
synthetic fabrication approaches for nacre, the reader is referred to the reviews by Corni et al. (2012) and
Wang et al. (2012). As far as I am aware, a more recent overview is not available at this time.
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1.5.1. Freeze-casting

From a microstructure perspective, freeze-casting or ’ice templation’ has been the most successful method
for replicating nacre (Corni et al., 2012). The process and its resulting microstructure are exemplified in
fig. 1.4. Developed by Deville et al. (2006), freeze casting involves freezing a ceramic suspension in a con-
trolled manner to produce homogeneous, layered, porous scaffolds with lamellae ranging between 1-200 um
in thickness. Specifically, as a suspension of ceramic particles freezes, the particles are expelled from the
growing ice crystals, concentrating in regions between them. Different microstructures can be obtained de-
pending on factors such as particle size, cooling conditions, and solvent, including some resembling nacre
(Deville, 2008). Freeze drying then removes the solvent, leaving only the ceramic scaffold, which can be infil-
trated to produce dense, layered composites.
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Figure 1.4: Schematic representation of freeze casting and resulting microstructure. Controlled, directional freezing (a) causes sus-
pended ceramic particles to be expelled from growing ice crystals (b), resulting in lamellar microstructures (c) with surface roughness
(d) resembling that of nacre. Scale bars are 300 um (c) and 10 um (d). Adapted from Wegst et al. (2015) (a-b) and Deville et al. (2006) (c-d).

Munch et al. (2008) used this method to produce a hybrid consisting of poly(methyl methacrylate) (PMMA)
and alumina (Al;O3). Mechanical properties vastly exceeding those of nacre were obtained: the composite
reached a flexural strength of approximately 200 MPa and fracture toughness exceeding 30 MPam'/?, compa-
rable to some aluminium alloys.

Bouville et al. (2014) froze a suspension containing alumina platelets, alumina nanoparticles, and glass-
phase precursors, causing the platelets to self-assemble into aligned structures with the nanoparticles and
precursors dispersed between them. Upon pressing and sintering, the glass precursor melts, and the porous
scaffold collapses, forming a dense (<2% void content) composite. Because of the high surface area and cur-
vature, the alumina nanoparticles sinter at lower temperatures than the platelets, forming mineral bridges
and surface asperities similar to those characteristic of nacre (Bouville et al., 2014). Despite being entirely
composed of ceramic material, the composite showed remarkable toughening and mechanical properties
with a flexural modulus of 290 GPa, a flexural strength of 470 MPa, and a fracture toughness (K;c) of
17.3MPam'/2.

Despite its relative success, freeze-casting has yet to achieve the characteristic waviness of nacre’s tablets,
a feature essential for its toughening behaviour. While advances in freeze-casting techniques may address
these challenges in the future (Shao et al., 2020), the high energy demands for freezing, vacuum drying, and
sintering involved make it unlikely to be either a cost-effective or environmentally sustainable process for
replicating nacre’s microstructure at an industrial scale (Launey et al., 2009).

1.5.2. Hot-press assisted slip casting

An alternative approach was introduced by Ekiz et al. (2009), who combined slip casting with hot-pressing
to produce nacre-like composites. This method, illustrated in fig. 1.5, enabled the fabrication of composites
containing up to 60 vol% inorganic content, with flexural stiffness and strength values ranging from 19-23 GPa
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and 133-155MPa, respectively, similar to those of natural nacre.
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Figure 1.5: Schematic representation of hot-press assisted slip casting. A mixture of a fluid phase (e.g. resin or precursor particles) and
platelets is poured into a die containing a porous mould (a), after which the contents are pressed, squeezing the excess fluid out of
the mixture and into the porous mould (b). The system is then heated to develop the matrix (i.e., cure the resin, sinter the precursor),
producing a dense, segmented, and layered composite (c). Own work based on illustrations from Ekiz et al. (2009) and Guner and
Dericioglu (2016).

Ferrand et al. (2015) used magnetic orientation during the casting process to align alumina platelets, fab-
ricating a range of heterogeneous composites with nacre-like characteristics. In addition to alumina/polymer
and alumina/metal combinations, they prepared a ceramic/ceramic slurry comprising alumina platelets,
alumina nanoparticles, and silica, akin to the method used by Bouville et al. (2014). After sintering under
pressure at 1500 °C', they achieved a dense composite with 95.5vol% alumina content, featuring both sur-
face asperities and bridges. This structure resulted in the highest mechanical performance observed in their
study, with a flexural strength of 650 MPa and a fracture toughness (Kjc) of 14 MPam'!/2. While this "bulk’
approach avoids freezing and vacuum drying, it compromises both shaping flexibility and microstructural
precision and still requires sintering to form mineral bridges and asperities.

1.5.3. Layer-by-layer deposition

In contrast, layer-by-layer deposition, or layer-by-layer (self-)assembly, provides much finer microstructural
control. The method enables fabricating thin layered films by sequentially adsorbing complementary multi-
valent molecules onto a substrate. Initially proposed by Iler (1966) and later pioneered by Decher et al. (1992)
and colleagues, the method was first based on electrostatic interactions between layers, as shown in fig. 1.6a,
but has since expanded to include various non-electrostatic interactions, such as coordination chemistry and
stereocomplexation (Borges and Mano, 2014). Deposition can be performed using well-established methods
such as dip-coating, spin-coating, spraying, and perfusion, allowing for highly controlled monolayer compo-
sitions (Wang et al., 2012).

Tang et al. (2003) employed this method to fabricate wavy, segmented layered composites resembling
nacre by stacking montmorillonite (MTM) clay nanoplatelets (0.9 nm thick) with poly(diallyldimethylammo-
nium chloride) (PDDA) as shown in fig. 1.6b, resulting in tensile strength and stiffness values of 106 MPa
and 11 GPa, respectively. Building on this, variations of MTM-based layer-by-layer assembled composites,
for example, using different polymers or cross-linking agents, have significantly enhanced tensile properties,
reaching strengths as high as 400 MPa and stiffness values up to 106 GPa as reported by Podsiadlo et al. (2007).
In a related approach, Bonderer et al. (2008, 2009) fabricated layered alumina/chitosan films with a 15% vol-
ume fraction, achieving tensile strength and stiffness values of 315 MPa and 9.6 GPa, respectively, at a fracture
strain of 21%.

Despite these impressive mechanical properties, current layer-by-layer approaches are limited by the sig-
nificant time required, often several minutes for each micro- or nanometre-thick layer, which remains a con-
siderable barrier to practical application.

1 Although the authors refer to this as "hot-pressing, sintering’ may be more accurate here, especially given the lower 150 °C temperature
used by Ekiz et al. (2009) for "hot-pressing’.
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Figure 1.6: Schematic representation of layer-by-layer deposition (a) and resulting microstructure (b). (Non-)electrostatic interactions
between multivalent molecules are leveraged to generate thin layered materials to achieve a certain function or microstructure. Adapted
from Borges and Mano (2014) and Tang et al. (2003).

1.5.4. Paper-making method

To address these scalability challenges, Walther et al. (2010a,b) developed nacre-like composites using a
method inspired by paper production, shown in fig. 1.7. In this approach, clay (MTM) nanoplatelets are dis-
persed in a dilute aqueous solution of polyvinyl alcohol (PVA), allowing the PVA to adsorb onto the platelets
in thin 1 nm layers. The platelets are then layered by vacuum filtration and dried at 80 °C to produce com-
pact composites with a 70% volume fraction. This method yielded a borate cross-linked composite with a
maximum Young’s modulus of 45.6 GPa and tensile strength of 248 MPa.
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Figure 1.7: Schematic representation of the paper-making approach of Walther et al. (2010a,b). A solution containing polymer-adsorbed
platelets (a) is centrifuged or sedimented, after which the excess polymer solution is decanted. The solution is further organised via
vacuum filtration (b) followed by drying at 80 °C to produce a dense composite (c). SEM image of resulting PVA/MTM composite (d) as
obtained by Walther et al. (2010b). Own work based on the description of Walther et al. (2010b).

This method strikes a balance between the simplicity of bulk approaches and the precision of layer-by-

layer techniques. However, it is constrained to flat or mildly curved samples, leaving the fabrication of larger,
more complex shapes a significant challenge.
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1.5.5. Other methods

In addition to the methods discussed so far, a few other techniques and single experiments are worth men-
tioning briefly. Despite the poor mechanical results reported by Almqyvist et al. (1999) and Chen et al. (2008),
centrifugation has demonstrated a very short production time while simultaneously achieving similar detail
as layer-by-layer deposition. Mechanical properties can be improved by decreasing the organic content (of
20vol%) or by using different materials (Corni et al., 2012). Extrusion and roll compaction, on the other hand,
a bulk method used by Wang et al. (2000), can partly reproduce the fracture mechanisms in nacre and ex-
hibited impressive mechanical properties with a bending strength of 750 MPa at a fracture toughness (Kj.) of
28.90 MPam!/2. So far Wang et al. (2000) seem to be the only group to publish on the method.

More recently, Gao et al. (2017) fabricated bulk artificial nacre by stacking nacre-like bushite/sodium algi-
nate thin films produced via an evaporation-induced self-assembly technique. Following binding of the lay-
ers with chitosan, cross-linking with Ca* ions, and hot-pressing at 80 °C and 100 MPa, a flexural strength up
to 267 MPa was achieved with corresponding stiffness and fracture toughness (Kj.) of 18.6 GPa and
1.9MPam!/?, respectively.

Similarly, Grossman et al. (2017, 2018) stacked discs of alumina platelets produced using a vacuum-
assisted magnetic alignment process, sintering under pressure, and infiltrating with epoxy. Maximum flex-
ural strength of the resulting composite exceeded 350 MPa at a corresponding stiffness of about 150 GPa
and toughness (Kj.) above 6 MPam!/2. Shortly after, Grossman et al. (2019) investigated the same material
stacked with polyethyleneimine (PEI) films in between, producing a laminate with alternating full-polymer
and nacre-like layers. In this case, flexural stiffness, strength, and fracture toughness (Kj.) values were about
100 GPa, 250 MPa, and 5-6 MPam!/?, respectively.

Zhao et al. (2020) developed a continuous shear-flow-induced alignment technique based on what they
refer to as the 'superspreading’ of liquid droplets containing alginate, graphene oxide nanosheets, clay nano-
platelets and carbon nanotubes onto a hydrogel substrate. After cross-linking the alginate with calcium, the
resulting thin films reached a remarkable strength of up to 1200 MPa and toughness up to 36.7 MJm ™3, more
than 20 times that of natural nacre. Although lamination is required to obtain 'bulk’ material, dropped the
tensile strength down to 518 MPa and toughness down to 3.3 MJm~2, the method still exceeds the strength
and toughness of nacre by factors of 4 and 2 respectively.

1.5.6. In summary

Despite the relatively successful results, each method described so far fails to demonstrate the complete com-
bination of nacre-like features, high mechanical properties, industrial scalability, environmental sustainabil-
ity, and shaping freedom. For many bulk approaches, there seems to be a trade-off between macroscopic
speed and microscopic control. All methods requiring sintering involve inherently high energy expenditures,
and layering techniques have remained limited to thin films or flat bulk samples.

1.6. To rule them all: additive manufacturing

Recently, additive manufacturing (AM) technologies have provided new opportunities for microstructure
control in bulk materials while retaining high production rates and offering unprecedented shape control
(Wegst et al., 2015; Feilden et al., 2017; Yang et al., 2018). AM'’s inherently low-energy, decentralised, and
highly scalable nature adds immense environmental and economic attractiveness, which may be leveraged
to combat the range of issues hampering the widespread adoption of previous methods. Among the AM
methods available, such as sub-um printing (Jang et al., 2013) and magnetic orientation in stereolithography
(Martin et al., 2015), direct ink writing (DIW) has presented itself as a strong candidate for replicating the
complex microstructure of nacre (Studart, 2016; Feilden et al., 2017).

Ilustrated in fig. 1.8, DIW or 'robocasting’ is a process involving the continuous extrusion of a viscoelastic
material through a syringe nozzle onto a large substrate or 'print bed’ (Feilden et al., 2017). In the context
of nacre mimicry, shear forces arising during extrusion can be leveraged to align particles in the extrusion
direction (inset, fig. 1.8), making it possible to produce filaments with controlled microstructures rapidly
(Feilden et al., 2017). Alternatively, magnetic fields have been used to align platelets during extrusion to
achieve the same goal (Kokkinis et al., 2015).

Feilden et al. (2017) used this method to additively manufacture or '3D-print’ a water-based Pluronic
F-127 hydrogel mixed with a 7:3 wt% ratio of alumina platelets and sub-micrometer alumina powder. Af-
ter drying, pressing at 300 MPa, burning out the hydrogel at 500 °C and sintering at 1550 °C, a preform with
a strength of 50 MPa was obtained. This preform was infiltrated with epoxy under vacuum, leading to an
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Figure 1.8: Schematic representation of direct ink writing or Tobocasting’. Inset depicting the shear-induced alignment of non-spherical
colloids such as platelets and fibres in the nozzle during extrusion. Own work.

anisotropic composite with a maximum (trans-filament) flexural strength of 202 MPa with corresponding
fracture toughness (K;.) and Young’s modulus of 3.0 MPam'/? and 99.1 GPa, respectively. Since then, as far as
I am aware, no other attempts have been made at producing nacre-like composites via DIW.

1.7. A key novel ingredient: bacteria

Whereas most studies have focused on trying to match the inorganic volume fraction and well-stacked "brick-
and-mortar’ microstructure of natural nacre, more recent work suggests that platelet interconnectivity plays a
more significant role in achieving high strength, stiffness, and toughness in nacre-mimetic materials (Naglieri
et al., 2015; Grossman et al., 2017; Gu et al., 2017; Grossman et al., 2018). So far, the formation of this in-
terconnectivity has required sintering under pressure and at temperatures close to the melting point of the
ceramic, thereby sacrificing energy efficiency and, in turn, environmental friendliness. To pave the way to-
wards sustainable, advanced ceramic composites, a new approach should ideally be devised to produce such
interconnectivity.

Biomineralisation is an excellent candidate for performing this task in milder conditions. By leveraging
enzyme-driven processes that are difficult to recreate artificially, mineral bridges may be synthesised in situ
using readily available and non-toxic raw materials (section 2.1). To demonstrate, recently, Spiesz et al. (2019)
produced layered calcium carbonate/polyglutamate (PGA) composites by alternately immersing a substrate
into a biomineralisation medium and a bath containing bacterially-produced PGA. The biomineralisation
medium contained Sporosarcina pasteurii bacteria that deposit calcium carbonate in the presence of urea
and calcium ions, after which the PGA binds to it. Repeating this 23 times yields a ~200 um thick, layered
composite. Later, Yu et al. (2021) fabricated mouldable bulk layered composites from a slurry of three bacteria
that respectively produce cellulose, PGA, and CaCOs. The size of CaCOj3 crystals was controlled by the PGA
and by varying the ratio of Ca?*:Mg?* ions. The mouldability of these composites was later leveraged by
Nettersheim (2022), who demonstrated that 3D-printing of the slurry is possible upon the introduction of
alginate as a shear-thinning agent. This also happened to improve mechanical properties.

Other than these examples, as far as this author is aware, no other attempts have been made at 3D-
printing nacre-like materials using bacteria as stiffening agents. Other 3D-printed materials have, however,
been stiffened in similar conditions. With some resemblance, Xin et al. (2021) SLA-printed cubic polymer
scaffolds from a tough resin and submerged them in a biomineralisation medium containing S. pasteurii,
which almost fully (>95%) filled the sparse cubic scaffold. By varying the architecture of the template scaf-
fold, layered polymer-ceramic composites were manufactured with specific strength and toughness similar
to natural nacre and the freeze-cast PMMA/Al, O3 composites obtained by Munch et al. (2008).

Hirsch et al. (2023) 3D-printed an alginate microgel containing gelatin-encapsulated S. pasteurii that,
upon immersion in a solution of CaCl,, urea, and yeast extract, is stiffened and strengthened via biomineral-
isation. Despite the poor resulting compressive strength of 3.5 MPa, the study provides useful insight into the
printing process and the behaviour of the bacteria. Similarly, Chen et al. (2022) performed direct ink writing
of a UV-cross-linkable hydrogel containing mineralising alkaline phosphatase enzymes, which upon submer-
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sion in a solution of Ca®* resulted in stiffening of the hydrogel. However, again, only mediocre mechanical
properties were achieved with tensile strength and stiffness of 3 MPa and 0.150 GPa, respectively.

An appealing prospect of using live bacteria mentioned by Nettersheim (2022) is that they can be re-
activated to make materials containing them self-healing. Self-healing nacre has been investigated in the
past by Du et al. (2019) using Diels-Alder chemistry, but the approach requires heating to trigger bond refor-
mation. Bacteria such as S. pasteurii are endospore-producing, meaning they assume a dormant state until
suitable conditions for revival arise. Increased nutrient availability in cracks can re-activate the bacteria, trig-
gering biomineralisation and subsequent crack healing as demonstrated for concrete by Jonkers et al. (2010).
Other spore-forming bacteria such as the PGA-producing B. Licheniformis, as used by Yu et al. (2021) and
Nettersheim (2022), could be leveraged to, for instance, make self-healing biopolymer matrices. As far as I
am aware, this topic remains largely unexplored.

Synthetic biology is evolving at an extraordinary pace, expanding our ability to engineer living systems for
human needs (Gilbert and Ellis, 2019; Rodrigo-Navarro et al., 2021). The concept of using living cells to pre-
cisely and sustainably manufacture entire structures and materials is quickly becoming a realistic prospect
(Gilbert and Ellis, 2019). It is crucial to bear in mind the vast control that may be possible in the future,
especially concerning the approach of this thesis.

1.8. Research definition

The ability of nacre to overcome the typical mutual exclusivity of strength and toughness via mostly well-
understood microstructural features provides a compelling incentive for mimicry. The simplicity, energy
efficiency, and shaping freedom by which direct ink writing enables the production of nacre-mimetic mi-
crostructures with minimal competition makes it an ideal manufacturing platform. Combined with the
largely unexplored potential of incorporating biomineralising bacteria into materials, especially in nacre-like
materials to replicate mineral bridges, a vast terrain of unanswered questions is opened up.

Given the demand for materials that offer similar or improved performance compared to synthetic ma-
terials but with significantly reduced environmental impact and comparable cost, a highly relevant research
gap exists in the junction of biomimicry, direct ink writing, and living materials. The central concept around
which this thesis revolves is therefore:

The application of biomineralising bacteria in nacre-mimetic materials fabricated by direct ink writing to
improve mechanical properties and provide unique material characteristics.

The term 'unique material characteristics’ is deliberately unspecific; it is warranted considering that this
approach has no prior reference and, therefore, that hypothesis generation is a driving incentive. The re-
search is guided by drawing specific objectives from this concept, given below.

Research objectives
The main research objective of this thesis is defined as:

To investigate the direct ink writing of a nacre-mimetic material incorporating biomineralising bacteria
by characterising the printing process, the bacterial activity, and the resulting material.

Further sub-objectives are specified as follows:

1. To determine a suitable ink formulation and corresponding printing condition for the direct
ink writing of biomineralised nacre-mimetic material,

2. To characterise the ink in terms of its printability, ability to produce nacre-resembling ma-
terial, and ability to support biomineralisation,

3. To determine how these results depend on the formulation,

4. To characterise the resulting material regarding its physical and mechanical properties and
link this back to ink formulation and bacterial activity.

Research questions
To satisfy the research objectives, the main research question to answer becomes:
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How can we print nacre-mimetic material incorporating biomineralising bacteria, and how do the ink
formulation and bacterial activity influence the printing process and resulting material?

This main question can be split into four further sub-questions of relevance:

1. How must an ink be formulated to achieve a microstructure resembling nacre via direct ink writing?
2. How do printing conditions affect printability and microstructure?

3. How do ink constituent quantities relate to bacterial activity, microstructure and the corresponding
mechanical behaviour?

In summary, this research aims to explore the integration of biomineralising bacteria into nacre-mimetic
materials using direct ink writing, providing a novel approach with the potential to address both material
performance and sustainability challenges. These formalised objectives and research questions set the stage
for the subsequent planning and execution of the project.

1.9. Project planning

The 100% Full Time Equivalent commitment level timeline, introduced as of September 2022, applies to this
thesis project. This assumes a nominal duration of 32 weeks that may extend up to 39 weeks to accommodate
interruptions such as holidays, illness, or other unforeseen reasons. To schedule the work into a feasible
timeline, first, a Work Breakdown Structure (WBS) was constructed, delineating the main experimental tasks
of this project into four work packages, including their dependencies and interrelations. The WBS can be
found in appendix A.1. Following this, a timeline was drafted aimed at 32 weeks, totalling 36 weeks when
including 4 weeks of pre-planned holidays and leaving 3 weeks of overhead. The timeline can be found in the
form of a Gantt chart in appendix A.2. A reflection on the timeline can be found in appendix A.3.

1.10. Report overview

This thesis document consists of six chapters. Following the current, chapter 2 covers the fundamental prin-
ciples of biomineralisation, rheology, shear-induced alignment, and the design of artificial nacre, providing
essential background for setting up experiments and interpreting results. The formulation, preparation, and
assessment of ink compositions via rheology and printing experiments are detailed in chapter 3. Chapter 4
covers the physicochemical characterisation of the printed material, including coupon geometry measure-
ment, microstructure determination via scanning electron microscopy (SEM), and mechanical testing via
4-point flexural tests. The findings of these chapters are percolated into a comprehensive discussion in chap-
ter 5, referencing back to the background and related literature. Finally, chapter 6 presents the conclusions,
answers the research questions, provides recommendations for future work, and reflects on the project’s sig-
nificance and future opportunities.
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Background

Moving from concept to practice requires some foundational knowledge of underlying principles and pro-
cesses, which is provided in this chapter. In particular, inducing and controlling biomineralisation requires
understanding its mechanism and the factors influencing it, described in section 2.1. In section 2.2, a brief
introduction is given to rheology, the branch of physics dealing with the deformation and flow of materials
and a vital asset to the assessment of inks used in direct ink writing. Closely related, section 2.3 introduces
the concept of shear-induced alignment of particles in colloidal inks. Finally, a summary of key design fac-
tors of nacre-mimetic materials identified from literature is given in section 2.4. These partly motivate the
methodology used in subsequent chapters.

2.1. Microbially-induced calcite precipitation

Certain microbes have been observed to trigger the formation of solid calcium carbonate (CaCO3) crystals
from a solution containing urea (CO(NH>)») and a calcium source (Anbu et al., 2016). Essentially, they induce
a local increase in pH, which triggers the spontaneous precipitation of calcium carbonate in the presence
of Ca?* and CO32~ due to a decrease in the solubility of the ions. This geo-biochemical process has been
coined as 'microbially-induced calcite precipitation’ (MICP). MICP can occur via various possible pathways
depending on the organism involved. Of particular relevance to this thesis is the ureolytic pathway. Here,
urease, an enzyme responsible for the hydrolysis of urea, causes the production of ammonia (NH3), which
raises pH. Chemically, the process proceeds as follows (DeJong et al., 2006; Anbu et al., 2016):

Urease

CO(NH3)2 + Ho O ——— NH>COOH + NH3 2.1)
The carbamic acid hydrolyses spontaneously into an additional mole of ammonia:
NH,COOH + H,0 — NHj3 + H,CO3 (2.2)
The two products, NH3 and H,CO3, exist in an equilibrium state:

H,CO; — HCO3~ +H" (2.3)
2NH; +2H,0 — 2NH,* +20H" (2.4)

The production of hydroxide ions (eq. (2.4)) increases the pH, which can shift the bicarbonate equilibrium
(eq. (2.3)), resulting in the formation of carbonate ions:

HCO3;™ +H" +20H™ — CO3%>~ +2H,0 (2.5)

In the presence of a calcium source, e.g. CaCly, calcium carbonate starts to precipitate spontaneously with
increasing rate up to pH 10 (Stocks-Fischer et al., 1999):

Ca’t +C03%~ — CaCO3 | (2.6)
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In addition, a locally high pH occurs near the cell due to the production of NH4*. Since the cell wall is nega-
tively charged, calcium ions accumulate, favouring local precipitation of CaCO3:

Ca®* + Cell — Cell-Ca%* 2.7
Cell-Ca®* + CO3%~ — Cell-CaCOs3 (2.8)

A schematic overview of the entire process is shown in fig. 2.1.

Particle

b 1

Bacteria Cell: Sporosarcina pasteurii
> NH, - CO - NH, + H,0 — 2NH, + CO,

// ' @8’ o® C?N‘
/
/

| (a2t attratcted

'+

|t Cell”
] 2NH, +2H,0 - 2NH! + 20H"
\ 2
AN ‘ CO, + OH™ — HCO;
N
S~ H,0

~—

~—— Ca’ +HCO; +OH — CaCO, + H,0

Figure 2.1: Schematic representation of microbially-induced calcite precipitation by S. pasteurii . Taken from DeJong et al. (2010).

A common choice for MICP is Sporosarcina pasteurii, a soil-borne, non-pathogenic, endospore-forming
bacterium with a high urease activity that can tolerate extreme conditions (Anbu et al., 2016; Hirsch et al,,
2023). This bacterium was selected for this thesis project for its commonality, biosafety, and availability in
the lab. Relevant to know then is how to identify MICP when it occurs. Many studies have shown that the
precipitate morphology can be identified in scanning electron microscopy as shown in fig. 2.2.

Figure 2.2: Scanning electron micrograph of typical MICP precipitate morphology obtained in urea- and calcium-rich medium contain-
inglive S. pasteurii cells at pH 9. Taken from Ghosh et al. (2019).

Critical for the experimental work here is knowing the various factors affecting the rate and yield of MICP
by S. pasteurii. These factors establish experimental boundaries and can allow MICP to be controlled to yield
the desired results. Intuitively, one would expect environmental factors such as temperature, pH, oxygen
availability, and nutrient concentrations to play the most important roles. Fortunately, S. pasteuriiis relatively
insensitive to temperature, demonstrating optimal conditions for MICP between 20-40 °C, with measurable
precipitation as low as 10 °C and as high as 50 °C (Okwadha and Li, 2010; Tang et al., 2020). Stocks-Fischer
et al. (1999) reveal that pH plays a decisive role in urease activity (fig. 2.3a) and thus in both chemical and
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microbial precipitation (fig. 2.3b). Note the lower solubility of calcite in the medium than in water, favouring
precipitation. The rate of MICP is relatively independent of the concentration of the calcium source as long
as it is available and much more strongly dependent on bacterial density (Stocks-Fischer et al., 1999; Tang
et al., 2020).
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Figure 2.3: Effects of pH on MICP as measured by Stocks-Fischer et al. (1999).

Regarding oxygen, growth and proliferation of S. pasteurii has been shown to severely reduce in anoxic
conditions as expected for aerobic bacteria (Seifan and Berenjian, 2018). Mortensen et al. (2011) show that
the activity of urease fortunately remains unhindered. These authors find that anaerobic cultures indicated
higher urease activity than oxic cultures over the same period. This finding is crucial in assuring that MICP
occurs inside printed material where oxygen diffusion is likely limited. However, this suggests a practical lim-
itation: sufficient bacteria must be present in the ink beforehand to trigger widespread MICP, as a minimum
amount is not likely to spread to saturate the material. This aspect will be discussed later in the report.

The attentive reader may note the similar total yields for MICP and chemical precipitation in fig. 2.3b,
sparking the question of why one would prefer MICP. After all, the conditions required for S. pasteurii to
function may be detrimental to material strength and may be avoidable using chemical methods. The key
difference here lies in the fact that whereas chemical precipitation happens almost instantaneously and oc-
curs primarily in the free fluid, MICP can be precisely controlled in terms of timing, rate, morphology, and
distribution by controlling the behaviour of the bacteria. MICP also tends towards nucleation at particle
surfaces over free precipitation (DeJong et al., 2010), and it has been possible to produce nanometre-sized
crystals (Ghosh et al., 2019). These aspects are central to the goal of replicating the inter-platelet microstruc-
tural features in nacre, especially the mineral bridges found to be crucial for mechanical strength in synthetic
replicates (Naglieri et al., 2015; Grossman et al., 2017; Gu et al., 2017; Grossman et al., 2018).

Finally, both the presence of certain polymers and the addition of magnesium ions into the biomineral-
isation medium have been shown to reduce precipitate sizes, which may be leveraged to tune morphology
(Davis et al., 2000; Tsortos and Nancollas, 2002; Yu et al., 2021).

2.2. Rheology

An indispensable analytical concept used extensively throughout this thesis is rheology, the branch of physics
describing matter that exhibits both solid-like elastic behaviour and fluid-like viscous behaviour, known as
viscoelasticity. Inks used in DIW fall strongly within this category: they must flow smoothly through a noz-
zle without clogging (fluid-like behaviour) yet retain their shape and support themselves once deposited
(solid-like behaviour). This variable behaviour is made possible by shear-dependent structural changes at
the molecular scale that facilitate flow under shear, i.e. a shear-thinning behaviour.

The properties of inks for DIW are often characterised by measuring their response to oscillatory shear. In
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such measurements, there is a delay, a phase difference, between the applied strain and the resulting stress
response as a result of having both a component proportional to instantaneous shear and a component pro-
portional to shear rate, the derivative of shear, delayed by exactly 90°. The combination gives a phase delay
6 between 0-90°. The ratio of the shear strain amplitude y, and the resulting shear stress amplitude 7, gives
the magnitude of the resistance to shear, the complex modulus, G*:

G =12 2.9)
Ya

This modulus is decomposed into the elastic and viscous components using the phase delay:

G' =G*cosd (2.10)
G"=G"siné (2.11)

Yielding G', the storage modulus, which represents the deformation energy stored, and G”, the loss modulus,
representing the deformation energy dissipated during flow. Note that the value of G’ in the linear region
at low shear strain is equivalent to the elastic shear modulus G of solid materials (del-Mazo-Barbara and
Ginebra, 2021).

One of the key aspects in direct ink writing rheology is that the ink must satisfy two requirements (Smay
et al., 2002; Feilden et al., 2016, 2017). First, shear thinning behaviour is required, i.e. the viscosity n = t/y
of the ink must decrease with increasing shear stress. Second, a storage modulus at rest or ’stiffness’ greater
than 10 kPa is required, in addition to a yield point greater than 50 Pa, so that the filaments retain their shape
upon deposition. Both of these aspects are defined in fig. 2.4. Given the relevance to understanding the inks
formulated in this thesis, these plots are provided in abundance throughout this report.
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Figure 2.4: Example rheological plots demonstrating shear thinning in a so-called 'flow sweep’ plot (a) and measurement of stiffness and
yield point in an "amplitude sweep’ plot (b).

2.3. Shear-induced alignment in direct ink writing

A specific rheology-related phenomenon, also critical to the work of this thesis, is that of shear-induced align-
ment. As explained by Feilden et al. (2017), a small, non-spherical colloid such as a short fibre or platelet,
when placed in radially-aligned fashion in a flow containing a velocity gradient, experiences a torque as de-
picted in fig. 2.5. As the colloid aligns length-wise with the flow, the torque diminishes, leading to a general
preference towards the flow-aligned state. In this state, colloids are also able to pack more densely, possi-
bly constraining their movement and stabilising the stacked orientation. This stacked alignment typically
facilitates shear thinning in colloidal suspensions (Anton Paar, 2024).

The phenomenon can be leveraged to align platelets in the direction of printing in DIW. In that case, a
radial velocity gradient forms in the nozzle as a result of the zero flow velocity (no-slip) condition at the solid
nozzle wall in combination with a non-zero flow velocity in the centre, allowing facile assembly of nacre-like
filaments as demonstrated by Feilden et al. (2017).

Feilden et al. (2017) estimated the velocity profile and compared this to SEM cross-sections of printed
filaments to predict and quantify the alignment of platelets. According to the authors, the rheology of a paste
used for DIW can be appropriately described by the Herschel-Bulkley model (Herschel and Bulkley, 1926):

T=1,+Ky" (2.12)
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Figure 2.5: Detailed illustration of the shear-induced alignment mechanism.

Here, K is the consistency parameter describing the general 'thickness’ of the fluid, and »n is the 'flow be-
haviour index’, which gives shear thinning behaviour for values less than unity. Assuming a uniform channel
with a circular cross-section and applying eq. (2.12) to the Navier-Stokes equations, the velocity profile can
be estimated as follows (Peker and Helvaci, 2008):

1
1 ) n
K
where R is the total radius of the channel and 7,, the wall shear stress, which is calculated from the pressure
drop AP across the length of the nozzle:

Bl (ToT el
(Tw—1y) " —(T—Ty

nR

vir) = Twn+1)

(2.13)

RAP
Tw=—— (2.14)
2L

Where L is the length of the nozzle. Differentiating gives the radial velocity gradient, which is a measure for
the rate of shear alignment (Feilden et al., 2017):

dvi(r) _(1)2

s = (T_W_Ty)'l’] (2.15)

R

The results obtained by Feilden et al. (2017) are compiled in fig. 2.6.

Using these approximations, the authors find a proportional relation between the extent of platelet align-
ment and shear rates in the nozzle. They quantify this extent via a 'relative core radius’, the ratio between the
effective diameter of the misaligned core (determined via SEM) over the total filament diameter, with smaller
ratios meaning a higher proportion of aligned platelets. This implies that alignment occurs radially inwards,
which agrees with the expectation that it should occur fastest where the velocity gradient is highest (at the
nozzle wall). In addition, the relative core radius was found to be independent of nozzle diameter (except
for very small nozzles), and to decrease for increasing nozzle lengths. This implies that alignment has not
reached equilibrium within the nozzle or that complete alignment is impossible.

The authors suggest that a given nozzle length represents a certain point in time in reaching equilibrium
as overlaid in fig. 2.6f. Notably, the shape of the velocity profile and the time evolution of the core radius imply
a convergence towards a non-zero value, intuitively, the span of r/R where dV/dr = 0. More data would be
necessary to confirm this. This point is revisited in chapter 5.

2.4. Design principles of artificial nacre

The point of shear-induced alignment is to replicate nacre’s layered microstructure, which is a subset of the

larger aim of mimicking nacre’s toughening behaviour as described in section 1.4. To understand which geo-

metric factors govern the replication of these mechanisms, guidelines from literature are summarised below.
Briefly, based on the analyses of Currey (1977) and Glavinchevski and Piggott (1973), the ultimate tensile

strength o, of a nacre-like hybrid material, assuming a matrix yield shear strength smaller than the matrix-

platelet interfacial strength (7; > 7,), can be estimated using (Bonderer et al., 2008):

oc=aVpop+(1-Vp)on (2.16)

Here, V), is the platelet volume fraction, ¢, and g, the tensile strengths of the platelet and matrix, respec-
tively, and a a factor based on the platelet aspect ratio s, the matrix yield shear strength 7,, and ¢,. The
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Figure 2.6: Filament micrographs and degrees of shear-induced alignment observed by Feilden et al. (2017) (a-e) and comparison to
theoretical velocity distribution (f). Scale bars (a-c) are 30 um.

calculation of ¢ depends on the failure mode, which is governed by the aspect ratio of the platelets. A certain
threshold value s, indicates this failure mode and is defined by

o
so= 2P (2.17)
Ty
For s > s., the platelets fail before the matrix yields, leading to brittle behaviour, for which « is given by:
9p

a=1- (2.18)

2Tys
For aspect ratios giving s < s, the opposite occurs, allowing for the primary toughening mechanisms to take
place as described in section 1.4. The value of «a is then given by:
TyS

a= 2.19
70, (2.19)

In the case that the interface strength 7; is smaller than the matrix yield shear strength (7; < 7,), T, must be
replaced by 7; in eqgs. (2.18) and (2.19). The platelets found in natural nacre, unsurprisingly, result in a value
of s slightly lower than s. (Currey, 1977). In addition to this criterion, Barthelat et al. (2007) provide 7 design
guidelines for mimicking nacre’s toughening behaviour:
1. Tablets should be stiff and have high tensile strength;
2. Interface should be much softer and more deformable than the tablets;
3. Interface should have high compressive stiffness and high compressive strength in out-of-plane direc-
tion
4. Tablets should be as thin as possible while avoiding tablet failure before sliding;
5. Tablets should be wavy in a dovetail-like fashion to generate the locking mechanism;
6. Tablet core area, interface tensile strength and tablet waviness should be finely tuned to maximise
strength. Mineral bridges may aid in providing the required tensile strength in the core area.

Keeping these criteria in mind throughout the rest of this work provides a helpful perspective, especially
when considering the results. A reflection of these points in the context of these results report is given in
chapter 5.
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Ink formulation

Building on the motivation and context outlined in chapters 1 and 2, this chapter addresses the first research
objective: formulating and characterising an ink suitable for direct ink writing. The exploratory and iterative
nature of ink formulation drives a trial-result-repeat structure consisting of three sections. Section 3.1 de-
tails the methods and results obtained for a preliminary composition based on readily available materials. In
section 3.2, we move to a composition more representative of nacre and aligned with related research. This
composition introduced challenges regarding rheology and printability, prompting a parametric study to un-
derstand its behaviour. The resulting improved ink formulation, discussed in section 3.3, serves as the basis
for physicochemical characterisation in the following chapter.

The scope of the experimental work was narrowed by making some fundamental choices that shape the
formulation approach. First, the ink formulation contains all final material, i.e. the printing process is a
single-step extrusion of a suspension containing all mechanical elements. No material additions such as
through vacuum infusion as used in the study by Feilden et al. (2017) are performed after printing. Second,
for MICP to occur in situ, water is used as a solvent, and the necessary feedstocks for the bacteria are dis-
solved within it. Third, to obtain dry ceramic/polymer proportions close to that of nacre (95:5, respectively),
a roughly similar ratio is taken as guideline. Last, solid fraction is maximised where possible to minimise
shrinkage on solvent evaporation.

3.1. Preliminary: phyllosilicates and powdered chitosan

A preliminary formulation was composed using the above-stated constraints and readily available compounds
in the laboratory. The same phyllosilicate (PS) mineral platelets used by Kriiger (2022) to form a scaffold for

bacterial cellulose production were used. The polymer, chitosan, was selected due to its commonality in

nacre research (section 1.5), its resemblance to chitin (the biopolymer found in natural nacre), and its effi-

cacy in past DIW experiments.

3.1.1. Methods

The preliminary ink was prepared by mixing the base components and media and inoculating the mixture
with bacteria. Printing experiments were performed to generate samples and assess printability, followed by
parallel plate rheology and scanning electron microscopy to observe microstructure and bacterial activity.

Preparation

First, powdered chitosan (PC) was mixed into 3.5 g of 1 wt% acetic acid solution and dissolved under vigorous
manual stirring with a metal spatula and heating at 60 °C. Once dissolved, PS platelets were added in steps of
1g, then homogenised by stirring manually until a viscosity deemed suitable by the eye was achieved. To this
mix, 0.5g of 8x concentrated biomineralisation (BM) medium was added containing 80 gl~! tryptone/pep-
tone, 40gl™! yeast extract, and 80gl~! ammonium chloride, forming the main feedstocks for growth and
proliferation. 120 mg of urea and 9 mg of calcium chloride dihydrate were added to allow MICP. The ink was
then re-homogenised by speed mixing for 5 min at 3500 RPM. Finally, 70 ul of S. pasteurii glycerol stock stored
in a freezer was melted and gently mixed into the ink using a glass stirring rod.
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20 3. Ink formulation

Immediately after inoculating, the ink was placed into a 20 ml luer lock syringe by removing the plunger,
sealing with a luer cap and transferring the ink using a metal spatula. Centrifuging for approximately 1 min at
1000 rcf ensures the ink is pushed towards the tip and helps remove gas bubbles. The plunger is then moved
back in using a long syringe needle to bypass the seal.

Assessing printability

Printability was assessed directly by printing rasters onto a microscope slide. Such rasters are commonly used
to visually identify the defects customary of direct ink writing, such as (i) insufficient shape retention, (ii) cor-
ner rounding, (iii) filament sag, and (iv) slumping of the entire part (M’Barki et al., 2017; del-Mazo-Barbara
and Ginebra, 2021). A syringe containing freshly prepared ink was fitted with an 18 ga (1.2 mm diameter) ta-
pered nozzle and loaded into an Ultimaker UM2+ printer modified with a custom syringe extruder, as shown
in fig. 3.1. The printer was instructed using a readily-available . gcode (appendix A.4) suited to this particular
printer and nozzle type.

¥

h N
el

Figure 3.1: Ultimaker UM2+ printer fitted with custom syringe extruder for preliminary printing experiments.

Rheology

Two relevant predictors of printability are the yield shear stress 7, and the stiffness at rest G' as described
in section 2.2. These quantities were evaluated via amplitude and flow sweep curves. Samples were anal-
ysed using a rheometer housing serrated parallel plates 20 mm in diameter. These serrations help minimise
wall slip, which is common for ceramic-loaded hydrogels (del-Mazo-Barbara and Ginebra, 2021). The same
approach is generally used throughout this thesis: a 10 ml syringe containing the relevant ink is prepared in
advance. The serrated plates are placed into the rheometer, and the inertia is re-calibrated. A small excess of
ink (approx. 0.8 ml) is pushed onto the bottom serrated plate, after which the gap size is set to 1 mm and the
excess trimmed off the circumference using a small spatula. To limit drying, which was found to be signifi-
cant (fig. C.2), silicone oil is dripped over the circumference of the top plate and allowed to run down over the
exposed sample edges, creating a barrier against moisture loss'. The process is shown in fig. 3.2.

deally a solvent trap should be used, but this equipment was not available. Dutto et al. (2025) use the same method.
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Figure 3.2: Sample preparation for rheological analysis. A small excess is added to the bottom plate (a), after which the gap size is set (b),
and the excess is trimmed off (c). The exposed surface is covered with silicone oil to reduce drying (d). Scale bars are 20 mm (at the focal
point).

Amplitude sweeps were carried out at ~20 °C in a stress-controlled ramp from 10 Pa to ~3000 Pa with ap-
proximately 15 points per decade, using a frequency of 1 Hz. The test is stopped manually after clear yielding.
Flow sweep were carried out as 30 s linear ramps from 0.1-100s~!, sampled every 0.3 s.

The ink yield shear stress 7, is then determined from the stress 7 at which the phase lag § first exceeds
45°. A lower limit of ~2 Pa is set to avoid false positives caused by noise at low shear stresses. This definition
was found to be most suitable amongst other methods; the modulus crossover point is not adequate as some
inks do not experience this crossover even after large viscosity drops associated with yielding, whereas the
point of significant viscosity drop is difficult to establish for low viscosity inks.

Assessing bacterial activity and microstructure

To allow bacterial proliferation and MICB, a raster printed in section 3.1.1 was incubated for 12h at 27°Cin a
humidified Petri dish. The duration is based on the time required to achieve a majority (~60 %) of maximum
precipitate yield in liquid media (Stocks-Fischer et al., 1999). While the precipitation rate is likely lower for
highly viscous suspensions, where nutrient diffusion is reduced, this duration serves as an initial reference.
After incubation, the sample was removed and air dried for 24 h, followed by freeze-drying by submerging in
liquid nitrogen until boiling seizes and placement under vacuum (0.2 mbar) overnight. Upon removal, the
sample was broken in half using tweezers and sputter coated in a sample holder using chromium (thickness
~5nm) and placed in SEM. Imaging was performed at an acceleration voltage of 5kV using the lower sec-
ondary electron detector (LEI) at different working distances in both low (LM) and high (SEM) magnification
modes.

3.1.2. Results and discussion
This subsection presents the results of printability, rheology, and bacterial activity assessments for the PS/PC
ink.

Printability

To begin, fig. 3.3 demonstrates the raster print obtained after direct ink writing the PS/PC ink. This prelimi-
nary composition demonstrates superb printability: filaments retain their shape and are not affected by the
short overhangs, and other than some slight outwards sag observed for the bottom layers, the samples main-
tained their cubic shape over time. These positive results mean that high-fidelity coupons and filaments can
be printed for characterisation.
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Figure 3.3: Print results of preliminary ink formulation demonstrating excellent printability. Two samples are printed using an 18 ga
tapered nozzle, one viewed from the front (a), and another from the top (b).

Rheology

The resulting stress amplitude sweep and flow sweep curves for the phyllosilicate/chitosan ink are shown
in fig. 3.4. Interestingly, despite the excellent printability, the storage modulus at rest does not satisfy the
minimum set by Feilden et al. (2017), and shear thinning is observed only for the region y >2 Pa. Note that
from rest to extrusion speeds (~65s~1), the change in viscosity is still negative.
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Figure 3.4: Results of rheological measurements performed on the phyllosilicate/chitosan ink showing only partial satisfaction of the
rheological requirements set by Feilden et al. (2017) despite demonstrating excellent printability.

Bacterial activity and microstructure

Bacterial activity within the printed and incubated raster grid was qualitatively assessed through SEM by
examining the filament microstructure to identify crystal formations and rod-shaped bacterial structures
comparable to those in fig. 2.2. Additionally, the filament microstructure can be qualitatively assessed. The
resulting micrographs are shown in fig. 3.5.
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Figure 3.5: False-coloured SEM images of a freeze-dried sample printed using preliminary ink formulation. Cross-section of top-layer
filament (a), CaCO3 deposits (yellow) on the print surface highlighted by the arrows (b), close-up of filament cross-section (c), and
close-ups of two marked CaCO3 deposits (d-e). Scale bars are 500 um (a), 100 um (b), and 5um (c-e).

Observing fig. 3.5, the overall filament structure (fig. 3.5a) appears to be well-compacted, that is, despite
a significant water content of 53 wt% that is removed during freeze drying, no large void content or porosity
is immediately apparent. At smaller scales (fig. 3.5b-e), porosity becomes visible at the junctions between
filaments and between platelets. Filament internal structures are disordered with no clear sign of platelet
alignment, although this can be expected considering the low nozzle aspect ratio used.

More importantly, on the print surface, distinct sphere-like deposits are visible. These are in the expected
size range of S. pasteurii (1-10 um) and resemble the typical morphology of vaterite grown via MICP, thereby
presenting clear evidence of bacterial activity. Such deposits could not be distinguished within filament inte-
riors. These observations are further addressed in section 3.1.3.

3.1.3. Increasing bacterial activity

The most apparent reason for the lack of precipitation or bacteria observed in the filament interiors is the
lack of oxygen, limiting the growth and proliferation of S. pasteurii as described in chapter 2. However, other
phenomena could lead to the same observation: (i) the topology of the internal microstructure can hinder
precipitation or the ease at which it may be visually identified within the disordered filament structure, (ii)
bacterial content may be too low, as a result of insufficient starting concentration, (iii) bacterial proliferation
still be possible but limited by a factor other than oxygen concentration, (iv) bacterial distribution may be
insufficiently homogeneous, leading to regions of high deposition (e.g. fig. 3.5b) and regions without, and
(v) the preparation or the printing process may significantly reduce cell viability due to aggressive changes in
pH, osmotic shock, or excessive shear.

The topological constraining, mobility of the bacteria and the diffusion rate of nutrients and oxygen are
two factors inherent to this approach and, therefore, cannot be alleviated. However, the starting concentra-
tions of both the bacteria and the nutrients can be increased, and homogeneity can be improved by mixing
for longer durations or speed mixing. However, the latter may introduce excessive shear forces and should
thus be carried out at low speeds. MICP may still occur at zero viability since the urease enzyme responsible
for MICP remains present. Similarly, the arguments in (v) are presumed to be a lesser factor since S. pasteurii
is highly resilient to extreme conditions (Anbu et al., 2016). Assuming sufficient nutrient content, three cases
are possible for the low occurrence of MICP: (i) In the case of adequate cell density but insufficient viability,
MICP should still be observable as long as the urease remains. (ii) In the case of low cell density but high
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viability, bacteria will proliferate to induce MICP. (iii) In the case of low cell density and low viability, no MICP
will be observed, but this can be ameliorated by increasing cell density. Therefore, in all three cases, MICP
should be achievable by ensuring sufficiently high bacterial density.

As aresult, the ink was resynthesised with increased bacterial density. Calcium content was also increased
due to a mistakenly low (albeit sufficient) concentration. Urea and CaCl, - 2H,0 were added in solution rather
than directly as a solid to improve homogeneity. Bacterial volume was increased simply by increasing the
amount of glycerol stock from 70 uL to 1 mL. The change in the solid fraction was compensated by increasing
the platelet volume fraction until printability reached satisfaction.

Samples printed using this formulation were placed under SEM, but no bacteria were found within the
filament. As such, another ink was prepared with a greater step in bacterial density: first, 20 uL of S. pasteurii
glycerol stock was added to 250 ml of fresh growth medium and incubated for 48 h. Upon removal, 50 mL of
the inoculum was centrifuged at 6000 rcf for 10 min, after which the supernatant was decanted until ~5 mL of
medium remained, representing a 10-fold concentration. The pellet was resuspended by vigorous shaking,
after which 1 mL of this inoculate was added to the ink instead of the glycerol stock.

Remarkably, the ink was not printable because it solidified within 10 min after adding the inoculum, turn-
ing into a crumbly, rubbery texture. Crucially, this is linked to pH change, a detail not appreciated in this
experiment but which shall be returned to in chapter 5. Nevertheless, to allow a more extended time window
for printing, the growth medium inoculum was reduced to base concentration (1-fold). The resulting ink re-
mained unprintable, clogging the nozzle within 10 min after starting printing. Finally, diluting the inoculate
to 0.5x allowed a sample to be printed. Note that this ink still solidified after 30 to 90 minutes.

Following incubation for 96 hours, placing these 0.5x inoculated samples under SEM revealed no distinct
minerals inside filaments. However, it showed an increase in mineral crystal size and spatial density on the
surface as shown in fig. 3.6a, in addition to a large number of flattened, rod-shaped elements covering the
entire print, shown in fig. 3.6b. These rod-shaped elements are presumed to be bacteria flattened during
drying or otherwise. Note that the mineral crystals resemble a different polymorph of calcium carbonate,
calcite, recognisable by the cube-like crystals and associated with a higher metabolic activity of S. pasteurii
(Saracho et al., 2020).

Figure 3.6: False-coloured SEM images of a sample obtained from the second ink formulation containing 1 mL of concentrated inoculate,
showing large calcite deposits (yellow) (a) and surface extensively covered in flattened, rod-like elements resembling bacteria (purple,
only a number have been coloured) (b). Scale bars are 100 um (a) and 10 um (b).

Compared to The density of mineral deposits, the density of bacteria observed in fig. 3.6 implies that
many bacterial cells in the ink are either unviable or inactive. Whether this is the cause of toxicity, mechan-
ical death, cellular processes, nutrient unavailability, or otherwise remains unclear. The lack of precipitates
observed within the filament suggests that MICP either does not occur or cannot be identified using the cur-
rent qualitative assessment via SEM. Nevertheless, the extensive outside coverage may noticeably impact
material properties. As a result, we move to the next stage. The resulting composition and accompanying
preparation protocol can be found table 3.1 and appendix C.1, respectively.
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Table 3.1: Preliminary ink formulation containing 40.4 wt% phyllosilicate platelets. The concentrations in the fourth column are relative
to the water content in the bottom row. S. pasteurii was added as 1 mL of 0.5x diluted growth medium inoculum.

Substance Quantity (mg) Wetwt% Wetvol% Concentration
Silicate platelets 20,000 40.4 20.4 -

Chitosan; powdered (PC) 750 1.53 2.07 27.6 mgml!
Acetic acid 250 0.51 0.66 153  mmoll™!
Tryptone/peptone 120 0.24 0.68 4.5 mgml~!
Yeast extract 60 0.12 0.33 22  mgml!
Ammonium chloride 120 0.24 0.22 82.9 mmoll™!
Urea 600 1.22 1.25 374  mmoll™!
Calcium chloride dihydrate 441 0.90 0.66 112 mmoll™!
Water 26,732 54.9 73.7 -

Total 49,541

3.2. Nacre-inspired: alumina and high molecular weight chitosan

Despite obtaining a printing and biomineralising composition using PS/PC, practical changes to the experi-
mental approach were necessary. First, the phyllosilicate platelets were not believed to be representative of
the microstructure and deformation behaviour of nacre. To explain, mica and kaolin, the constituent phyl-
losilicate minerals, consist of sheet-like molecular structures that stack in a layered fashion, bonded weakly
by potassium ions and hydrogen bonding (Kumari and Mohan, 2021). Critically, this weak bonding facili-
tates sliding under shear when wet, causing the bulk platelet to deform as a whole rather than forming a
stiff, high-strength backbone that promotes deformation through shearing of the polymer matrix. Conse-
quently, I suspect that the deformation during extrusion is dominated by crystal sheet sliding rather than by
bulk platelet movement (which allows alignment) and polymer shear. With this motivation, PS platelets were
replaced by stronger, stiffer alumina (Al,O3) platelets, which also happen to be more commonly used across
the techniques covered in section 1.5. SEM images comparing the platelets are shown fig. 3.7.

Figure 3.7: Scanning electron micrographs depicting geometrical differences between platelet types. Phyllosilicate platelets (a), consist-
ing of clay-like mica and kaolin, are made up of sheet-like structures of repeating [Siz;,05,]2"~ anions bridged by metal cations and
hydrogen bonds. Scale unknown, platelet diameter in the order of 25 um (Merck KGaA, 2019). Stiffer and stronger alumina platelets (b)
with slightly more defined polygonal shapes. Scale bar 10 um. Image courtesy of N.S. Guevara-Sotelo. Natural nacre from the Chinese
pond mussel (Sinanodonta woodiana) (c), taken from Kalesaran and Lumenta (2021). Scale bar 1 pm.

A second change in approach was, unfortunately, of purely practical motive. Because the quantities of
remaining powdered chitosan were insufficient, and because this particular type could not be re-ordered, the
powdered chitosan (PC) was replaced by a high-molecular-weight chitosan (HMWC) variant from a different
supplier. The effect of this change was evident and is considered later in this section.

3.2.1. Methods

Generally, the same methodology was used as for preparing and assessing the preliminary ink. Here, only
deviations from it are stated. In particular, since alumina has a higher density (3.99 gcm™3) than mica/kaolin
(~2.7 gcm™3), the weight fraction was adjusted to match the volume fraction by increasing platelet content. A
newer, slightly more user-friendly Creality Ender-3 V2 printer housing similar modifications to the extrusion
module replaced the UM2+, depicted in fig. 3.8. The short, tapered 18 ga nozzle was replaced by a 38.1 mm
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length, 0.508 mm diameter steel straight-barrel nozzle, matching roughly in aspect ratio (74.7) the longest
nozzle used by Feilden et al. (2017) (61.0). This high aspect ratio ensures that printing occurs in a regime
where shear forces are likely relevant. Tailored . gcode instructions were generated using a parametric script
created using the Python FullControl package. The script can be found via appendix A.4. A test print was con-
ducted using the PS/PC ink to confirm that the modifications affect results, yielding no qualitative difference.

Custom extruder block Linear motor

Linear bearing

Figure 3.8: Creality Ender-3 V2 with custom print module for direct ink writing. Build plate is 235 x 235 mm.

3.2.2. Results and discussion
This subsection assesses the printability and rheology results of the Al,O3/HMWC ink for the same volume-
wise composition as the PS/PC ink.

Printability
A raster 17 x 17 nozzle diameters in size (approx. 8.7 x 8.7 mm), was printed as previously (fig. 3.9). The result
is shown in fig. 3.10.

Figure 3.10: Raster print result for AlpO3/HMWC mixture using the
Figure 3.9: Model of raster print as generated using the FullControl same volume-wise composition as the PS/PC mixture, showing sig-
package showing primer or 'lead-in’ lines followed by a cubic grid nificantly reduced print fidelity. 50 % print speed (500 mm/ min).
structure. Image size is approximately 10 x 10 mm.

Surprisingly, the Al,O3/HMWC ink demonstrates strongly reduced printability compared to the PS/PC
ink. Since the process and volume-wise composition have essentially remained the same, the difference must
be related to drastic changes in rheological behaviour at the molecular scale. A more in-depth discussion of
the possible factors is made in chapter 5.
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3.2.3. Rheology

Amplitude sweep and flow sweep curves, shown in fig. 3.11, support the reduction in printability. First, a
significant decrease in storage modulus and yield point is observed. § > 45° for the entire measurement
range, meaning that the ink is fluid at rest. Second, a different shear thinning response is observed, having
a less pronounced drop than for PS/PC ink, although an approximately similar magnitude change occurs
across the measurement range. Note that this measurement range matches roughly the change in mean
shear rate from rest to those expected during printing (~65s71).
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(a) Oscillatory stress amplitude sweep for the AlO3/HMWC ink and com-
parison to PS/PC ink. Gap size 1 mm, sealed with silicone oil.

(b) Shear rate sweep for the Al, O3 /HMWC ink and comparison to PS/PC ink.
Gap size 1 mm, sealed with silicone oil.

Figure 3.11: Rheology of Al;O3/high molecular weight chitosan (HMWC) ink compared to phyllosilicate/powdered chitosan (PS/PC)
ink.

3.2.4. Exploring compositional changes

Improving an ink formulation can be as simple as altering constituent balance, such as platelet or chitosan
content. Given the reduction in storage modulus, loss modulus, and milder viscous response, an intuitive
step would be to increase platelet or polymer content. Additionally, the shear rate can significantly affect the
rheology of colloids, and since it is easily varied by altering printing speed, it is worthwhile to investigate its
impact. In this subsection, these variations are assessed.

Compositions containing varying platelet and chitosan volume fractions were printed at different speeds.
Rasters 17 x 17 nozzle diameters in size (approx. 8.7 x 8.7 mm) were printed onto microscope slides and
imaged, followed by rheological assessment by measurement of stress amplitude and shear rate responses as
before. The nutrients (tryptone/peptone, yeast extract, etc.) have been left out during preparation to decrease
complexity and increase efficiency. The effect of their reincorporation is assessed later in this chapter.

Printability of varying compositions

Printability results are shown in figs. 3.12 and 3.13. Starting with the variation of polymer content in fig. 3.12,
we can draw a few immediate observations. Print speeds below 50% yield the best results for all chitosan con-
centrations, although print fidelity is generally low and insufficient to print accurate shapes for mechanical
testing. At 50%, there appears to be underextrusion for all chitosan concentrations, which is, to some degree,
identifiable at lower print speeds in the form of corner rounding. Underextrusion may suggest that the printer
is at the limit of the pressure it can provide for extrusion. Indeed, at higher print speeds, this underextrusion
worsens until the extruding stepper motor stalls. Not immediately apparent from the images but clear to the
eye is that all grids sagged in the overhangs despite the relatively small dimensions of the print, pointing to
insufficient stiffness or yield stress for all compositions.

As for variation with chitosan content, fidelity improves with higher concentration, with the best results
obtained at 3.31 vol%. Above this, however, the extruder motor stalls at all print speeds, implying that viscos-
ity increases significantly with chitosan content or that a transition occurs from thinning to shear thickening
behaviour. Therefore, such high concentrations should preferably be avoided.

Moving to the variation of platelet content in fig. 3.13, we observe again generally low fidelity and similar
behaviour regarding print speed. A slightly improving fidelity is obtained for higher speeds, albeit tending
towards underextrusion. As for the platelet content, no clear conclusions can be drawn.
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Figure 3.12: Raster print fidelity for varying chitosan content and print speed in Al;O3/HMWC inks. Platelet content remains approxi-

mately constant at (25.5 + 0.4) vol%. Crossed-out grey squares denote data lost to corruption. Each square is approximately 10x10 mm.
*100% print speed equates to 1000 mm/ min.
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alumina platelet content (vol%)

print speed (%)*

Figure 3.13: Raster print fidelity for varying platelet content and print speed in AlO3/HMWC inks. Chitosan content remains approx-
imately constant at (1.9 +0.1) vol%. Crossed-out grey squares denote data lost to corruption. Each square is approximately 10x10mm.
*100% print speed equates to 1000 mm/ min. Inks containing 30.2vol% alumina and above showed severe underextrusion (data not
shown).

Rheology of varying compositions

To further understand the effects of the constituent changes, amplitude sweep and flow sweep tests were per-
formed on all compositions. Storage moduli at rest were calculated for each measurement set by averaging
the linear region, and the yield points were obtained as before. For each amplitude sweep, five repeat mea-
surements were conducted to draw statistics; the raw data can be found in appendix D. The compiled results
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are summarised in figs. 3.14 to 3.16.

107
OomOO o o

= 1064
= 103 4 g 10
=2 o &o o
= () 4 10° 5 o
" 3

=3
E 10% § 3 stiffness requirement 2
R s yield requirement _ | E 10¢ pooosuiiinds == g‘ """""""" &~
©
g 1 g x
3 10t % 10
: 3

p=}

-é 102 4

10° T T T T T 10! T T T T T
1.45 1.93 2.4 2.92 3.31 1.45 1.93 2.4 2.92 3.31

Chitosan content (vol%) Chitosan content (vol%)

(a) Ink yield shear stress for varying chitosan content. (b) Ink storage modulus for varying chitosan content. Each point represents

a mean evaluated over each amplitude sweep curve’s initial, approximately
flat portion (appendix D).

Figure 3.14: Influence of chitosan content on ink yield shear stress and storage modulus. Platelet content is set at (25.5 +0.4) vol%. A
non-linear relationship is observed in both yield stress and stiffness (p > 0.05 for a linear relationship), contrasting to that expected for
a typical hydrogel (del-Mazo-Barbara and Ginebra, 2021). The shaded regions delimited by dashed lines depict the compositions not
satisfying the rheological requirements set by Feilden et al. (2017). Note that points are scattered slightly to prevent overlap, but each
label has the same vol%. Statistics (mean, standard deviation) are evaluated in logarithmic space to prevent bias towards low values.
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Figure 3.15: Influence of platelet content on ink yield shear stress and storage modulus. HMWC content is set at (1.9+0.1) vol%. A
power-law relationship is observed for both yield shear stress (p < 0.05) and stiffness (p < 0.05), as expected for a typical hydrogel (del-
Mazo-Barbara and Ginebra, 2021). The shaded regions delimited by dashed lines depict the compositions not satisfying the rheological
requirements set by Feilden et al. (2017). Note that points are scattered slightly to prevent overlapping, but each label has the same vol%.
Statistics (mean, standard deviation) are evaluated in logarithmic space to prevent bias towards low values.
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Figure 3.16: Flow sweep responses for varying alumina and high molecular weight chitosan contents. Chitosan increases thinning be-
haviour accompanied by an upward shift, whereas alumina content only shifts the curves upwards. The shear rates expected during
extrusion range from 16.3-130s~! for 6.25-50 % print speed, respectively.

Starting at fig. 3.14a, we observe a non-linear 'bucket-like’ change in yield shear stress. This shape is
somewhat unexpected. Statistical analysis supports the conclusion, with no significant difference between
the first two points (p = 0.46) followed by a substantial decrease (p < 0.002) and an apparent increase.

Similarly shaped non-linear behaviour is observed for the storage modulus at rest shown in fig. 3.14b. No
difference is observed from 1.45 vol% to 1.93vol% (p = 0.65), followed by a significant decrease (p < 0.00011).
No difference is present across 2.40 vol% and 2.92 vol% (p = 0.11), followed by a small increase for 3.31 vol%
(p<7.7x107%).

The reason for these non-linear behaviours remains unclear. Avoiding ungrounded speculation, a more
straightforward relationship is observed for the variation of platelet content: both yield point and storage
modulus at rest appear to increase monotonically. However, no statistical difference is observed between
29.2vo0l% and 30.2vol% (p = 0.11), which may imply a maximum beyond this point.

Observing the flow rate responses in fig. 3.16a, we see increasing thinning behaviour for increasing HMWC
contents accompanied by an upwards shift in viscosity, with all curves meeting approximately at 80 s~!. Curi-
ously, the curve transitions from a linear shape in logarithmic space to a plateaued shape. The reason for this
is at this point also unclear, but is often related to the onset of a more defined yield point (del-Mazo-Barbara
and Ginebra, 2021), which agrees with the results in fig. 3.15. Finally, in fig. 3.16b, we see a general upwards
shift in viscosity with increasing alumina content, which agrees with results for a typical hydrogel found by
del-Mazo-Barbara and Ginebra (2021). Again, a transition to a plateaued curve is apparent at high volume
fractions.

The results for both the chitosan and platelet content variations are problematic: combinations satisfying
the rheological requirements involve either 7, or G' vastly overshooting. This overshoot is undesired because
it results in high printing pressures required for flow, which can explain the underextrusion observed for a
number of the compositions and at high print speeds. Even inks that show yield stress and stiffness close to
the requirements fail to demonstrate satisfactory printability in practice.

To summarise, despite obtaining inks that (partially) conform to the printability requirements on yield
stress, stiffness, and shear-thinning, all Al,O3/HMWC inks displayed poor shape fidelity in practice. As such,
varying alumina or HMWC is insufficient for achieving printability in these hydrogels for the ranges tested. A
different approach is necessary.

3.2.5. Isolating the effect of the platelets

To better understand the ink rheology and the effect of the platelets on the ink’s behaviour and recognise the
required polymer behaviour, suspensions containing only increasing amounts of alumina platelets dispersed
in water were printed at varying print speeds. Since water has no shear-dependent behaviour, we can isolate
microstructural changes dependent only on platelet behaviour and assess how they influence printability.
The corresponding raster fidelity results are shown in fig. 3.17.
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Figure 3.17: Raster print fidelity for aqueous colloidal suspensions with varying alumina platelet content and print speeds showing a
clear increase in quality for higher print speed, suggesting significant alignment-related changes in rheology. Crossed-out grey squares
denote lost/corrupt data. *100% print speed equates to 1000 mm/min.

Three observations can be drawn from these short experiments. First, platelet content does not affect
printability except at the lowest print speed. Second, print speed significantly influences filament retention
and, therefore, points to strong changes in colloidal interactions, possibly due to shear-induced alignment.
Third, in agreement with other experiments on DIW of alumina-water colloids (del-Mazo-Barbara and Gine-
bra, 2021), a maximum printable volume fraction of 38.5-41.0 vol% is demarcated at which the printer stalls,
which is commonly associated with a transition point from shear-thinning to shear thickening behaviour (no
data collected). Last, the general printability remains low. Crucially, the shape fidelity remains similar to the
polymer-loaded ink. Hence, the polymer does not have the desired effect. In this case, the observed corner
rounding and underextrusion suggest insufficient shear thinning. A rheological modifier or base polymer
with a more substantial shear-thinning effect is believed to be beneficial.

3.2.6. Troubleshooting by using fumed silica as a rheological modifier

The addition of a few wt% fumed silica has been successful in the past for solving printability issues for
colloidal suspensions (Kriiger, 2022) by promoting a highly shear-thinning behaviour. Subsequently, small
weight fraction additions of fumed silica were assessed by printing rasters for compositions containing 0.4—
1.2 vol% fumed silica for 0.65vol% and 1.93 vol% chitosan in Al,O3/HMWC mixtures. The results are shown
in fig. 3.18.
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Figure 3.18: Raster print fidelity for varying fumed silica content showing a barely noticeable effect at low chitosan content and an
improvement at higher content.

A somewhat noticeable improvement can be observed for increasing fumed silica content. However, the
ink’'s homogeneity deteriorated, with the extrudate’s consistency varying from solid to highly fluid during
extrusion. The issue could not be resolved despite speed mixing for more extended periods to ensure homo-
geneity. As a result, this avenue was abandoned. Better results may be attainable using a hydrophilic variant
since this may give more favourable colloidal interactions.

3.3. Nacre-inspired: alumina and cellulose nanofibres

Given the unsatisfactory printability of Al,O3/HMWC inks despite extensive troubleshooting, a different ap-
proach is investigated in this section. In particular, it was believed that stronger shear-thinning may improve
results. A common choice of highly shear-thinning additive is cellulose nanofibres (CNFs) (del-Mazo-Barbara
and Ginebra, 2021), which have yielded promising results in ceramic suspensions of spherical colloids (Smay
etal., 2002). As such, an ink was prepared based on Al,03/CNE

3.3.1. Methods

Given the insights obtained in fig. 3.17, the CNFs were mixed into an as high as possible volume fraction
of ceramic platelets in a volume ratio of 7:93 respectively and prepared similarly to previous mixtures. This
composition could not be extruded; hence, the volume-wise solid fraction of the ink was reduced until a

printable composition was found. The addition of nutrients was again omitted to reduce complexity and
increase efficiency.

3.3.2. Printability

The compositions with varying solid fractions were evaluated as before. The results are shown in fig. 3.19.
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Figure 3.19: Raster print fidelity for varying solid content and with the addition of biomineralisation nutrient solution (N.S.) at optimal
(1x) concentration. Satisfactory results are obtained below 25 % print speed and 40.3 vol% solid content without nutrients. The inclusion

of nutrients at optimal concentrations disrupts printing altogether, suggesting a significant increase in viscosity. *100% print speed

equated to 1000 mmmin~!.

Although fidelity remains low in absolute terms, with filaments now demonstrating noticeable roughness,
overhang sagging, and slight corner rounding, the improvement is considerable over previous compositions
and deemed sufficient for preparing mechanical coupons. Notably, a reduction in fidelity is observed again
for 50 % print speed, with onset more apparent at 25 %. Therefore the recommended print speed setting for
maximum shape fidelity with this composition is set at 12.5 %.

Given the satisfactory results, the nutrient solution was re-introduced at its optimal concentrations. Most
unexpectedly, the composition could not be extruded at any print speeds despite having a lower solid fraction
to accommodate the dissolved nutrients (fig. 3.19, bottom row), suggesting that the nutrients significantly
distort the ink rheology. Possible mechanisms for this peculiar effect are raised in chapter 5.

Rather than dwelling on the problem, the effect was circumvented by diluting the nutrient solution until a
reasonably printable ink was achieved, roughly at 0.5x concentration. Printing fidelity notably increased with
nutrient solution concentration (data not captured). Although not ideal, lower concentrations have yielded
measurable precipitation in other studies (Stocks-Fischer et al., 1999). Hence, it is likely that biomineralisa-
tion will still occur at perceivable rates at these concentrations.
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3.3.3. Rheology

For completeness and to compare to the previous rheological results, amplitude sweep and flow sweep mea-
surements were conducted as previously and are included in fig. 3.20. Notice the similarities to the success-
fully printing PS/PC ink.
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(a) Amplitude sweep curves for PS/PC, Al,03/HMWC, and Al,O3/CNF inks.  (b) Flow sweep curves for PS/PC, Al,03/HMWC, and Al O3/CNF inks.
Note the similarity between PS/PC and Al O3/CNF inks, demonstrating sat-
isfactory printability.

Figure 3.20: Amplitude and flow sweep curves comparing PS/PC, Al,O3/HMWC, and Al» O3/CNF rheology. The Al,O3/HMWC ink con-
tains 25.7 vol% alumina and 1.93 vol% HMWC, whereas the Al»O3/CNF ink contains 23.2 vol% alumina and 1.72 vol% CNE

3.4. Chapter summary
This chapter detailed the development of an ink formulation for direct ink writing of nacre-mimetic materi-
als. Initial experiments with a phyllosilicate (PS) and powdered chitosan (PC) ink showed good printability
and surface biomineralisation, though internal precipitation was absent. A subsequent formulation using
alumina (Al,O3) platelets and high molecular weight chitosan (HMWC) better represented nacre but exhib-
ited poor printability, prompting a parametric study on rheology that yielded no satisfactory results. Attempts
to modify rheology with fumed silica also proved ineffective.

Switching to cellulose nanofibres (CNF) instead of chitosan improved printability with alumina, though
only at reduced nutrient concentrations. This final Al,O3/CNF ink will undergo further physicochemical
characterisation and mechanical testing in the next chapter.
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Material characterization

With an ink formulation suitable for direct ink writing obtained, the next step is to assess the properties of
printed material. The methodology describing this is given in section 4.1, followed by results and discussion
in section 4.2.

4.1. Methods

Material properties were evaluated using beam-shaped coupons with varying bacterial content. Microstruc-
tures of filaments printed at different speeds and nozzle lengths were analysed. Coupon geometry was as-
sessed via 3D optical profiling, followed by density and void content measurements. Mechanical perfor-
mance was tested using 4-point flexural testing, with fractured cross-sections examined under SEM. Calcium
carbonate content was quantified via thermogravimetric analysis and SEM, while filament alignment was
assessed through SEM cross-sections. An overview is shown in fig. 4.1.

1. ink preparation 2. direct ink writing 3a. coupons 4a. incubation & drying
C =
’ S. pasteuru ’ 000 ’
3b. filaments
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Figure 4.1: Illustrated overview of characterisation process showing workflow. Five compositions consisting of three inks with varying
bacteria content and two controls are prepared (1), followed by direct ink writing (2), yielding coupons (3a), and filaments (3b). Coupons
are incubated and dried (4a), followed by optical profiling (5a) and flexural testing (6a). The broken coupons are used for density mea-
surements (7a) and thermogravimetric analysis (TGA) (8a). Both the coupons and filaments are finally observed under scanning electron
microscopy (SEM) (4b+9a).
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4.1.1. Coupon and single filament fabrication
Coupons in the shapes of rectangular beams and individual filaments were printed from 5 different Al,O3/CNF
ink compositions allowing comparison between them. The compositions are summarised in table 4.1, and
follow the same preparation process.

First, dry powders were sterilised by autoclaving in a bottle with a cotton stopper, followed by drying in
a convection oven at 120 °C and replacing the cotton stopper with the sterile cap for storage. Powders were
weighed and combined into a sterilised mixing beaker inside a biosafety cabinet, which was closed and roll-
mixed for 15 minutes at 80 RPM. Nutrient solutions were prepared by weighing the relevant amounts into a
beaker, adding distilled water, transferring to a 50 ml syringe and sterilising via 0.22 um filtration. The pow-
ders and solution were then mixed in a sterile environment and speed mixed in 5 rounds, each round con-
sisting of about 2 minutes at 3500 RPM followed by about 2 minutes at 1000 RPM. The latter aids in degassing
and pushing the ink that creeps up the sides back down, ensuring as high as possible homogeneity.

Following speed mixing, equal volumes of inoculum or, in the case of the control batches, distilled water
was added to the inks, followed by another 2 min round of speed mixing at 600 RPM. Inks were then trans-
ferred to 10 ml syringes, followed by degassing under vacuum using a custom adapter and tapping the syringe
on a hard surface, thereby forcing air bubbles out. This step was observed to reduce the number of under-
extrusions during printing and functioned better than centrifuging, as the latter tended to separate out the
liquid phase even at mild rates.

Table 4.1: Overview of Al2O3/CNF compositions prepared for material characterization

Composition Description

TC15 Control

TC16_1 Control + 0.1x nutrient concentrations

TC16_2 0.1x nutrient concentrations + 1x S. pasteurii inoculum
TC16_3 0.1x nutrient concentrations + 2x S. pasteurii inoculum
TC17 0.5x nutrient concentrations + 2x S. pasteurii inoculum

Before printing, the Ender-3 V2 printer was prepared by transferring to the biosafety cabinet (fig. 4.2)
prior to printing and thoroughly sterilising using 70 % ethanol and the cabinet’s UV function. Printing was
controlled from outside through a laptop running Repetier-Host software connected to the printer via a USB
cable. The as-bought print bed was flipped to the smoother side and covered with a sheet of PTFE to facil-
itate coupon removal after drying. The print bed was levelled using an empty syringe and a small piece of
aluminium foil, making sure to tighten each bed levelling knob until the nozzle lightly scrapes the aluminium
foil at all x- and y- locations without changing z.

Each ink then underwent the same steps for printing: after loading the syringe containing the ink into
the extrusion module, the luer cap was replaced by a 0.51 mm diameter steel-tip nozzle as used previously.
15 coupons were printed consecutively with filaments oriented in length-wise direction with length 30 mm,
width of 4 nozzle diameters (2.04 mm), and height of 4 layers totalling 1.89 mm. The layer height was set to
70% of the nozzle diameter to improve layer adhesion. Immediately after printing, the coupons were covered
by a sterile plastic box containing damp towels (fig. 4.3a). These towels were wetted with sterile deionised wa-
ter after soaking in ethanol and left to dry inside the cabinet, ensuring sterility of the covered environment. To
stimulate biomineralisation the covered coupons were transferred to an incubator set at 27 °C and incubated
for 48 h. After removal, the samples were left to dry in ambient air for 24 h (fig. 4.3b) followed by deactivation
and full drying in a convection oven at 60 °C for an additional 24 h. Upon removal, the as-printed parts were
stored in an air-conditioned room at ~20 °C and ~55 %rH until further use.

As for the individual filaments, batch TC15 was used to print ~10 mm long lines onto a PTFE-lined glass
slide. Here, the z-height was set to increase to 1.1 times the nozzle height after printing the primer, so that the
filament is gently laid down onto the print bed, ensuring minimal deformation. Printing was followed by air-
and oven-drying as done previously followed by storage until further use.

4.1.2. Coupon profilometry

To quantify the dimensional changes during drying and capture precise cross-sections of each coupon for
calculation of flexural strength, 3D scans of the coupons were made using a 3D optical profilometer (ap-
pendix C.4). Length-wise profiles were obtained for each coupon by averaging 4 line scans spaced 0.1 mm
apart and centred width-wise. Width-wise profiles were obtained by averaging 30 line scans with the same
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(a) View of the printer inside biosafety cabinet during coupon fabrication. Sterile humidified (b) Close-up of coupons being printed inside the
enclosure (plastic box) is placed to the right of it. biosafety cabinet.

Figure 4.2: Views of sterile printing process inside a biosafety cabinet.

(a) Photo of coupons inside humidified enclosure showing geometry imme- (b) Photo of same coupons after removing enclosure and drying in air,
diately after printing. showing partial detachment and warping.

Figure 4.3: Photos of coupon geometries directly after printing and after drying in air.

spacing, centred length-wise. Average profiles were calculated by the proprietary microscopy software and
exported as a single .csv file for each coupon.
From these profiles, the cross-sectional area can be computed by numerically integrating, i.e.

n—1
Azz:Awﬁi (4.1)
i=0

where Ay; = y;11—y; is the width-wise step size and h; = %(h,- +h;1) the average height of the step, consistent
with the coordinate system in fig. 4.5. Using this area the shrinkage ratio /4,y /hyer can be computed for each
coupon.

4.1.3. Void content estimation

The density of a solid is frequently determined using Archimedes’ principle, which in combination with the-
oretical density estimations can be used to estimate the porosity or void content of a material. Archimedes’
principle states that a body immersed in a fluid experiences a buoyancy force equal to the weight of the fluid
displaced by the body. Comparing a solid sample’s apparent weight in air to its apparent weight in an auxiliary
liquid, the density can then be determined via

Iy (po—pL)+pL (4.2)

~A-B
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where A is the measured weight of the sample in air, B the measured weight in the auxiliary liquid, pg the
density of the auxiliary liquid and py the air density.

Typically, an oil, water, or ethanol is used as auxiliary liquid. Oils such as silicone oil would be most
suitable in this case since the sample is hydrophilic (causing swelling of the cellulose if immersed in water)
and because some of the compounds present in the nutrient mix are highly soluble in water and partially
soluble in ethanol. However, the quantities of well-characterised oils available in the lab were insufficient,
and given the relatively low concentrations and solubilities of the ethanol-soluble compounds, ethanol was
selected instead.

Compositions TC15, TC16_1, TC16_2, TC16_3, and TC17 were measured by taking 4-5 random halves
of coupons, totalling approximately 250mg in weight. These coupons were weighed collectively to obtain
A and B. The immersed weight B was recorded at two moments, once immediately after immersion (B;)
and once at equilibrium (B,,) approximately one hour after immersion. Upon immersion, the samples were
observed to fizz at a rapidly decaying rate, at the same time the observed weight was seen to decrease. In
approximately 10-minute intervals the sample holder was shaken using tweezers, dislodging built-up bubbles
with an associated weight increase.

4.1.4. Mechanical testing

Mechanical performance was assessed via destructive four-point flexural tests as depicted in fig. 4.4. ASTM
designation C1161-13 was taken as a guideline standard albeit with significant deviations. The coupons pre-
pared in section 4.1.1 were used as-printed. Coupons were manually placed topside-down on the bottom
supports. This orientation was chosen because preliminary tests showed that failure occurred in tension
(i.e. the supported side), therefore meaning that the material’s strength is better reflected through failure in
the top print layer than by the distorted bottom layer. Due to the lack of proper bearing supports, articulat-
ing fixtures, and alignment tools as recommended in ASTM C1161-13, placement of each beam coupon in
the fixture involved some heuristics and manual fine-tuning in order to properly level them for simultaneous
contact with the top loading supports. In particular, because the coupon surfaces are not parallel (fig. 4.6) and
because all supports had some observable misalignment, each coupon’s position had to be finely adjusted so
that the top loading fixtures would touch the coupon at the same time.

z
P/Zl lP/Z

I = |

+— l/4 —|+———Load span———|+— /4 —
P/2 P/2

l
Support span

Figure 4.4: Loading diagram of a four-point flexural test.

Following placement, each coupon was loaded until complete failure (<90% peak load) at a displacement
speed of 0.1 mm/min. A USB microscope recorded the full test for observation of failure type, crack location
and growth. These videos can be found via appendix A.4.

Adjusted force-displacement data appendix E.1 was processed into stress-strain curves by calculating the
second moment of area and neutral axis for each coupon cross section obtained from profilometry (sec-
tion 4.1.2) and inserting into the symmetric bending equation:

_Mc

I 4.3)

o
Where o is the stress experienced at a distance c from the neutral axis for a cross-section with a second
moment of area I under a bending moment M. The second moment of area in this case is obtained by first
computing the centroid (neutral axis) location and performing numerical integration by approximating the
cross-section as a sum of rectangular strips, i.e.

n—-1 -
Ay; h3 (1. 2
Iyy = Z 12 "t Ay hi(éhi_hc) “
i=0

1
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where I, is the second moment of area, Ay; = y;+1 — y; the step size, hi = hj.1 — h; the average height of
the segment, and & the neutral axis location on the y-axis. Similarly, the neutral axis location is obtained by
numerically integrating the first moment of area and dividing by the total area obtained through eq. (4.1):

n-1
1 .
Qy = ZEAyhl? 4.5)
i=0
he = % (4.6)

The maximum bending moment is then obtained simply from Euler-Bernoulli beam theory assuming a sym-
metric, balanced load at quarter span; it is constant along the load span and equates to
Pl
T 21
where P is the load measured by the load cell and ! the support span as depicted in fig. 4.4. For the stress

location c in eq. (4.3) the maximum height of the profile is used since this, assuming no stress concentrations,
is the location of highest tensile stress. The strain, on the other hand, is calculated via

_12¢6m

=
where 6, is the measured crosshead displacement. This data analysis algorithm was implemented in Python
and the area and second moment of area calculation were verified by approximating the cross-section as
a trapezoidal shape, yielding values within a few per cent of the batch averages. The code is available via
appendix A.4.

4.7)

(4.8)

4.1.5. Scanning electron microscopy

Following full drying and, in the case of the beam-shaped coupons, mechanical testing, both the coupons and
filaments were freeze-dried by immersing in liquid nitrogen until boiling seizes and placing under 0.1 mbar
vacuum overnight. After removal from the vacuum, the samples were gently placed onto a sample holder
lined with carbon tape with the cross-section facing upwards. To prevent charging, samples were sputter
coated with 15-20 nm gold. Observation was performed at 5 kV acceleration voltage, 8 uA probe current, and
using a low magnification (LM) mode with the lower secondary electron detector (LEI).

4.1.6. Thermogravimetric analysis

Whereas calcium chloride fully dehydrates below 250 °C and does not decompose up to its melting point at
1935 °C, calcium carbonate decomposes rapidly into calcium oxide and carbon dioxide above 600 °C. This
difference can be used to distinguish between the two calcium species and quantify their presence within
biomineralised samples.

Thermogravimetric analysis (TGA) allows the measurement of a sample’s decomposition behaviour by
measuring its weight change when subject to heating in a controlled atmosphere. Since the printed material
contains a variety of compounds with weight fractions possibly in the range of that of calcium carbonate, the
decomposition behaviour of each must be verified. In order of volume fraction, pure alumina should show
little to no change across the entire spectrum, although hydrated forms such as surface hydroxyl groups can
cause mass losses up to 550 °C (Yang et al., 2007). Cellulose, including CNE degrades by about 70 wt% in a
single step below 400 °C in a nitrogen atmosphere, followed by a shallow decline above this. In air, full degra-
dation (>99wt%) occurs below 500 °C (Mautner et al., 2017). Similarly, urea degrades fully (>90 wt%) below
400 °C (Rahmanian et al., 2015). No TGA data could be found on peptones and yeast extract. However, given
that both comprise mostly organic material, mainly proteins and amino acids, followed by smaller quantities
of carbohydrates, minerals, and vitamins, it is likely that most of the degradation occurs below 600 °C, fol-
lowed by oxidation of organic residues at higher temperature (Tao et al., 2023). This latter aspect favours TGA
in nitrogen atmosphere over air. Lastly, ammonium chloride decomposes fully (>99 %) below 400 °C in argon
atmosphere (Zelenkova and Slovék, 2022). A similar result can be expected in nitrogen atmosphere.

Fortunately, no clear overlaps exist with the decomposition of calcium carbonate besides possibly a shal-
low decline caused by CNE The calcium carbonate content can thus be quantified via the change in mass

between 600 °C and 900 °C via
Awt%
Wt%cacos = — Mw,CaCo;3 4.9
w,COz
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where Awt% is the weight percentage loss, m,,co, the molecular weight of CO,, and m,,caco, the molecular
weight of calcium carbonate.

As a result, following flexural testing, one coupon from each batch was ground and placed into alumina
crucibles suitable for TGA. Each crucible was weighed empty before each measurement and filled with at least
10 mg. Each sample was then subjected to a temperature ramp from 30 °C to 1000 °C at 10 °C/ min under con-
stant flow of nitrogen at 19.8 ml/ min while continuously monitoring weight. A blank control was obtained
by running the same program with an empty crucible, and the resulting weight-temperature curve was fitted
using a second-degree polynomial to remove noise and subtracted from the sample curves before converting
to weight %.

4.2, Results and discussion

In this section, all material characterisation results are presented and briefly discussed. In particular, optical
profilometry yielded coupon surface maps and estimations of shrinkage and void content, demonstrating the
drying behaviour of the ink, shown in section 4.2.1. This is coupled with measurements of density via Archi-
medes’ method in section 4.2.2. The resulting void contents are compared. Four-point bending tests are
summarized in section 4.2.3, followed by an assessment of the material microstructures observed via SEM
in section 4.2.4. Finally, although yielding poorly interpretable results, thermal curves from TGA are briefly
discussed in section 4.2.5.

4.2.1. Coupon profilometry

After extrusion, the deposited material begins to dry immediately, expelling moisture and causing shrinkage.
This shrinkage significantly impacts part fidelity, making it essential to quantify. At the same time, controlled
shrinkage is desirable, as it helps prevent void formation within the material. Hence, it is essential to quantify
coupon shrinkage. Figure 4.5 shows the width-wise profiles at a length-wise central section of each beam
for each ink composition obtained after complete drying. Generally, there appears to be a relatively large
shrinkage in the height-wise direction, about 25 % across all coupons and ink compositions. This height
decrease is most pronounced for compositions TC16_2 and TC16_3.

Similarly, significant bottom-layer sag can be observed for the TC16 compositions. This implies higher
filament retention for compositions TC15 and TC17, which is peculiar considering that the worst retention
was expected for TC17 as suggested by the printability experiments in section 3.3.2. Possibly, the addition of
nutrients initially causes a decrease in viscosity due to increased lubrication but serves to thicken at higher
concentrations.
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(d) TC16_3 (e) TC17

Figure 4.5: Coupon height profiles in width-wise direction. Dashed lines represent the ideal dimensions instructed by the . gcode files.
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Similarly, length-wise profiles were obtained for the width-wise middle of the coupon. These are shown
in fig. 4.6. For most coupons, sag seems to be worst in the middle, whereas the edges appear to retain their
shape better. Since these edges are essentially subject to a larger surface area exposed to air, the difference
may be a result of faster drying and/or reduced mobility. Additionally, since the edges are the points where
the print lines turn in direction, locally the microstructure may be different in a way that impedes shrinkage.
This aspect will not be investigated further. More importantly, some coupons appear to increase in height
at the edges. This is an artefact resulting from the upwards warping of the beams upon drying, which is not
apparent from the profilometry but seen clearly in fig. 4.3b.
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Figure 4.6: Coupon height profiles in length-wise direction. Note that the curvature of the bottom side is not immediately apparent

but will significantly affect the perceived cross-section at distances far from the middle. Dashed lines represent the ideal dimensions
instructed by the . gcode files.

W.J. (Wouter) van der Sluis



44 4. Material characterization

From these height profiles, we can also compute shrinkage statistics by comparing the dry cross-sectional
area to the ideal, square cross-section. Since the coupon warping causes an apparent increase in cross-
sectional area at the edges, only the width-wise profiles are used for this. The results are given in table 4.2.
Compared to full compaction, that is, the expected volume reduction should all water be expelled and no
voids remaining (~74.5 %), these shrinkage numbers are significantly lower. In fact, an estimation of the void
content can be computed by calculating the expected shrinkage for full compaction for each ink composi-
tion and subtracting the true shrinkage. These values have also been included in table 4.2, and confirm a
high void content in the order of 35 %. This is beneficial for printing fidelity since the shape of the filament
shape is retained. However, it is likely severely detrimental to mechanical performance, which is apparent in
section 4.2.3.

Table 4.2: Shrinkage statistics obtained for each coupon batch. The standard deviation is given in brackets.

Batch Mean shrinkage (%) Mean void content (%)

TC15 39.7 (1.3) 35.2 (1.3)
TC16_1 39.2 (1.0) 35.3 (1.0)
TC16_2 36.3 (1.9) 38.2(1.9)
TC16_3 38.1(0.7) 36.4 (0.7)
TC17 37.4 (0.5) 35.5(0.5)

4.2.2. Void content estimation

The high void content estimated using shrinkage statistics can be corroborated by performing density mea-
surements of the coupons. Values of dry weight A, wet weight immediately after submersion B; and at equi-
librium B,4, and corresponding densities p; and p.4 are presented in tables 4.3 and 4.4.

Table 4.3: Coupon densities measured via Archimedes’ method immediately after immersion.

Batch A (mg) B; (mg) T(C)  po(gem™3) p;(gecm™3)

TC15 2355+0.1 158+20 20.0+0.1 0.78934 2.40 £0.83
TC16_1 226.1+0.1 143+20 204+0.1 0.78900 2.14 £ 0.68
TC16_2 2239+0.1 136+20 204+0.1 0.78900 2.01 +£0.59
TC16_3 248.1+0.1 148+20 20.8+0.1 0.78866 1.95+0.49
TC17 230.1+0.1 148+20 20.8+0.1 0.78866 2.21+0.71

Table 4.4: Coupon densities measured via Archimedes’ method after reaching equilibrium.

Batch A (mg) Beg (mg) T (°C) 0o (gcm‘s) Peq (gcm‘g)

TC15 2355+0.1 1828+0.1 204+0.1 0.78900 3.834 £ 0.023
TC16_1 226.1+0.1 1740+0.1 20.4+0.1 0.78900 3.420 £ 0.021
TC16_2 2239+0.1 1740+0.1 20.7+0.1 0.78874 3.535 + 0.022
TC16_3 248.1+0.1 1942+0.1 20.8+0.1 0.78866 3.626 + 0.021
TC17 230.1+£0.1 1796+0.1 208+0.1 0.78866 3.589 £ 0.022

Note immediately the large differences between p; and p.4. Three reasons are possible for this large
difference: (i) dissolution of ethanol-soluble compounds, (ii) an inertia/stabilisation-related peak in weight
immediately after dropping into the sample holder, (iii) ingression of auxiliary liquid into voids. To quantify
the dissolution of compounds the submerged samples were left to dry for 24 h in ambient air and re-weighed.
The maximum weight loss measured was 0.28 %. This is much smaller than the observed differences. Note
that dissolution is only relevant for the samples weighed at equilibrium and is likely negligible for the weights
measured immediately after immersion. Regarding the second point, re-immersion of wet samples showed
that the balance weight stabilizes to the second significant digit within 1 reading, implying that this is negli-
gible. This leaves only the third point, which is corroborated by observations of samples fizzing and building
up gas on the surface over time accompanied by a gradual increase in mass over time.
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The weights at equilibrium can be compared to theoretical calculations of density to validate the mea-
surements. Additionally, they provide a clue about the "interconnectivity’ of the voids, i.e. whether the liquid
ingresses to fill voids fully or if some voids are inaccessible. This theoretical density p;; can be obtained by
summing up the products of each component’s density and volume fraction, i.e.:

Pih=) VfiPi (4.10)

1

where vy, is the volume fraction of component i with corresponding density p;. Calculating for compositions
TC15 through TC17_1 gives the results shown in table 4.5. Here we see that the theoretical densities agree
reasonably well with the measured densities at equilibrium, with a maximum difference of 9.2 % for TC16_1.
This suggests that the voids are connected which is often only the case for large void contents.

The sample void volume fraction v,, r can then be determined simply via

_Pth—p

- (4.11)
vl Pth

with results shown in table 4.5.

Table 4.5: Computed theoretical densities and estimated void content using Archimedes’ method (AM) on mechanically tested coupons
and via coupon geometry (CG). Propagated uncertainty is included next to the value.

Batch p:n (gcm™3)  Void content via AM (%)  Void content via CG (%)

TC15 3.828 373217 35.2
TC16_1 3.767 43.2 +£18.3 35.3
TC16_2 3.767 46.6 + 15.7 38.2
TC16_3 3.767 48.2+13.0 36.4
TC17 3.548 37.7+£20.0 35.5

Despite the large errors, the void content estimations obtained via Archimedes’ method agree well with
those estimated from the coupon geometry. It is relevant to mention here that due to the nature of the mea-
surement (observing the first value shown on the scale after immersion), the estimations are likely conser-
vative and that the error should tend towards lower values of void content. Nevertheless, the void content
remains excessively high. This is likely to be reflected in the mechanical performance obtained.

4.2.3. Mechanical behaviour

Results of four-point flexural tests for coupons from the five available bioink compositions (table 4.1) provide
a general indication of the mechanical strength of the printed Al,O3/CNF material and can reveal the effects
of embedding bacteria and nutrients. To clearly view these differences, maximum flexural stress and flexural
work of fracture values were extracted from the raw force-displacement data (appendix E.1) and compiled
into statistical plots, shown in figs. 4.7 and 4.8. Here, moving from left to right starting at TC16_1 essentially
represents an increasing stimulus for bacterial activity.
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Figure 4.7: Flexural strength statistics evaluated for each coupon Figure 4.8: Flexural work of fracture statistics evaluated for each
batch. coupon batch.

Note that despite the measures taken to ensure simultaneous contact of the loading fixtures with the
coupons, indications of asymmetric loading can be observed in the load-displacement curves. In particular,
after passing through a first peak in load, some samples undergo a second, smaller peak. This second peak
can be interpreted as a redistribution of stress within the sample: under a biased loading, at failure, the biased
side complies, shifting the load towards the less compliant unbiased side. With the associated decrease in
stress, the failed location tolerates a small increase in load until it fails fully. Note that an unbalanced load
scenario leads to a conservative peak load: in the fully biased scenario (assuming 3-point bending with the
load point located at 1/4 span) the effective stress is 33.3% lower than that estimated for 4-point bending.

From the flexural strength we can conclude that the introduction of 0.1x nutrient solution causes a neg-
ligible change in strength from TC15 to TC16_1 (p = 0.065). No significant difference is measured between
TC16_1 and TC16_2 (p = 0.504) whereas TC16_3 presents a significant decrease compared to TC16_1 and
TC16_2 (p = 0.00053), followed by a clear reduction for TC17. This suggests that the addition of nutrients
and/or bacteria with or without MICP is detrimental to material strength.

As for flexural work of fracture, statistically significant differences are computed across coupons TC16_1,
TC16_2,and TC16_3 (p = 1.7 x 10~°). Interestingly, there is an increased work of fracture measured for TC16_1
relative to TC15, approximately 200 %. This may be related to cross-linking or simply because more solid
material is added. Conversely, all samples containing bacteria show lower work of fracture than the sterile
control, although an increase is observed for TC16_3 relative to TC16_2. More data is necessary to conclude
the causes of these differences with any degree of certainty.

4.2.4, Scanning electron microscopy

To determine the role of filament microstructure and MICP in the measured mechanical performance, SEM
images were captured of post-mortem sample cross-sections. The resulting micrographs are displayed in
fig. 4.9. In addition, single filaments were printed using various nozzle lengths and at different print speeds
and micrographs taken of their cross-sections. The results are shown in figs. 4.9 and 4.10.

Starting with the coupon cross sections, two things can be immediately noted. First, as a positive re-
sult, filament outlines can be identified as a result of platelet alignment at the circumference. However, the
extent of alignment appears to be limited, with only the very outer circumferential ring showing clear indi-
cations of aligned platelet stacking. Second, the cross-sections appear relatively consistent in texture across
all coupons, meaning the comparison of mechanical properties is likely to be fair. Less fortunately, porosities
can be observed in the form of spherical dark spots in both the interior and exterior, especially for the coupon
of composition TC16_2. This further corroborates the high estimations of void content, and, given the steps
endured to degas the inks, also highlights the difficulty in defoaming inks with high solid loading.

Moving to individual filament cross-sections and starting with the variation of nozzle lengths in fig. 4.10,
we observe similar trends. Unfortunately, no discernable difference can be observed across the varying noz-
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zle lengths. The rough topology is a key impediment in this assessment. Regardless, outer circumferences
of filaments do again show some degree of alignment whereas the interiors remain largely disordered with
arbitrarily located clusters of alignment. Porosity is also clearer in this case, although the larger holes may
be related to material pull-out during fracture. Closely observing the filament exterior surfaces, we can ob-
serve widespread porosity. This can explain the relatively easy ingression of liquid observed during density
estimations. Similar remarks can be made about the variation in printing speed. Clearly, it is much more
difficult to obtain aligned filament cross-sections than initially presumed. The difficulty in obtaining clean,
flat cross-sections such as those in fig. 2.6 is also emphasized.
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Figure 4.9: Scanning electron micrographs of coupon fracture surfaces.
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Figure 4.10: Scanning electron micrographs of filament cross-sections for varying nozzle lengths.
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Figure 4.11: Scanning electron micrographs of filament cross-sections for varying print speed. Nozzle length is 38.1 mm. No clear
differences in filament microstructure are discernable.

Regarding MICP the bacterial activity observed was limited. SEM scans of the sample surfaces revealed no
calcium carbonate precipitates or rod-like bacterial shapes as previously seen for the PS/PC ink. This suggests
that the reduced nutrient content hindered both precipitation and bacterial proliferation more strongly than
initially expected, highlighting the importance of its optimization for achieving desired biomineralisation
outcomes.

4.2.5. Thermogravimetric analysis

The thermal decomposition behaviour of the compositions was analysed in TGA as a measure for quantifying
the presence of calcium carbonate. The resulting blank-subtracted weight-temperature curves are shown in
fig. 4.12.
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Figure 4.12: Sample thermal decomposition curves obtained via thermogravimetric analysis.

Immediately, no clear plateaus can be discerned in the region from 600 to 900 °C from which the weight
proportion of calcium carbonate can be determined. Only composition TC16_1 appears to show limited
plateauing in the region from 650-750 °C, which is unlikely to be a calcite-associated peak given the fact that
it is a sterile control. Additionally, sample TC16_2 appears to be erroneous despite repetition, pointing to
problems with the apparatus itself. Note also that the total weight changes are small due to the high (dry)
ceramic content, possibly leading to a large spread and error in the curves. Unfortunately, this is also wors-
ened by the high mass gain measured for the empty crucible which contributes significantly to the processed
results. Possible reasons for this high mass gain are the buoyancy effect (which is repeatable and can be re-
liably subtracted) or an impure nitrogen source causing oxidation of the sample. At this stage of the project,
insufficient time remained to further explore this. It is possible that better results are attainable using an
oxygen-rich atmosphere. In that case, it should be taken into account that the unknown organics may cause
weight changes in the same region as calcium carbonate.

4.3. Chapter summary

This chapter assessed the printed nacre-mimetic material’s structural, mechanical, and compositional prop-
erties. Profilometry and Archimedes’ method revealed significant shrinkage and void content both in the
order of ~35%. Mechanical testing reflects this high void content showing flexural strengths in the order
of 1-5kPa. Additionally, the addition of nutrients and bacteria was shown to reduce flexural strength and
work of fracture, with higher concentrations worsening performance. SEM images revealed poor platelet
alignment and no signs of bacterial activity or biomineralization, likely due to limited nutrients. The ther-
mogravimetric analysis yielded inconsistent results, suggesting repetition is needed. Overall, the material’s
mechanical properties and microstructural control were suboptimal, and bacterial biomineralization was
hindered, highlighting the need for improvements in ink formulation and processing approach.
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Discussion

In chapter 3, we looked at formulating an ink suitable for direct ink writing, followed by physical assessment in
chapter 4. This chapter reviews the results of these chapters together and forms a comprehensive discussion.
Key findings are summarised in section 5.1, interpreted with reference to literature in sections 5.2 to 5.4, and
linked to key hypotheses in section 5.5. Limitations are addressed in section 5.6, and practical and theoretical
implications are explored in section 5.7.

5.1. Overview of key findings

A preliminary ink formulation containing phyllosilicate (PS) platelets and powdered chitosan (PC) demon-
strated excellent printability. Observation via SEM indicated the occurrence of MICP on the sample surface.
Evidence of calcite precipitation within the filament cross-section was not observed. A second formulation
containing alumina and high molecular weight chitosan (HMWC) exhibited much-reduced printability. Am-
plitude sweep and flow sweep measurements confirmed the reduction, showing a significant decrease in 7,

from 1.4 x 103 Pa to yield at rest, and G’ from ~4 x 10° Pa to ~8 x 10! Pa.

A systematic parameter sweep reveals that 7, and G’ increase in a power-law manner with platelet con-
tent, whereas a non-trivial relation is observed for increasing HMWC content. The former could not be lever-
aged to obtain a printable ink as print fidelity remained low for all inks, even those satisfying the requirements
posed by Feilden et al. (2017). Introducing a small wt% fumed silica as a rheological modifier did not improve
printability. Replacing the HMWC, cellulose nanofibers (CNFs) yielded superior ink printability with alumina
platelets, albeit still on the border of what can be considered satisfactory in absolute terms.

Adding nutrients was found to reduce printability strongly. In particular, an ink containing a much lower
solid fraction than the maximum established for aqueous Al,O3/CNF could not be extruded at optimal nu-
trient concentrations, indicating a significant increase in viscosity. Diluting the nutrients to at least half the
concentration resolved the printability issue while retaining theoretically sufficient nutrients for biomineral-
isation.

Al,03/CNF inks containing varying nutrient and bacterial concentrations were prepared for physico-
chemical characterisation in chapter 4. After fully drying, samples shrunk by 36-40 %, an amount lower than
expected for 100 % compaction (~75 %), indicating a high porosity in the order of 35 %. Estimations of void
content using Archimedes’ principle yield similar high values.

Flexural testing yielded strength values in the order of 5kPa, with generally decreasing strength for in-
creasing bacterial and nutrient contents. However, statistically insignificant differences were found for the
lowest nutrient and bacterial content relative to both controls. The work of fracture tells a different story:
statistically significant differences are observed between the two controls, showing a clear increase in work
caused by adding a small concentration of nutrients. The introduction of bacteria is detrimental: all inocu-
lated inks perform worse than the sterile control. The lowest strength and work of fracture values were found
for the sample containing the highest nutrient and bacterial content.

Scanning electron micrographs of the coupon cross-sections reveal evidence of platelet alignment only
in the outermost ring of each filament. However, most of the filament interiors remain disordered. This
microstructure appears consistent across all coupons. SEM performed on individual filaments printed with
varying print speeds and nozzle lengths yield the same results: a thin outer ring of well-aligned platelets en-
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closing a disordered interior. The degree of alignment was impossible to quantify due to poor cross-section
quality, and no pattern was distinguishable across the varied printing conditions. Despite using similar in-
oculum concentrations as for the initial PS/PC ink, no CaCO3 deposits nor bacteria could be identified within
or covering the coupons. TGA curves yield no practical results, requiring repetition in different conditions.

There are four key points of interpretation here. First, a significant difference in printability is observed for
samples containing the same weight-wise composition but using different components. Second, the metrics
of printability used by Feilden et al. (2017) seem insufficient for guaranteeing printable inks. Hence, addi-
tional constraints on ink rheology are likely missing. Third, platelet alignment has remained highly limited
throughout printing experiments, and the high degree of alignment obtained by Feilden et al. (2017) has not
been replicated. Last, the occurrence of MICP could not be linked to mechanical properties since evidence
of it is lacking, although results for the PS/PC ink are promising.

5.2. Rheology and the differences across compositions
The difference in the printabilities of PS/PC and Al,O3/HMWC inks imply extensive differences in the inter-
actions occurring at the molecular scale. The sources of these changes are related to the change in polymer
and/or platelets. Increased molecular weight is expected to increase viscosity, yield stress, and storage mod-
ulus due to increased entanglement and interactions between molecular chains (Wang et al., 1991). This
change was noticeable in practice as it was remarkably more difficult to dissolve than the powdered variant,
requiring prolonged heating and filtration in its gelled state to prevent nozzle clogging during printing. How-
ever, we observe the opposite effect here, implying that the platelets dominate the viscoelastic behaviour.
Bearing this logic in mind, recall the deformation-related motivation for the change in platelet type men-
tioned in section 3.2. In hindsight, it makes sense that the PS/PC demonstrated such vastly superior print-
ability. The crystal plane-sliding deformation in phyllosilicates is responsible for the excellent mouldability
of wet clay (Breuer, 2012); it is an ideal solid for printing, hence why it has proved difficult to compete with.
Besides differences in deformation behaviour, the geometrical differences are also likely to play a role,
although larger and more disperse particles (the PS platelets) are expected to yield less viscous suspensions
(Ancey, 2001; Ancey et al., 2001), so in this case this role is probably minor. In contrast, surface chemistry
is a driving consideration in colloidal suspension rheology, especially for ceramics (Lewis, 2000; Smay et al.,
2002; Lewis, 2006; Lewis et al., 2006; Franks et al., 2017).

5.2.1. Relation of rheology to colloid chemistry

Whereas phyllosilicates contain a certain ratio of both tetrahedral (hydrophobic) silica and -OH modified
(hydrophilic) alumina (Breuer, 2012), the alumina platelets are hydrophilic alone. This difference in surface
charge changes two strong interactions. First, larger hydration forces are experienced for suspensions of
alumina. There is a lower tendency to aggregate, which translates to higher viscosity and yield point (Au et
al,, 2014; Anton Paar, 2024). Second, electrostatic repulsion forces, represented by the magnitude of the so-
called zeta potential, differ greatly between suspensions of the two particles as shown in figs. 5.1a and 5.1b.
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Figure 5.1: Differences in zeta potentials for phyllosilicate and alumina suspensions. Negatively charged particles attract positive charge;
hence, at sufficiently low pH, the zeta potential is positive.

The zeta potential describes the charge present at a small distance from the particle surface. At the low pH
(~4.5) of acetic acid solutions, both mica and kaolin display lower magnitude zeta potentials than alumina.
Up to a pH of about 5, the opposite charges of mica and kaolin mean that the platelets will experience elec-
trostatic attraction instead of repulsion. These differences in hydration and electrostatic forces convey that
mica/kaolin platelets will experience increased flocculation tendency compared to alumina platelets and,
therefore, exhibit higher yield stress and storage modulus.

Particle-polymer interactions are also likely to play an important role. Polymers that tend to adsorb to
colloids can give rise to steric repulsions, which prevent aggregation. This adsorption behaviour can depend
strongly on particle charge. Observe the zeta potentials shown in fig. 5.1b, and compare to those of alumina
and mica/kaolin: both alumina and chitosan demonstrate a high positive zeta potential at low pH, whereas
these repulsions are much lower or even attractive for mica/kaolin dispersions. Similarly, the switch to cellu-
lose would result in attractive forces between the polymer and the alumina, possibly explaining the improved
results obtained with Al,O3/CNE

60

—@-Chitosan
-O-Methyl Cellulose
—&-Pectin

40 o cellulose o cellulose + xyloglucan e cellulose + pectin

— pH
> 0

=] 2 3 4 5 6 7 8 9 10
~ -2
= 20 4
= -4

=
2

) 3 ©
=% 0 _¢Q=oho_o_o_o_oqpm

! -8
jy L

=20 A

Zeta potential [mV]
o

pH 20

(a) Zeta potentials of chitosan, methylcellulose, and pectin for (b) Zeta potential of cellulose for varying pH as measured by Mysliwiec et al. (2016).
varying pH as measured by Espinal-Ruiz et al. (2014).

Polymer adsorption and steric repulsions often depend on molecular weight since longer molecules pro-
vide more contact points and can 'wrap’ around colloid particles. This can cause greater steric repulsions
and thus decrease aggregation tendency. Alternatively, longer polymers interact at greater distances, imped-
ing the disruption of the hydrogel network responsible for shear thinning. The physical differences observed
in practice suggest that this is indeed an important factor.
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In summary, a range of molecular interaction differences suggests a stronger aggregation and shear thin-
ning tendency for the phyllosilicate particles than for alumina. Of course, somewhere here, there lies a bal-
ance. Higher attractions lead to higher shear forces required for flow, so there must be a trade-off between
aggregation, i.e. shape retention, and extrudability. The zeta potentials of (primary) ink constituents may
serve as valuable metrics for achieving this balance.

5.2.2. pH changes can induce strong coagulation

Given the dependence of colloidal interactions on pH, one should closely monitor changes in pH caused by
different ink constituents. This was not controlled for throughout this thesis. I suggest that the reduction in
printability caused by the reintroduction of nutrients results from this change in pH, possibly magnified by
a more substantial presence of ions in solution. A simple measurement reveals that the pH of 1x nutrient
solution is approximately 6.0, whereas that of MilliQ water is 5.3. While small, the difference may strengthen
aggregation sufficiently to cause non-printability.

This pH dependence can perhaps be leveraged to induce aggregation in a controlled manner. At the
time of writing this discussion Dutto et al. (2025) published a demonstration of this concept. After casting
a fluid-like ceramic colloid containing S. pasteurii into a mould, ammonia production via ureolysis induces
a pH increase, triggering coagulation of the slurry and leading to a part strong enough to be post-processed
without damage. The authors show that the coagulation dynamics can be controlled by changing bacterial
and nutrient concentrations. Similarly, one could trigger filament coagulation by printing into a bath at a
high pH, allowing looser constraints on the ink’s rheology.

Notably, similar coagulation behaviour was observed in this thesis (section 3.1), where adding 2x concen-
trated S. pasteurii inoculum rendered the preliminary ink non-extrudable within 10 minutes. While linked to
bacterial activity, this seems more likely driven by such pH-controlled coagulation than by stiffening through
biomineralisation. Promisingly, Dutto et al. (2025) did not investigate the possibility of biomineralising their
slurry. Future studies could investigate its impact not only on mechanical properties but also on coagulation
behaviour.

5.2.3. Evidence of time dependency

The inks investigated in this thesis have so far been modelled as Herschel-Bulkley fluids (eq. (2.12)). This in-
volves assuming time-independent values of yield stress 7, flow behaviour index n > 0, and flow consistency
parameter k > 0. The general lack of printability and platelet alignment brings these assumptions into ques-
tion and motivates a closer look at the rheology data, revealing a particularly unexpected behaviour, shown
in fig. 5.4.
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Figure 5.3: Expected shear stress responses for time-independent Figure 5.4: Comparison of shear stresses versus shear rates expe-
viscoelasticity models (del-Mazo-Barbara and Ginebra, 2021). rienced by different ink compositions during flow sweep measure-
ments.

Compare these results to fig. 5.3. Whereas Al,O3/HMWC inks up to 25.7 vol% demonstrate shear-thinning
Herschel-Bulkley type curves, those at higher volume fractions, in addition to the PS/PC and Al,O3/CNF inks,
display behaviour that cannot be fitted using any of the time-independent models. This is especially evident
for the PS/PC ink. It is safe to rule out measurement artefacts such as wall slip since we are using serrated
plates and because gap analysis in amplitude sweep measurements showed a negligible difference in shear
rate measurements (appendix D.3). A different explanation is necessary.
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A strong candidate is that the ink rheology contains a time-independent component that leads to shear
thinning, similar to thixotropy (Cheng, 1987; Zhu and Smay, 2011; del-Mazo-Barbara and Ginebra, 2021).
In particular, as the measurement progresses, the increasing time under shear is accompanied by structural
breakdown. Lower shear resistance is measured, which, in this case, dominates the shear response of the
material. The resulting ’effective’ shear stress versus shear rate behaviour is showcased by Zhu and Smay
(2011) in fig. 5.5.
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Figure 5.5: Hysteresis loops (shear rate ramp up and ramp down) for highly concentrated colloidal Al O3inks containing varying amounts
of poly(ethylenimine) (PEI) flocculant. Taken from Zhu and Smay (2011).

Time-dependent phenomena such as thixotropy are apparently well-known and have been observed and
modelled extensively in literature, including for spherical alumina colloids used in 3D printing (Zhu and
Smay, 2011). This was, unfortunately, previously unknown to me. While an extensive discussion of modelling
approaches shall be avoided, modelling this generally involves the introduction of a structural parameter
0 < 1 <1 into constitutive equations such as the Herschel-Bulkley model, or models that decouple elastic
and viscous stress such as that of Dullaert and Mewis (2006) and Zhu and Smay (2011). The parameter is
commonly made a function of time and fluid state, thereby conveying structural kinetics such as floc attrition
and aggregation (Zhu and Smay, 2011). In our case, it could convey the rearrangement of platelets, allowing
modelling of the current ink’s behaviour. Strictly speaking, thixotropy is completely reversible through Brow-
nian motion (Barnes, 1997), whereas shear-induced alignment may not be as a result of the strong shape
anisotropy and accompanying stacking behaviour. This should be considered when forming models in the
future.

Crucially, time-dependent behaviour does not emerge when plotting viscosity against shear rate since
it appears simply as a steeper shear thinning gradient. More importantly, strong time dependency inval-
idates the rheological model and implies that values obtained for inks at rest do not accurately represent
the behaviour of the printed material. Therefore, these values cannot be used as predictors of printability.
This finding is critical for understanding why, in this thesis, inks that satisfy printability requirements do not
demonstrate satisfactory printability.

Obtaining more accurate values may fortunately be as simple as shearing the material at rates and times
representative of extrusion and performing similar analysis afterwards (Zhu and Smay, 2011). Various mea-
surement techniques exist for obtaining indications of structural change and the timescales involved when
going from a rested material (i.e. in the syringe) to a previously sheared material (i.e. extrudate). One such
method is the three-interval thixotropy test (3ITT), which yields the elastic recovery of the material (del-
Mazo-Barbara and Ginebra, 2021). Insightfully, del-Mazo-Barbara and Ginebra (2021) clarify that G’ and 7,
are but a few among a variety of parameters that form predictors of extrudability and shape fidelity. This
third metric, elastic recovery, may be critical for explaining the lack of printability observed in the current
inks. This has been briefly explored in appendix D.4; indeed, a significant, permanent decrease in viscosity is
observed before and after shearing.

Data on what is considered 'sufficient’ elastic recovery is incomplete, but the recovery should occur within
seconds, and the recovered stiffness should be above the minimum for shape retention. In fact, most predic-
tors of printability do not have hard-set requirements as implicitly suggested by Feilden et al. (2017), but
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carry ranges of values that have shown positive results for different studies with different colloid systems
(del-Mazo-Barbara and Ginebra, 2021).

Notably, the shear stress - shear strain curves shown in fig. 5.4 indicate more significant time-dependent
(i.e., restructuring) behaviour for PS/PC and Al,O3/CNF inks than for Al,O3/HMWC inks. This further sup-
ports the suggestion that the PS/PC inks deform largely by PS crystal plane sliding. Note also the onset of
time-dependent behaviour at high platelet volume fractions in Al,O3/HMWC inks, suggesting increased re-
structuring.

5.3. Lack of platelet alignment

Comparing the present results to those obtained by Feilden et al. (2017) shown in fig. 2.6, we observe an evi-
dentlack of structural organisation that requires more attention. Nozzle exit and aggressive corner flow at the
extrusion end could be a source. These sudden changes in flow conditions introduce high shear, which may
reduce alignment. Mezi et al. (2019) demonstrate using numerical simulation that the flow-wise alignment
of fibres reduces dramatically after exiting the nozzle due to an outward flow of material, with the middle
streamlines becoming fully perpendicular to the extrusion direction. However, this perpendicularity is ob-
served neither here nor by Feilden et al. (2017). The corner flow appears to be negligible for similar reasons.
A different argument is necessary.

An alternative explanation relates to the flow within the nozzle as depicted in fig. 5.6. Due to the radial
shear stress gradient in the nozzle, an ink with a given yield stress yields only in the region outside of a core
where the stress is below the yield stress (Siqueira et al., 2017; Hausmann et al., 2018; Balani et al., 2021; Wilms
et al., 2021). Since particles require a minimum ’residence time’ under shear to align, the region outside of
the plug flow where shear stress is high but shear rate is low also experiences reduced alignment (Feilden et
al., 2017; Hausmann et al., 2018). The combined effect is a filament containing a highly aligned outer layer,
whereas the core remains largely disordered. This is precisely what we observe.
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Figure 5.6: Shear stress distribution across a 0.3 mm diameter, 80 mm length nozzle as determined by Hausmann et al. (2018) (a). The
yield stress for this CNC-loaded ink is shown as a horizontal dotted line, forming a plug flow regime of radius r, . Shear rate profile and
alignment times across the nozzle radius, showing the formation of a large unaligned zone of 'differential flow’ outside of the plug flow
regime, containing a thin, highly aligned zone demarcated by the sudden increase in residence time (b). Taken from Hausmann et al.
(2018).

To further understand this, for a Herschel-Bulkley fluid, shear thinning increases this non-aligned or ’crit-
ical’ radius by widening the region where shear rates are low, as depicted in fig. 5.7. Hausmann et al. (2018)
provide an estimation of this critical radius r. in eq. (5.1):

ZKLl—n (ﬁ(q))Q)”

Te=Trf*xp R27

(5.1)

Where f is a constant that captures the inherent alignment behaviour of the ink, which is made a function
only of the particle volume fraction ®. Q is the mass flow rate, and the plug flow radius r), r can be determined
from eq. (2.15) by equating to zero, yielding:
21y L
Tpfr =
PE= AP

(5.2)

W.J. (Wouter) van der Sluis



5.4. Bacterial activity 59

Which clearly shows the dependence on yield stress and flow behaviour index. Curiously, the plug flow radius
increases only with 7, since AP is linearly correlated to L. Hence, the size of the unyielded core can be
determined from the rheology of the ink alone, and one should favour lower yield stresses.
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Figure 5.7: Nozzle velocity profiles for varying flow behavioural indices, showing a widening of the critical radius. The plug flow radius
rp is independent of n and remains constant. Here a fictitious residence time is represented as a minimum shear rate y,;, below
which no alignment occurs. The critical radii corresponding to these residence times are depicted by vertical lines to demonstrate the
effect of shear thinning on the degree of alignment.

The above equations do not apply to the inks studied here due to the substantial time dependence. How-
ever, they provide helpful insight. Since the current inks experience reduced shear resistance after exposure
to stress, and since the outer, slowest layers experience the highest shear, the shear thinning behaviour is
essentially strengthened at the outer layers, leading to further widening of the shear profile. Hence, reducing
this time-dependent shear thinning is desirable. Alternatively, formulating an ink that experiences increased
shear resistance with increased alignment ratios would be beneficial. The shear profile then narrows due to
an inwards-growing shear-thickening layer, promoting further alignment in the unaligned regions.

In summary, the current ink rheologies are not optimised in terms of velocity profile and shear-induced
alignment behaviour, leading to the low alignment observed. The rheology should be improved by minimis-
ing eq. (5.1) using the properties for pre-sheared material. As a first rough guideline, this involves minimising
the yield shear stress and maximising the flow behaviour index n while retaining printability.

5.4. Bacterial activity
For the initial PS/PC ink, precipitates with the morphology of calcium carbonate deposited via MICP were
found on the outside print surface. None were found inside the filament interiors. For the Al,O3/CNF inks,
no evidence of MICP could be found. For the latter, reduced nutrient content is likely the cause. However,
the limited results for the PS/PC ink remained unclear previously and may be the result of a paradox that is
only apparent since the coagulation behaviour was revealed in section 5.2.2: the inclusion of bacteria rapidly
triggers a change of pH, which leads to coagulation and subsequent non-printability. Consequently, an ink
that stimulates MICP is not printable, and an ink that does not shows no MICP. Therefore, a balance must be
struck between inoculating the ink with sufficient bacteria to trigger MICP and not too much to cause short-
term aggregation and non-printability. This "printability window’ should be considered when formulating
inks for the current approach.

More interestingly, given the rapid coagulation time after the addition of S. pasteurii shown both here and
by Dutto et al. (2025), I suggest that it may be possible to mix the bacteria into the ink during extrusion in a
multimaterial approach, thereby extruding as coagulation takes place. In this way, the bacteria function as a
’hardening agent’ that allows increased filament retention upon deposition.
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5.5. Key hypotheses
Condensing the above discussion and main findings, we arrive at three key hypotheses that are most relevant
for future studies:

Hypothesis 1: Optimising ink rheology

The rheology of the formulated inks can be improved via small changes in composition. Keep-
ing an approximately similar ratio of ceramic and polymer, aggregation tendency can be con-
trolled via zeta potential behaviour, pH, and polymer molecular weight to yield a favourable bal-
ance between fluidity and structure. This hypothesis can be tested by selecting components that
lead to pH-dependent aggregation tendency, varying pH, and MW and observing the correspond-
ing changes in rheology and printability.

Hypothesis 2: pH-based ink coagulation

S. pasteurii induces pH-based coagulation. A 'printing’ window exists which requires delaying
bacterial activity sufficiently to allow printing but not so much as to prevent MICP from occur-
ring. A multimaterial approach can leverage this to allow immediate coagulation, thereby im-
proving print fidelity. This can be tested by varying bacterial content in inks containing urea but
lacking biomineralisation feedstock, similar to the study by Dutto et al. (2025).

Hypothesis 3: Time-dependent ink rheology

Rheological properties of the inks depend on shear history. Hence the ink behaviours cannot
be adequately described by the Herschel-Bulkley model as used by Feilden et al. (2017). Rheol-
ogy data obtained at rest becomes insufficient for predicting the extruded material’s behaviour.
Whether such time dependency is required for successful printing and if platelet alignment plays
arole in this remains unclear. This is critical to investigate since it, if true, places a fundamental
constraint on the rheology of nacre-inspired inks. This hypothesis can be tested by performing
rheology experiments that test or incorporate shear history and quantifying platelet alignment in
parallel.

Hypothesis 4: Improving mechanical behaviour

Mechanical behaviour can be improved by increasing compaction and minimising shrinkage.
The large void content should be reducible by increasing the solid fraction to decrease mass loss
on drying while promoting the mobility of the polymer. This can be tested by varying solid and
polymer content.

5.6. Limitations of the current experimental approach

While many choices in this study were motivated by achieving mechanical strength, it must be made clear
that this work is not an optimisation of mechanical strength. Instead, the goal is to chart the design space
for printing bacteria- and platelet-loaded hydrogels so that the microstructure involved in the toughening
mechanisms observed in natural nacre can be replicated. At the same time, the materials obtained here bear
insufficient resemblance to nacre to be fairly labelled 'nacre-mimetic. Warranting this label would require
proper implementation of the guidelines mentioned in section 2.4. The platelet aspect ratio s would have
to be optimised for a given polymer and platelet material so that s < Z—;. To demonstrate, assuming a per-
fect interface, cellulose as the polymer (7, ~300 MPa (Zhang et al., 2015)) and alumina platelets (theoretical
0 p 46 GPa), the critical platelet aspect ratio should ideally be in the order of

46 GPa

=————=—~=150 (5.3)
300 x 10” Pa

Sc
The alumina platelets used in this study deviate by a factor ~ 2.

Even using the correct aspect ratio, the printed material should at least consist of a layered structure of
tightly stacked ceramic platelets embedded in a polymer matrix as described in section 2.4. In section 4.2.4,
micrographs reveal that such a layered microstructure is absent. Void content estimations suggest that the
space between platelets is largely empty and devoid of polymer. To become a proper representation of nacre-
ous material, the particles should ideally be fully dispersed, aligned, and embedded in polymer. The latter
may possibly be achieved by adsorbing polymers onto suspended platelets instead of dissolving the polymer
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directly into a highly loaded suspension as done here. Crucially, the platelets used here are not convex, mean-
ing that tablet interlocking will not occur even in an aligned state. This feature is critical for replicating the
toughening mechanisms in nacre and should, therefore, be included in any potential optimisation studies.
In the end, natural nacre exists within a two-layer armour system, which will behave differently than nacre
on its own.

5.7. Implications for theory and practice

The findings and hypotheses proposed in this study hold important implications for both conceptual under-
standing and practical application of MICP in bioprinting. From a theoretical perspective, colloidal stability
and structure seem to play much more important roles than initially implied. Little data is available on the
conditions governing the stability of highly anisotropic platelet-loaded colloids, therefore the current evi-
dence forms an incentive for expanding this knowledge.

Crucially, the effect of platelet alignment on ink rheology and vice versa is a topic requiring more atten-
tion. It makes logical sense that platelet alignment should affect ink rheology since the ink structure becomes
highly anisotropic. Varying packing ratios for different degrees of alignment are likely to facilitate or impair
sliding, implying that time dependency may be fundamentally linked to shear-induced alignment. Under-
standing this relationship may be key to unravelling the rheology of nacre-like inks.

The need for precise control of MICP in the current direct ink writing approach is evident. The existence
of a printing window before coagulation occurs sets an important constraint on bacterial activity and/or the
printing process. Requiring precise control also presents a case for the genetic engineering of bacteria, a field
that is advancing quickly and could, therefore, provide useful new tools in this situation (Gilbert and Ellis,
2019). A new multimaterial approach is suggested to streamline the process of DIW with MICP by inoculat-
ing during printing and triggering coagulation immediately, possibly allowing a new method for fabricating
robust biocomposites.
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Conclusions and perspectives

This chapter concludes the current study and reflects on the extent to which the initially set research objec-
tives have been answered. Conclusions are provided section 6.1, which have been structured to answer the
research questions. Recommendations for future studies are made in section 6.2, followed by a summary of
scientific significance in section 6.3.

6.1. Conclusions

This study aimed to characterise the printing process, bacterial activity, and resulting material for nacre-
mimetic composites using biomineralising bacteria in direct ink writing (DIW). Despite the challenges, sig-
nificant progress was made, outlined below:

1. How must an ink be formulated to achieve a microstructure resembling nacre via direct ink writing?

A microstructure resembling nacre can be achieved through shear-induced alignment of platelets. This
work demonstrates that achieving this behaviour is not trivial. Alignment is dependent not only on the pres-
ence of shear flow but also on the radial profile of this shear flow inside the nozzle. Shear thinning, which
is desired for printing, is then undesired for alignment because it biases high shear flow towards the nozzle
wall, preventing reorientation of the inner parts of the filament. A high yield stress aggravates this by forming
a large 'plug flow’ region. Hence, ink constituents must be chosen to minimise shear thinning effects and
yield stress while retaining printability.

Rheology is found to be time-dependent, invalidating typical rheological models such as the Herschel-
Bulkley model as used in comparable work by Feilden et al. (2017). A more advanced method describing
time-dependent structural changes is required. The target rheology should be sheared material rather than
material at rest to retain printability. Sufficient yield shear stress and stiffness should then be measured.
This forms a second trade-off, where yield shear stress must be high enough to allow shape retention but
minimised to promote platelet alignment. Rheological values do not vary trivially with constituent content.
Ink yield shear stress and stiffness were found to vary in a power law relation with ceramic content but varied
non-linearly with polymer content. This contrasts with the behaviour observed for other systems (del-Mazo-
Barbara and Ginebra, 2021).

2. How do printing conditions affect printability and microstructure?

Nozzle aspect ratio and print speed directly affect the flow shear profile. Higher aspect ratios and print
speeds are desired because they subject the ink to more pronounced shear. In the current work, however,
the effect of higher print speeds on printability was noted but could not be linked to microstructure. The
lack of a trend in microstructure across different printing conditions implies that shear-induced alignment is
dominated by rheology and not by printing conditions.

3. How do ink constituent quantities relate to bacterial activity, microstructure and the corresponding
mechanical behaviour?
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Inks containing 1-fold nutrient solution concentrations demonstrated biomineralisation on the material
surface. Below the surface, the presence of bacteria or mineral deposits could not be identified, either be-
cause the current quantification approaches were insufficient or because the bacterial activity is hindered
within the filament. This must be verified in the future. At 0.5-fold concentration, all signs of bacterial ac-
tivity were lost, implying a minimum between 0.5-fold and 1-fold concentration. Similarly, inoculum con-
centrations were varied to control bacterial activity with optimal results achieved by adding 2 vol% of 0.5-fold
incubated growth medium. Below this value, no precipitation is observed. Above it, microbially-induced pH
change causes ink coagulation, preventing extrusion. Hence, a 'printing window’ is established for the cur-
rent system. The presence of bacteria and nutrients proved detrimental to flexural strength but had varying
effects on the work of fracture. Since these numbers were evaluated at 0.5-fold nutrient concentration, the
negative influence is likely caused by the presence of nutrients and bacteria, not biomineralisation. Hence,
any potential positive effect of biomineralisation should compensate for this adverse effect.

6.2. Recommendations for future work
The following recommendations are made based on the findings and experimental work conducted in this
thesis:

1. Optimise ink formulation

e Future formulations should focus on colloidal stability. Understanding colloidal interactions,
controlling pH, and investigating surface treatments such as polymer adsorption to achieve a
fully dispersed, polymer-enriched platelet network with the right balance between aggregation
and mobility may enable successful ink formulations.

* Higher ceramic volume fractions achieved using dispersants should be investigated as a way to
reduce shrinkage.

2. Advance understanding of anisotropic colloid rheology

* Rheological testing should incorporate shear history representative of the extrusion process and
structural recovery assessments to evaluate structural breakdown and elastic recovery. Suitable
models should be developed or applied that take into account colloid anisotropy.

* Changes in velocity profiles caused by different ink behaviours should be investigated, ideally
coupled with rheology and linked to particle alignment.

* As a first measure for achieving increased alignment, the ink should be optimised to minimise
yield shear stress and shear thinning while remaining printable.

 Better quantitative approaches for platelet alignment, for example, Wide-Angle X-ray spectroscopy
(WAXS), should be used.

3. Enhance bacterial activity and MICP and improve characterisation approach

* To increase MICP, future work should aim to optimise MICP behaviour, e.g. via tuning nutrient
and/or oxygen availability or by using slow-release nutrient systems to ensure bacterial viability
without compromising printability.

 Alternatively, a multimaterial approach where bacteria are added during extrusion to trigger co-
agulation immediately may provide a new method for producing strong parts that induce biomin-
eralisation.

* Combined approaches should be used to quantify MICP, e.g. by combining Scanning Electron
Microscopy and Energy Dispersive X-ray Spectroscopy (SEM/EDS), thermogravimetric analysis
(TGA), or other methods such as computed tomography. Attention should be given to the con-
ditions in TGA that facilitate the quantification of calcium carbonate, i.e. those that allow for
distinguished plateaus in mass loss. The mechanical influence of MICP on materials remains a
topic to be explored.
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6.3. Significance of this work

In summary, this research contributes to understanding the requirements for printing nacre-inspired mate-
rials via direct ink writing (DIW) and microbially induced calcite precipitation (MICP) as a pathway to me-
chanically enhance nacre-inspired materials. By examining how different formulations and bacterial activity
influence printability, microstructure, and mechanical performance, a groundwork is laid for future investi-
gations into sustainable, bioinspired structural materials.

The following points are highlighted as key contributing knowledge:

* Rheology of platelet-loaded inks can be time-dependent;

* Time-dependency complicates nozzle shear flow and invalidates standard rheological models such as
the Herschel-Bulkley model for predicting alignment and printability;

* Requirements for rheology in the context of direct ink writing should thus be set on sheared material;

* To maximise shear-induced alignment, yield shear stress and shear thinning index should be set to the
minimum and maximum, respectively, required for printing.
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Project & resource management

This appendix provides a detailed overview of the project and resource management aspects of the thesis,
including a work breakdown structure, an initial Gantt chart depicting the project timeline, a reflection on
deviations from the projected schedule, and the data management practices.

A.1. Work breakdown structure
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Figure A.1: Work breakdown structure for the thesis project. Dependencies and parallel tasks are identified using orange and green
arrows, respectively.
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A.2. Gantt chart

eaig Jowwns anL
Aepuop M

Suoneuen soREIRY

UoREPIEA - EdM &

Sunsey oxmoess
Bupsay el
ABoroauy
Was/Adoosoni
AydesBoroy

UonEzIaRIEUD - ZdM &

woneie
Bussesoidsod
bunuid e
[—

UM YUl oG - | +

suonensoses wowdinba afeW

Swowssassy A9y

s

BusspIo + siewsIeN 10 (g
sio0101d gel el
ABopopotpows 3 Buueid el
Bunien wowdinbarqe el

uogeiedsid - OdM &

T Er—
Tou - 3y

WIS - uoneEsaIg

Apog -yeiq sisuL

Wi - uonEosald

[ S —

1050001 UpIE3SY § MOINDY SIMEIBT -YeI SISUL

uonEewns0q &

aupeaq pie sisauL
@2usjeq sisauL
UorsSIGNS ollopuod LpIESsaY

1oseug prEssay
urpueH esodosd yo1easay

Howpn
ABolopouo 3 Matay ameiai]

‘SeuoISaIN AoX B MOINISAO A

¥20T 4380100

Ed o 6

¥207 ¥3BNALATS

oz & a

#20¢ 1snonv

ES

Ed

s

¥20z AINC

o

vzoz annr

¥202 AV

e

¥20Z Ty

¥Z0T HOBYIW

20 ARVNYESS

V20T AUVANYT

sisauL osW

Figure A.2: Initially projected timeline for thesis project. A total of 3 weeks of overhead is left.



A.3. Reflection on timeline execution

The true thesis timeline deviates somewhat from the timeline provided in fig. A.2. In particular, as discussed
and agreed upon with the responsible supervisor, the literature review, research proposal, and midterm mile-
stones were combined so that lab work could begin immediately, allowing a better balance between practical
and office work. At first, holidays were included in 'working’ time as stated in the 100% FTE timeline, but this
proved problematic especially due to the interruption of continuity in experimental campaigns. Additional
leaves spanning 3 weeks total were also not included in the initial planning. As a result, the exclusion of hol-
idays from working time was discussed and agreed upon with the thesis supervisors. The resulting deadline
shifts were approved by the study programme administration.

Crucially, mitigation strategies for certain unforeseen risks were not in place, including:

1. Difficulties in troubleshooting ink formulation after hitting a major roadblock,

2. Multiple occasions of extended unavailability (2+ weeks) of critical lab staff leading to non-trainability
or non-usability of equipment,

3. Generally highly defective equipment, leading to learning curves on almost all measurement tech-
niques with associated repetitions and delays,

4. Generally high unavailability of lab equipment, either due to malfunctions and/or extensively booked
reservation systems (1+ month fully booked), being especially problematic for experiments where the
time of start cannot be predicted until a few days in advance.

The consequences of these risks resulted in full use of the 3-week overhead in addition to the abandonment
of three experimental campaigns, namely the assessment of self-healing properties, quantification of fracture
toughness, and, most importantly, the iteration of the final ink so that biomineralisation could be observed.
In summary, deadlines were shifted to include personal leaves but the project work was performed within the
agreed working time despite difficulties.

A.4. Data management

The data collected in this project has been stored in a traceable manner using non-proprietary formats. Here,
an overview is provided of the data storage methods and access. Further or unintentionally inaccessible data
can be provided upon request.

Table A.1: Data storage locations and access. All data is submitted to project drive (U:/) upon thesis submission.

Type Format How collected Purpose Storage location Users with ac-

cess

Lab journal & Handwritten, Digitised, web- Report condi- Physical note- Author, mentor,

notes .pdf, Notion based tions and details  book digitized and supervisor

environment of methodology

Images and .jpeg & .mp4 Phone cam- Documentation Laptop, backup Author, mentor,

videos era and USB and assessment on SURFdrive. and supervisor.

microscope of printability

SEM images .TIFF SEM, DASML Characterize Laptop, backup Author, mentor,
material mi- on SURFdrive. and supervisor
crostructure
and  bacterial
content

Rheology data xt Rheometer Characterization Laptop, backup Author, mentor,
of ink on thesis SURF-  and supervisor.

drive.

Flexure data .zs2 and .csv Zwick 10kN Characterization Laptop, backup Author, mentor,
of mechanical on SURFdrive. and supervisor.
properties.

Profile data .CsV 3D optical mi- Coupon geome- Laptop, SURF- Author, mentor,

Croscopy try drive. supervisor.
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Multiple backups of the data have been maintained. These can be found at the following locations.

* Personal storage
SURFdrive
* Project (U:/) drive

* Viewer access to Notion workspace can be provided upon request
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Literature search queries

This appendix describes the search queries used to find the main relevant literature for this thesis. The gen-
eral process followed was to formulate and submit queries in Web of Science and Scopus, then identifying
relevant articles and reviews and via abstracts, sorting by citation count. (Reference lists of) recent articles
were scanned to find new or influential articles and to probe the level of understanding of the field at hand.
In some instances, connectedpapers.com was used to find an initial overview of relevant literature, although
this was found to not always include the most recent literature.

B.1. Background

B.1.1. Bio-inspired hierarchical materials

Concept

Bio-inspired Hierarchical Materials

Keywords
Keyword Bio-inspired Hierarchical Materials
Synonyms Biologically- Multi-scale; Composites;
inspired; Architectured; Architectures.
Biomimetic; Composite.
Bioinspired.

Query

("bioinspired" OR "bio-inspired" OR "biologically-inspired" OR "biologically inspired" OR "biomimetic")
AND ("hierarchical" OR "multi-scale” OR "architectured" OR "composite") AND ("materials" OR "compos-

ites" OR "architectures")

Results

Date Database

Filter(s) Amount

19/01/24 Web of Science
19/01/24 Web of Science

630,077
Review articles, 2019+ 15,758

B.1.2. Nacre

Concept
Nacre

Query
"nacre"
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connectedpapers.com

Results

Date Database Filter(s) Amount
19/01/24 Web of Science 8,709
19/01/24 Web of Science Review articles 532
19/01/24 Web of Science Review articles, 2019+ 199

W.J. (Wouter) van der Sluis

78



B.2. Related

Concept
Nacre-mimetic material

Keywords
Keyword Nacre Mimetic Material
Synonyms Inspired; Composite;
Mimicking; Architecture.
Like
Query

"nacre" AND ("mimetic" OR "inspired" OR "mimicking" OR "like") AND ("material*" OR "composite*" OR
"architecture*")

Results
Date Database Filter(s) Amount
19/01/24 Web of Science 1,777
19/01/24 Web of Science Review articles 92

B.3. Specific

B.3.1. Additive manufacturing of nacre-mimetic materials

Concept

Additive manufacturing of nacre-mimetic materials

Keywords
Keyword Additive manufacturing Nacre Mimetic Materials
Synonyms 3D(-)Printing; Inspired; Composite;
Robocasting; Mimicking; Architecture.
Direct ink writing. Like
Query

("additive manufacturing" OR "3D printing" OR "robocasting" OR "direct ink writing") AND "nacre" AND
("mimetic" OR "inspired" OR "mimic*" OR "like") AND ("material*" OR "composite*" OR "architecture")

Results
Date Database Filter(s) Amount
19/01/24 Web of Science 17

B.3.2. Microbially-induced calcite precipitation
Concept
Microbially-induced calcite precipitation
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Keywords

Keyword Microbially Induced Calcite Precipitation
Synonyms Microbe; - Calcium car- -
Microbiologically. bonate.
Query

("microb*" AND "induced" AND ( calcite OR "calcium carbonate" ) AND "precipitation" ) OR "MICP"

Results
Date Database Filter(s) Amount
19/01/24 Scopus 4,054
20/01/24 Scopus Review articles 168
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Practical details and remarks

C.1. Laboratory protocols

C.1.1. Preparation of S. pasteurii Growth Medium

Note: Nickel(II) chloride is acutely toxic, causes skin irritation, may cause cancer when inhaled, and is highly
toxic to aquatic life with long-lasting effects. Handle in a fume hood using nitrile rubber gloves and eye pro-
tection. Dispose of gloves immediately after handling and equip new ones. Avoid dust formation - carefully
weigh powder. Use the balance already placed inside the fume hood in the biolab, do not move any balances
in and out of the fume hoods. Clean contaminated areas thoroughly: remove bulk powder mechanically into
appropriate disposal container, pre-rinse remainder with running water, wash with mild detergent, rinse
thoroughly, dry using clean paper towel. Label solutions and store with correct ADR class (ADR 6). Label and
discard disposal container at solid chemical storage.

Note: Sodium hydroxide can cause severe skin burns and eye damage and can be corrosive to metals. Use
nitrile rubber gloves and wear eye protection when handling. Handle and open container with care, avoid
dust formation. Clear contaminated areas thoroughly: remove bulk powder mechanically into appropriate
disposal container, neutralize remainder using excess weak acid solution (e.g. vinegar) - avoiding splashing,
pre-rinse remainder with running water, wash with mild detergent, rinse thoroughly, dry using clean paper
towel. Label and discard disposal container at solid chemical storage. Never add water to solid sodium hy-
droxide. The reaction is highly exothermic, and can lead to violent boiling of the solution and potential burns.
Instead, add the solid slowly to sufficient water.

1. Prepare 10ml of 0.1 moll~! nickel(II) chloride solution in demineralized water.

2. Prepare 100 ml of SP medium by combining 20 gl™! yeast extract, 10 gl~! ammonium chloride, and
100 ull™! of 0.1 moll™! nickel(IT) chloride solution.

3. Adjust the pH to 8.5 with sodium hydroxide pellets using electrodes.

4. Autoclave to sterilize.

Note: To limit exposure and contamination of the working space, the SP medium should be prepared
and autoclaved in the (Erlenmeyer) flask used for fermentation, preventing additional transfer steps. To pre-
vent contamination of the autoclave and spillage in subsequent steps, the Erlenmeyer flask is sealed with a
cellulose stopper (allowing equalisation of pressure) covered with aluminium foil.

Note: The nickel(II) chloride concentration in the SP medium is approximately 1.3 ugl~! which is lower
than the toxicity exposure values indicated on the MSDS. Unused 0.1 moll~! solution is disposed of as cate-
gory 2 alkaline waste.
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C.1.2. Preparation of S. pasteurii Glycerol Stock

S. pasteurii can be stored for long periods at —80 °C in a glycerol stock. To make more of this stock the follow-
ing procedure can be used:

Prepare 100 ml of S. pasteurii growth medium (see appendix C.1.1)

Add 20 pl of stored S. pasteurii stock

Incubate for 48 h at 28 °C and 125 RPM

Centrifuge for 5min at 6000 rcf in 50 ml tubes

Carefull decant supernatant, dispose of as ML-I waste.

S o e

Resuspend each precipitate in 5 ml of fresh SP medium, add 5 ml of 80 vol% sterile glycerol in deminer-
alised water solution

7. Store glycerol stock at —80 °C in 1.5 ml cryo-tubes

C.1.3. Preparation of phyllosilicate/powdered chitosan ink
Note: Ammonium chloride is irritating to the skin and eyes and harmful when ingested. Use nitrile rubber
gloves when handling and avoid dust formation.

Note: Do not autoclave or heat ammonium or urea solutions, including the ink at any stage, without ap-
propriate safety measures; hazardous ammonia gases are formed. To sterilise use vacuum filtration. Note that
ammonium chloride is a stable salt and does not produce ammonia gas upon heating in solution. However,
in dehydrated form, upon heating it decomposes into ammonia and hydrogen chloride gas. Boiling of am-
monium chloride solutions should therefore be carried out in a fume hood in the event that full evaporation
of the solvent occurs by accident.

Note: Fine crystalline silica particles of respirable size’ (<10 um) can cause eye and respiratory irritation.
Repeated inhalation can lead to silicosis, increasing the risk of lung cancer. Verify the particle size before
handling. Handle preferrably in a fume hood using nitrile rubber gloves, avoid dust formation.

Note: Acetic acid solutions of high concentrations (>25%) cause severe skin burns and eye damage. Han-
dle using gloves and eye protection. Label using ADR 8. Large amounts that cannot be practically or safely
diluted should be disposed as category III organic waste.

The following procedure results in approximately 50 g of ink (~35 ml):

1. Perform steps 1-3 of appendix C.1.2 in advance.

2. In a plastic container, prepare a 25 ml solution containing 1 wt% acetic acid and 3 wt% chitosan. Ho-
mogenize using a stirring rod or spatula.

3. Add 20 g phyllosilicate platelets, resulting in 40 wt% in the final ink.

4. Add 1.5ml of 8x biomineralization (BM) medium consisting of 80 gl~! tryptone/peptone, 40 gl~! yeast
extract, and 80 gl~! ammonium chloride.

5. Homogenise in a planetary speed mixer at 3500 RPM for 5 min.

6. Prepare a 50 ml solution containing 22.05 g of calcium chloride dihydrate and 30.0 g of urea. Adding
1 ml of this solution to the ink (assuming 30 ml of ink) results in calcium chloride dihydrate and urea
concentrations of 100 mmoll~! and 333 mmoll™, respectively.

7. Add 1 ml of the salt/urea solution into the (now gelled) BM solution.
8. Homogenise gel in a planetary speed mixer at 3500 RPM for 5 min.

9. Perform steps 4 and 5 of appendix C.1.2 on the inoculate prepared in step 1. The amount of supernatant
decanted can be varied to modulate the amount of bacteria added to the ink.

10. Resuspend the precipitate in the remaining supernatant by gently shaking the container. Add 1 ml of
the suspension to the ink and homogenise gently (e.g. by hand using a stirring rod or spatula)

11. Distribute across 12 ml syringes.

12. With a luer cap on each syringe, centrifuge the inks for 25s at 1000 rcf to remove air bubbles and push
the ink towards the bottom.

13. Using a long needle to bypass the plunger seal, press the plunger down against the ink.
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14. Replace the syringe cap with the desired nozzle (standard is 18 gauge, green color). Purge the nozzle
with ink. The ink is now ready to be printed.

C.2. Ink drying rate

During preparation, inks were observed to dry on the sides of the beaker quickly. To obtain an quantitative
indication of how quickly the inks can dry in ambient conditions, the initial ink was left in its mixing beaker,
with the lid open, on a scale and the change in mass measured. The result is shown in fig. C.1.
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Figure C.1: Drying rate shown by open container mass change over time. Normalizing to container diameter yields a drying rate of
0.6mgcm~2min~! (~2wt% water per hour for a batch).

During the first rheological measurements, upon sample removal samples were noted to be very dry near
the circumference and wet in the middle despite the relatively slow drying rates measured for the open beaker.
Since in parallel plate rheology the outer ring of material has the largest effect on the measurement (since the
shear stress is highest there), the effect is believed to be significant. To limit this, for all subsequent measure-
ments silicone oil was dripped over the circumference of the top plate and allowed to flow down, sealing the
sample. A constant displacement amplitude time sweep was performed on two equal samples to measure
the difference, shown in fig. C.2.

106 4 .
e wj/o oil - 600000000000 00000000CK
w/ oil ot
o
. 10° 4 DO“DE
0 o°
© &2
&' °
= °
2 10%H °
= o
o
S °
o
< °
1034 o
0 10 20 30 40 50 60

Time elapsed (min)

Figure C.2: Constant strain time evolution of initial ink sample showing large difference between bare sample and sample coated with
silicone oil. |e| = 0.1%, gap size 0.5 mm, no normal force zeroing.

In addition, to see how this influences perceived yield stress and stiffness, oscillatory stress amplitude
sweeps were conducted, shown in fig. C.3.
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Figure C.3: Oscillatory stress amplitude sweeps for initial ink samples with and without silicone oil coating. Note the increase in per-
ceived yield stress and decrease in stiffness.

C.3. Preparation of 1 mm length nozzles

Since 1" (25.4 mm) length nozzles were not available for the given diameter (0.51 mm), 1.5" (38.1 mm) nozzles
were cut at about 1.2" with pliers and manually sanded with P400 sandpaper down to 1", followed by smooth-
ing with P1000 paper and deburring under USB microscope with the sharp edge of a hypodermic needle tip.
To verify that the cross-section remains the same, images were taken with the USB microscope, shown in
fig. C.4.

(a) Tip of untrimmed 1.5" nozzle (b) Tip of trimmed 1" nozzle.

Figure C.4: Comparison of untrimmed (1.5") versus trimmed (1") 21ga nozzles.
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C.4. Materials used

Table C.1: List of substances used.

Substance Type Supplier

Sporosarcina pasteurii DSM-33, ATCC 11859 DSMZ, Germany

Silicate (mica/kaolin) platelets RonaFlair® Satin Merck

Alumina platelets RonaFlair® White Sapphire  Merck

Chitosan (Powdered) - Shanghai Macklin Biochemical Co.,Ltd.
Chitosan (High MW) - Sigma Aldrich

Acetic acid 99,8% - Honeywell

Cellulose Nanofibers
Tryptone/peptone

Yeast extract

Ammonium chloride
Calcium chloride dihydrate
Urea

Nanografi Nano Technology

Peptone from milk solids Sigma Aldrich

Sigma Aldrich/Oxoid
Thermo Scientific
Sigma Aldrich

Sigma Aldrich

Table C.2: List of equipment used. Standard equipment such as containers or metalware has not been included.

Equipment Brand
Planetary speed mixer SpeedMixer™ DAC 150.1 FVZ
Incubator Fisherbrand 194L Incubator

Sputter coater

Scanning electron microscope
Rheometer

Serrated parallel plates
Thermogravimetric analyser
Flexural test bench

Load cell

3D Printer

Biosafety cabinet

Quorum Technologies Q300T D

JEOL JSM-7500F

Thermo Scientific HAAKE Mars III

Thermo Scientific

PerkinElmer TGA 4000

ZwickRoell 10kN Universal Test Machine
ZwickRoell 1kN Loadcell (Plate Mounted)
Ultimaker UM2+ (Custom Modifications)/Creality
Ender-3 V2 (Custom Modifications)

Thermo Fisher Scientific MSC Advantage
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Figure D.1: Repetitions of stress amplitude sweeps for 19.9vol% (49.7 wt%) platelet content. Evaluation intervals and values for G are
denoted by the black lines.
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Figure D.2: Repetitions of stress amplitude sweeps for 22.5vol% (53.6 wt%) platelet content.
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Figure D.3: Repetitions of stress amplitude sweeps for 24.9 vol% (56.9 wt%) platelet content.
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D.1.4.26.0vol%
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Figure D.4: Repetitions of stress amplitude sweeps for 26.0 vol% (58.4 wt%) platelet content.
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D.1.5.27.1vol%
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Figure D.5: Repetitions of stress amplitude sweeps for 27.1 vol% (59.8 wt%) platelet content.
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D.1.6. 28.2vol%
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Figure D.6: Repetitions of stress amplitude sweeps for 28.2 vol% (61.1 wt%) platelet content.
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D.2. Variation of chitosan content
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Figure D.7: Repetitions of stress amplitude sweeps for 1.87 vol% (1.07 wt%) chitosan content. Platelet content is 25.9 vol%.
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D.2.2.1.93vol%
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Figure D.8: Repetitions of stress amplitude sweeps for 1.93 vol% chitosan content. Platelet content is 25.7 vol%.
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D.2.3.2.40vol%
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Figure D.9: Repetitions of stress amplitude sweeps for 2.40 vol% chitosan content. Platelet content is 25.6 wt%.
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D.2.4.2.86vol%
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Figure D.10: Repetitions of stress amplitude sweeps for 2.86 vol% chitosan content. Platelet content is 25.4 vol%.
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D.2.5.3.31vol%
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Figure D.11: Repetitions of stress amplitude sweeps for 3.31 vol% chitosan content. Platelet content is 25.3 wt%.
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D.3. Gap analysis
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Figure D.12: Gap size analysis for amplitude sweep tests using Al O3/CNF ink.
D.4. Thixotropy
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Figure D.13: 3ITT tests performed on AlO3/CNF ink including a gap size variation. Note the permanent reduction in viscosity.
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Figure D.14: 3ITT tests performed on AlpO3/CNF ink for varying peak flow rates. Note the permanent reduction in viscosity after high
shearing.
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Flexural testing

E.1. Force-displacement data
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Displacement (mm)

Figure E.1: Origin-adjusted force-displacement data for TC15 coupons
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1.0
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Figure E.2: Origin-adjusted force-displacement data for TC16_1 coupons
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Figure E.3: Origin-adjusted force-displacement data for TC16_2 coupons
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Figure E.4: Origin-adjusted force-displacement data for TC16_3 coupons
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Figure E.5: Origin-adjusted force-displacement data for TC17 coupons
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