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Abstract

To successfully develop plant-based meat analogs, it is essential not only to mimic
the protein content of conventional meat, but to also replicate the structural and
functional roles of animal fat. This thesis investigates two approaches for structur-

ing liquid oils, emulsion gels and bigels, for use as fat substitutes in food 3D printing.

The study was conducted in two phases. In the first, the rheological properties,
printability in single material printing and microstructure of both gels were eval-
uated. The second investigated their performance in multi-material 3D printing
when combined with a pea protein isolate-based ink, using dual and coaxial extru-

sion techniques.

Rheological analyses, including amplitude sweep, shear-viscosity test, frequency
sweep, three interval thixotropy test and temperature sweep, revealed distinct differ-
ences in behaviours for each gel. The bigel showed higher initial viscosity and greater
thermal sensitivity, but also stronger shear-thinning and self-supporting properties.
The emulsion gel was softer and less structurally stable. Confocal laser scanning
microscopy provided further insights into the gels’ microstructure and phase distri-

bution, supporting the rheological findings.

In 3D printing, both gels were printable using the same G-code with the same
printing parameters. However, the bigel retained better definition and buildabil-
ity, and could withstand increased layer heights, where emulsion gel collapsed. In
multi-material 3D printing, the bigel maintained structural integrity when printed
together with PPI30, in contrast to emulsion gel, which exhibited poor material
distribution and inconsistent extrusion behaviour. The bigel also showed superior

storage stability, maintaining their form over extended periods at room temperature.

The results demonstrate that while both gel systems are potential options for struc-
tured fat replacement, bigel offer greater mechanical stability and compatibility for
use in food 3D printing. These findings contribute to the development of more re-
alistic plant-based meat analogs and highlight the importance of optimizing both

material formulation and printing techniques.
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1 Introduction

As the awareness of environmental, ethical and health-related concerns regarding
animal-derived food products increases, the demand for plant-based alternatives si-
multaneously continues to grow. In the development of these food items, much of
the focus has previously been on protein content, while fats have not received the
same attention [1]. This despite their great contribution in the overall sensation of

plant-based meat analogs, particularly in texture, mouthfeel and flavour [2].

A key challenge in replacing animal fats is replicating their functional properties
as they remain solid at room temperature, whereas plant-based oils typically are
liquid [2]. To address this issue, methods for structuring the liquid oils into more

solid-like fats are required. One promising strategy involves the use of gel systems.

Gels are three-dimensional networks, primarily composed of two components: a
liquid medium and a dispersed solid network, which provide structural integrity and
stability [3]. Among the available gel systems, two are of particular interest: emul-

sion gels and bigels.

In emulsion gels, an emulsion is embedded in a gel network [4]. Bigels, in con-
trast, are biphasic systems of two immiscible gel phases, typically a hydrogel and an
oleogel [3]. Depending on their formulation, both gels can be of either water-in-oil
(W/0O) or oil-in-water (O/W) structure. While both systems have been explored
in food applications, the comparison between the two in the context of food 3D

printing (3DP) remains unexplored.

Food 3DP is an emerging technology that allows for precise deposition and customiz-
able food materials, offering the possibility of creating plant-based meat analogs
with complex structures [2]. Marbling is a key characteristic of meat, that refers
to the distribution of intramuscular fat within muscle tissue that contributes to the
juiciness, tenderness and flavor of meat, and replicating this structure is a major

challenge [5].

Multi-material 3D printing (MM3DP) offers a potential solution to this issue, as

it enables two materials to be extruded simultaneously, such as structured fats and



protein matrices [6]. The extrusion technique used in MM3DP plays a critical role
in achieving complexity of the extruded objects. The two methods explored in this
study are dual and coaxial extrusion. In dual extrusion, two materials are printed
side by side while coaxial extrusion prints one material as the core and the other as
a surrounding outer shell. These techniques offer approaches to improve the design

of plant-based analogs.

The success of emulsion gels and bigels in 3DP depends on several factors, including
their rheological properties, extrusion performance and compatibility with a second
material in MM3DP. Understanding how these gels perform under different extrusion

conditions is essential for optimizing their functionality as plant-based fat analogs.

This study aims to compare emulsion gels and bigels in MM3DP applications, evalu-
ating their printability, structural stability and suitability as plant-based fat analogs
in food 3DP products together with a pea protein isolate based ink.

1.1 Aim

The project aims to evaluate two gel systems, emulsion gel and bigel, and their suit-
ability as animal fat analogs in food MM3DP. Additionally, two MM3DP extrusion

techniques, dual and coaxial, are investigated.

This is further divided into the following specific aims:

o To evaluate and compare the suitability of emulsion gels and bigels for use in

food 3DP as animal fat substitutes

o To evaluate and compare the suitability of emulsion gels and bigels for use in

food MM3DP in combination with a pea protein isolate-based food ink

o To determine the optimal extrusion technique for food MM3DP, combining

the pea protein isolate-based food ink with the gels respectively

To address these aims, the following research questions are investigated:

o What are the differences between emulsion gel and bigel food inks in terms of

printability, rheological properties and microstructure?

o Which gel is most suitable for food MM3DP in combination with a pea protein



isolate-based ink?

o Which extrusion technique, dual or coaxial, is favourable for successful print-

ing?

1.2 Specification of the issue being investigated

The development of plant-based fat analogs that can replace animal fats in food re-
mains challenging primarily due to differences in physical and functional properties.
Unlike animal fats, which are solid at room temperature, plant-based oils are liquid,

which affects their texture and stability.

Previous studies have shown that bigels and emulsion gels can improve the structure
of plant-based oils as fat analogs, but little is known about their performance in food
3DP, particularly in the context of plant-based meat analogs where fat substitutes
should function together with other components. To the best of current knowledge,
no studies have systematically evaluated their performance side-by-side in this con-

text.

This study aims to address this gap by conducting a comparative evaluation of
emulsion gels and bigels as fat analogs in food MM3DP. Through analysis of rheo-
logical properties, printability and microstructure, the research aims to determine
which one is most suitable for food 3DP. Additionally, the study also investigates
dual and coaxial extrusion techniques in MM3DP, which can offer strategies for

incorporating the structured fats into plant-based food 3DP products.

1.3 Limitations

Certain limitations must be acknowledged in this study. The evaluation methods in
the project focused on rheological properties, printability, and microstructure, while
other important factors such as sensory properties and nutritional composition were
not investigated due to time constraints. The number and complexity of the 3DP
objects were restricted, also due to the time frame. The same G-code was applied
for both gels, even though tailoring the printing parameters to each material would
have likely improved their performance, but the project duration did not allow for

these changes.



Additionally, a prototype mixing module made of plastic was used in the 3DP pro-
cess, which led to a temperature decrease during extrusion since plastic does not
maintain heat effectively. The final mixing module is intended to be constructed of
stainless steel, which is important as printing performance of some materials relies

on stable extrusion temperatures.



2 Background

2.1 Drivers of a shift towards plant-based alternatives

The transition from animal-based products to plant-based substitutes is primarily
driven by an increasing awareness of environmental sustainability, ethical consider-

ations and human health concerns.

Production of meat, such as beef, lamb and pork, has a significant impact on the
environment, contributing to deforestation, methane emissions from livestock and
farming processes with high resource demands. For instance, beef production re-
quires extensive land use, generates over 100 times more greenhouse gas (GHG)
emissions than plant-based alternatives like peas, and releases high levels of eutro-
phying emissions [7]. By shifting to plant-based substitutes, these environmental

impacts can be significantly reduced.

Animal welfare is also a key driver of the transition. Consumers are becoming
more aware of these concerns which increases the demand for alternatives with eth-
ical practices. According to People for the Ethical Treatment of Animals (PETA),
large-scale livestock farming often involves overcrowding, restricted movement and
conditions during slaughter that can lead to significant animal suffering throughout
their lives [8].

Health considerations further support the shift from animal-based products, par-
ticularly regarding the consumption of animal fats, that naturally contain trans
fats (TFA) and saturated fats (SFA). In a meta-analysis performed by the World
Health Organization (WHO), both SFA and TFA were linked to an increased risk of
coronary heart disease. While evidence on SFA remains inconclusive, research con-

sistently links TFA, especially industrially produced types, to negative health effects.

By addressing these environmental, ethical and health concerns, plant-based al-
ternatives offer a sustainable solution to the challenges associated with conventional

animal-based food production.



2.2 Current challenges in the adoption of plant-based analogs

Although there are many reasons behind this necessary shift in diet, the adoption of
plant-based alternatives comes with challenges. One of the most critical issues is in
replacing animal fats as they play a huge role in food structure and mouthfeel [2].
They contribute to juiciness, tenderness and flavour release, while also enhancing
texture and colour. Furthermore, fats are not commonly prioritized in discussions
of sustainable food, despite the fact that 45% of dietary fats globally are of animal
origin [1]. This could potentially be due to a misunderstanding of their critical role

in human health and their impact in sensory perception of food.

Another major barrier in the implementation of plant-based food products is con-
sumer acceptance. Meat has long been a fundamental part of human diets, offering
a good source of proteins, a variety of fats, minerals and vitamins, despite the po-
tential health risks [9]. Its strong traditional and cultural significance makes change
difficult, leading to skepticism and an unwillingness to accept plant-based alterna-

tives.

To address the negative attitude towards meat analogues and increase consumer
acceptance, they must meet certain criteria. First, they should achieve a sensory
and textural resemblance to the meat product they aim to mimic. Secondly, they
should provide a similar nutritional profile, particularly in protein and lipid content
[10]. One characteristic influencing the quality of meat is marbling, which describes
the complex distribution of fat within the muscle tissue [5]. The degree of mar-
bling affects the juiciness, tenderness and flavor, as well as the cooking behaviour
of animal fat, which melts at high temperatures and solidifies as it cools. Food
3D printing is a promising approach to overcoming the challenge in replicating the

complex structure of meat, aiding in consumer acceptance of plant-based analogs
[11].

Replacing animal fats with plant-based alternatives is also associated with textural
challenges, since plant-based oils often are liquid at room temperature causing them
to separate from the rest of the food matrix, unlike animal fats that are solid [2].
To address this issue, one common approach is to blend liquid oils with solid fats
[12][13]. However, since solid fats are saturated, their use has been limited due to

potential negative health effects. Producing solid fat systems free from SFAs and



TFAs is therefore a major obstacle in the food industry [14]. This could be addressed
by structuring the healthier unsaturated fats (UFA) into more solid forms without
changing their chemical composition [13]. A promising approach is the formulation
of gelled systems, which provide a more stable structure without the incorporation

of unhealthy fats.

2.3 Fat

Fats are a type of lipid primarily composed of triacylglycerols (TAGs), which consist
of three fatty acids, each composed of a hydrocarbon chain attached to a carboxyl
group esterified to a glycerol molecule [2][15]. Fats are responsible for multiple
essential functions in the human body, including energy storage, acting as structural
units of cellular membranes, controlling cholesterol levels and aiding in absorption
of fat-soluble vitamins [16][1]. Their physical state at room temperature, along with
their naming, is determined by the chemical structure and composition: lipids that
are solid at room temperature are typically referred to as fats, while those that are

liquid are called oils [16].

2.3.1 Types of fat

As previously mentioned, there are three types of fats: saturated, unsaturated and
trans fats [17]. These groups are determined by their chemical composition of their
hydrocarbon chain. In SFAs, the carbon atoms are connected through single bonds
and each carbon atom is thus saturated with hydrogen atoms. This composition
results in linear chains which allow for a more compact structure, resulting in SFAs
being solid at room temperature. Fats of animal origin, like butter or in red meat,
usually contain high amounts of SFAs. They are also found in some vegetable oils,

like palm and coconut oil.

UFAs have at least one double bond in the fatty acid chain [16]. These can be
divided into mono- or polyunsaturated fats (MUFA or PUFA), where two or more
double bonds indicate the latter. The double bonds in UFAs are in cis-configuration,
causing a bend in the chain preventing as tight packing as in SFAs. As a result,
UFAs are liquid at room temperature. These are considered healthier fats and are
found in foods such as avocado, peanuts and rapeseed oil. PUFAs have been shown

to act as biological mediators, helping in reducing the risk of some cardiovascular



conditions [18].

TFAs contain at least one double bond, like UFAs, but differ in the configuration
of the bond as it is in trans-configuration [19]. This results in a straighter chain,
allowing for tight packing similar to SFAs, making them solid at room temperature.
This property, as well as often being cheaper than the healthier fats, has made TFAs
attractive in recent years in a variety of processed foods. While TFAs are found nat-
urally in dairy or red meat, they are most commonly industrially produced through

hydrogenation of UFAs; resulting in for instance margarine [1].

However, due to the health risks associated with TFAs, their use in food prod-
ucts is being restricted, creating a need for alternative fat structuring methods. As
previously mentioned, gelled systems offer a promising approach to solidify healthier

unsaturated fats without altering their chemical composition [20].

2.4 Protein

Proteins are long-chain polymers composed of amino acids that are linked through
peptide bonds [21]. While most amino acids can be synthesized by the human body,
essential amino acids cannot and must be supplied from food. Meat is a rich source
of protein, with content varying depending on source and cut, typically containing
25-30 g per 100 g [22]. In plant-based meat analogues, common protein sources are

pea, soy, and wheat gluten [2].

Green pea, Pisum sativum, is a legume containing protein, dietary fiber, starch, car-
bohydrates, minerals and vitamins [23]. Its protein content ranges from 21-25% per
dry weight, while the primary component is starch, accounting for 55-68% per dry
weight. Pea protein mostly consists of globulins (65-80%) and albumins (10-20%)
and possess various favorable functional properties, such as good water solubility

and effective emulsion and gelation abilities [24].

2.5 Emulsions

An emulsion consists of two immiscible phases with different polarities, typically an
oil phase and a water phase, where one is dispersed within the other [25]. They are

classified based on the phase distribution, either O/W or W/O. Due to the large



interfacial area between the phases, emulsions are thermodynamically unstable [26].
The stability can be improved by addition of emulsifiers, typically hydrocolloids or
proteins, which are surface active agents (surfactants) that prevent phase separation
by hindering the dispersed droplets from merging together, avoiding droplet coales-
cence [27]. Additionally, the droplet size could be mechanically adjusted, through

mixing with high shear forces.

Emulsions are widely used in the food industry as delivery systems as they pos-
sess the ability to effectively encapsulate functional food ingredients such as bioac-
tive lipids, antioxidants and flavors, of both hydrophilic and hydrophobic nature
[28]. However, they lack the necessary structuring and mechanical properties to

effectively mimic animal fat.

2.6 Gels

Gels are three-dimensional network materials primarily consisting of two compo-
nents, a liquid medium and a dispersed solid network [3]. They simultaneously
exhibit both viscous (fluid-like) and elastic (solid-like) properties, resulting in its
viscoelastic nature [29]. The network consists of molecules commonly referred to as
gelling agents or gelators, which are typically proteins, polysaccharides, or polymers.
To form a gel, these compounds are dispersed in a medium such as water (hydrogel),
oil (oleogel) or air (aerogel). The networks are bound through different interaction
types, including hydrogen, ionic and covalent bonds as well as hydrophobic interac-
tions, with gel strength dependent on the interaction. In soft gels, the crosslinks are
able to break and reform, whereas those in hard gels are permanent and unable to

recover once disrupted.

In contrast to emulsions, gels are often used in the food industry due to their struc-
turing and mechanical properties. However, single phase gels lack the combined
properties of both water and oil phases, limiting their functionality in applications

where both hydrophilic and lipophilic properties are required.

To overcome the limitations of emulsions and gels respectively, various formulations
have been developed, gaining increased attention in food applications in recent years.
Among these, emulsion gels and bigels have emerged as promising systems. These

allow for the structuring of liquid oils into a more solid form, thereby improving



stability, texture and functionality.

2.6.1 Emulsion gels

In emulsion gels, also termed emulgel, the emulsion is embedded in a gel network
[4]. The preparation typically involves two steps: first, the emulsion is formed, and
then the gelling occurs by either aggregating the dispersed phase or gelling the con-

tinuous phase through various mechanisms.

By incorporating gels into emulsions, emulsion gels offer advantages over their indi-
vidual components [30]. The result is improved stability against physical processes,
such as phase inversion and separation as well as environmental changes like pH
and temperature. Additionally, the oil phase in emulsion gels allows for the delivery
of hydrophobic compounds, addressing a major limitation of hydrogels [25]. When
distributed in gels, functional ingredients are better protected, enhancing the effi-
ciency of food additives, bioactive compounds, and lipophilic nutrients compared to
when distributed in traditional emulsions [26][30]. These molecules often exhibit low
stability and water solubility, which complicates their incorporation into food prod-
ucts. Because of the compact gel structure in the hydrogel phase, emulsion gels are
also able to deliver hydrophilic functional ingredients [26]. Emulsion gels can also
be tailored to behave differently in response to environmental conditions, enabling
control over when incorporated functional ingredients are released and increasing

their bioavailability.

However, while emulsion gels overcome some limitations of both emulsions and gels,
they still face challenges. Their mechanical properties and oil structuring ability may
not always be suitable to fully mimic the behaviour of animal fats, and they could
exhibit some phase separation over time. Thus, to further improve the functionality

of structured fat systems, bigels have been developed.

2.6.2 Bigels

Bigels, a relatively new technique for structuring oils in the food industry, are a
mixed system of two gel phases of different natures, typically a hydrogel and an
oleogel, which combine properties of each phase [4][3]. Similar to emulsions, bigels

can be classified as O/W, where the oleogel is dispersed within the hydrogel phase,

10



or vice versa, as W/O [31].

According to a review by Shakeel et. al., the most critical factors for bigel prepara-
tion include mixing temperature and speed, storage conditions, constituents of the
hydrogel and oleogel and their ratio [3]. An increasing oleogel content affects multi-
ple parameters, such as viscosity and firmness, whereas the effect of higher hydrogel

ratios on bigel hardness depends on the specific gel systems and their interactions.

Key characteristics of bigels include enhanced stability at room temperature com-
pared to the two phases separately, as well as the ability to easily manipulate the
desired properties by adjusting their ratio. Bigels possess multiple favorable and
unique characteristics, for instance the possibility to deliver both hydrophobic and
hydrophilic agents owing to the polarity of the two phases, good spreadability, and
easy preparation [32]. Since both phases are gelled, they possess higher stability
compared to emulsion gels, single-phase gels and emulsions, thereby enhancing tex-

ture and structural integrity in food products.

2.7 Texturizers

Polysaccharides, a group of hydrocolloids, are long-chained carbohydrate macro-
molecules composed of monosaccharides monomers [33]. The monosaccharide units
are linked through a- or (-glycosidic bonds, enabling the formation of various
polysaccharides with different properties and functions, either branched or linear

in structure.

Only some polysaccharides are capable of gel formation, which occurs once their
concentration reaches a specific level termed the critical concentration [29]. The
polysaccharide is then referred to as a gelling agent. Polysaccharides that lack
gelling ability are used for other purposes, mainly as thickeners or stabilizers. The
polysaccharide can be classified as either coldsetting or heatsetting, depending on

their gelling mechanism [34].

2.7.1 Agar

Agar is a linear polysaccharide found in the cell wall of red algae and is widely used

in food applications as gelling agent [35]. It consists of agarose and agaropectin,

11



where the first being the primary gelling component [36]. Agar exhibits excellent
gelling properties and high water solubility [29][33], and is considered a coldsetting
polysaccharide, as the gel sets upon cooling [36]. In 3DP applications, agar mainly
contributes through its shear-thinning abilities and capacity to enhance viscoelas-
ticity [2].

2.7.2 k-carrageenan

Just like agar, k-carrageenan is a linear polysaccharide derived from red algae, but
with repeating units of D-galactose and 3,6-anhydro-galactose [33]. Beyond kappa,
there are several other types of carrageenan, for instance iota and lambda, which
differs in unit numbers and the positioning of sulfate side groups. Among these
three types, only kappa and iota form gels, whereas lambda is used as a thickener
[29]. k-carrageenan forms strong and brittle gels in the presence of cations [37]. It

also possesses shear-thinning properties, making it beneficial for 3DP [2].

2.7.3 Xanthan gum

Unlike agar and k-carrageenan, xanthan gum is a branched polysaccharide derived
from bacteria, composed of D-mannose, D-glucose and D-glucuronic acid [33]. Xan-
than gum is not by itself considered a gelling agent, but can together with other
polysaccharides form high-quality gels [29]. Tt is also one of the most widely used
thickeners in the food industry [33]. In 3DP, xanthan gum has proven to improve

printability through its shear-thinning properties [2].

2.7.4 Beeswax

Beeswax, also known as Cera alba, is a natural wax produced by bees [38]. The
primary component is esters of higher fatty acids and alcohols, and it is stable and
insoluble in water. At room temperature, beeswax is solid, but becomes brittle
below 18 °C and soft over 35°C. Its melting point varies depending on composition,
but generally ranges between 60 — 70 °C. Due to its versatile properties, beeswax is

widely used in food, cosmetics and pharmaceuticals industries.
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2.8 3D printing

Food 3DP is an emerging technology offering new opportunities in the production
of novel sustainable plant-based meat analogues due to its precision and ability to
replicate complex structures and textures [2]. Various printing techniques are avail-
able, including inkjet and binder jetting, but the most widely used in food 3DP is

extrusion based [39].

In extrusion based 3DP, the material is deposited layer by layer to create the de-
sired object. The first step in the process involves the construction of a 3D model,
typically done in a computer-aided design (CAD) software [2]. The object is then
exported in STL format, a standard file type in 3DP, and converted into G-code
using a 3D slicer software, which slices the object in horizontal layers. The G-code
controls all aspects of printing, for instance the extrusion of material and movement
of the printheads and bed. The food ink is loaded into a cartridge, and a plunger
then applies force pushing the material through the attached nozzle, resulting in

material deposition layer by layer to produce the desired shape of the food item.

In the printing process, there are multiple parameters influencing the outcome [40].
The factors with the greatest impact on the result include extrusion width, layer
height, nozzle diameter, extrusion multiplier, printing speed and printing temper-
ature, all of which will be of importance in this study. These are adjusted in the
slicer program and expressed in the G-code. The extrusion multiplier determines
the volume of material that is pushed through the nozzle during printing. Another
important concept is defined extrusion, which ensures smooth material deposition.
This is achieved by adjusting the extrusion width to 1.5 times the nozzle diameter.
An extrusion width smaller than this results in under extrusion, causing adhesion

issues since there is not enough material to deposit.

The printability of a material can be described by combining the two key terms
extrudability and buildability [41]. Extrudability is related to its ability to flow,
correlated to the extrusion out of the nozzle, whereas buildability is related to the
rheological properties after deposition. Good extrudability allows the material to
flow easily under applied pressure, but stops once the force is removed. Likewise,
with good buildability, a material is able to support additional layers deposited on

top without collapsing, exhibiting resistance to deformation.
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Advantages of using 3DP in food applications involve the precision and ability of
quickly implementing new designs and optimizing the printing parameters [2]. A
single printer offers several possibilities, since it is not restricted to a single shape
or material. The process can easily apply a trial-and-error approach. Compared
to traditional methods in meat analog production, the number of unit operations
can be reduced, saving energy and time. 3DP also enables developed mouthfeel
sensations and complex structures, having the potential to overcome the difficulties

in mimicking the marbling of meat.

2.8.1 Dual and coaxial extrusion

MM3DP provides a method for replicating the marbling of meat by enabling de-
position of multiple materials simultaneously [6]. There are multiple techniques
available, including dual and coaxial extrusion. This facilitates the incorporation of

the structured fat systems with protein-rich inks.

In dual extrusion, two materials are extruded together through a single nozzle or
two separate on the same printer [6]. When two nozzles are used, the materials are
extruded independently, allowing for layered structures or side by side printing. A
single shared nozzle enables the materials to be extruded simultaneously, resulting
in a distinct interface between them in the extruded strand, see Figure 2.1a [42].
The ratio between the materials can be adjusted during the process and different

printing parameters can be set based on the materials’ properties.

Coaxial extrusion, on the other hand, involves the simultaneous extrusion of two
materials through a single shared nozzle only [6]. The difference compared to dual
extrusion lies in the distribution of the materials in the extruded strand, which in
coaxial extrusion are arranged in a core-shell structure. The cross-section of the
strand reveals two distinct layers, with one forming the core layer and the other a

surrounding shell, see Figure 2.1b [42].
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(a) Dual (b) Coaxial
extrusion extrusion

Figure 2.1: Cross-sectional area of extruded strands using different extrusion
methods. The illustrations show material distribution within the strand, where the
beige area represents the gel system and the pink the protein-rich ink.

2.8.2 Custom extrusion module

For this study, a custom mixing module prototype was used, developed in collabora-

tion between FELIXprinters and Chalmers University of Technology, see Figure 2.2.

b ad

Figure 2.2: A prototype of the custom-made mixing module, constructed in
plastic with interchangeable components. The left configuration illustrates the
dual extrusion mode, where two materials are deposited side by side. The right

configuration shows the coaxial extrusion mode, in which one material is extruded
through a core surrounded by the second material.

The prototype was made of plastic, but the final version will be constructed in
stainless steel and therefore enhance the thermal stability of the module, ensuring
a more consistent material temperature during printing. The module is attached to
the two cartridges in the 3DP, allowing the different materials to be directed through
separate pathways within the module. Through interchangeable inner components,
the module is designed to enable switching between the two modes. Figure 2.2

displays the mixing module with the two different configurations, dual (left) and
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coaxial (right) extrusion.

2.8.3 Food inks in literature

Several food ink formulations have been explored in the literature to advance the

development of plant-based meat analogues.

In a study by Badager, two different forms of pea protein, isolate (PPI) and concen-
trate (PPC), were investigated at varying concentrations to evaluate their suitability
for 3DP [43]. The rheological properties and printability were examined, concluding
that PPI at 30 wt% was printable with decent resolution. In contrast, PPC was not
printable by itself, however, the addition of pectin enabled successful printing at 40
wt%.

A study by Qiu et al. investigated bigel inks for food 3DP with different ratios
of hydrogel and oleogel, through the e valuation of printability, rheological charac-
teristics and microstructure [32]. The oleogel was composed of beeswax and corn
oil, while the hydrogel contained k-carrageenan, xanthan gum and distilled water.
The results indicated that increased proportions of oleogel improved the mechanical
strength and rheological properties, thereby enhancing the suitability for food 3DP.
A key finding was that an 80% oleogel fraction provided optimal printability.

Zhu et al. studied the suitability of thermally reversible emulsion gels for food
3DP by evaluating different oil volume fractions [44]. Their research investigated
the microstructure, rheological properties and printability of the gels. The emulsion
gel was formulated using different concentrations of PPI, as well as different canola
oil volume fractions. An oil volume fraction of 0.4 was found to result in optimal

3DP performance.

These studies highlight the effect of optimizing ingredients and tuning rheological
properties to develop printable food inks with good performance. Based on these
insights, the formulations in this study are designed by considering the identified

key parameters.
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2.9 Rheology

Rheology is the study of deformation and flow of materials, describing how their
mechanical properties respond to applied stress or strain [45]. These properties are
crucial in many areas, including food applications, cosmetic products and pharma-
ceuticals. In food 3DP, rheology is of great importance as it offers a pre-evaluation

of a material’s printability [46].

2.9.1 Rheological properties in relation to the 3D printing process

As earlier mentioned, the 3DP performance is directly influenced by the rheological
properties of a material and the 3DP process can be divided into four stages: flow

initiation, flow through the nozzle, deposition and layer support [47][2].

2.9.1.1 Flow initiation

The first stage of the 3DP process involves initiating a flow by applying force from
a plunger, transitioning the material in the cartridge from resting to a flowing state
[2]. Key parameters in this step involve yield stress, which is the amount of force or
stress needed for a material to begin to flow, and low-to-medium viscosity [48][47].
Another important factor is the zero-shear viscosity, which is the viscosity of a

material as the shear rate approaches zero [2].

2.9.1.2  Flow through the nozzle

In the second stage, the material must flow smoothly through the nozzle [2]. Low
viscosity is of importance for the material to continuously flow. A key rheological
property influencing this is shear-thinning behaviour, which is signified by decreas-
ing viscosity with increasing shear rate, but once the applied force is removed the
viscosity recovers [47]. In contrast, shear-thickening or Newtonian fluids, whose vis-
cosity increases or remains unaffected by increasing shear rate, are not desirable as

it prevents the material from flowing.

2.9.1.3 Deposition

During material deposition from the nozzle, quick recovery once the force is re-
moved is crucial, restoring its viscosity and mechanical strength to maintain the

desired shape and avoid spreading of the material [2]. This behaviour is related to
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thixotropy, which, according to Mewis and Wagner, is defined as “the continuous
decrease in viscosity with time when flow is applied to a sample that has previ-
ously been at rest and the subsequent recovery of viscosity in time when the flow
is discontinued” [49]. Addition of thickeners can improve the recovery, through the

formation of entangled polymer networks after deposition [50].

2.9.1.4 Layer support

Following deposition, the final stage of the 3DP process is layer support [2]. At this
stage, the extruded ink should retain the desired shape, referring to the material’s
buildability. Recovery is also of importance in this stage, as well as yield stress, since
the stress induced by the gravitational force from the layers above could potentially
lead to deformation or collapse. Shorter recovery time indicates higher buildability,
as it suggests that the material recovers faster after extrusion, providing support for

subsequent layers [47].

2.9.2 Rheological tests

To evaluate the stages of the 3DP process, rheological analyses are conducted to
gain insight into a material’s behaviour under the different conditions. These tests
are typically performed using a rheometer and are categorized as either rotational

or oscillatory depending on the movement of the measuring probe [45].

The rheological analyses relevant for this study will be described in the following

sections.

2.9.2.1 Amplitude sweep

Amplitude sweeps are commonly used to characterize the solid and liquid structural
behaviour of food materials [48][45]. The test is conducted by varying the amplitude
of either the oscillatory stress or oscillatory strain, while temperature and frequency
are set to constant values. These are referred to as stress amplitude sweep and strain
amplitude sweep respectively. The key outputs are storage modulus (G’) and loss

modulus (G”) of the examined material.

The storage modulus, also referred to as the elastic modulus, describes a mate-

rial’s elastic (solid-like) behaviour and indicates the amount of energy stored during
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deformation [48]. The loss modulus, or viscous modulus, on the other hand, char-
acterizes the viscous (liquid-like) behaviour and represents the amount of energy
dissipated as heat during deformation. Most materials exhibit both moduli, with
the dominant modulus determining the overall behaviour. A high storage modulus

indicates a stiffer gel structure and high stability after printing.

Another key objective of amplitude sweeps is to determine a material’s linear vis-
coelastic region (LVE) [48]. The LVE is significant because the structure of the
sample remains undamaged in this range. It is typically found at low amplitudes,
where the storage and loss moduli exhibit plateau values. The upper limit of the
LVE is defined at the point where either modulus noticeably deviates from their
plateau, and can be determined either visually or with the help of software pro-

grams [45].

The critical strain (vz) is the limiting value that denotes the upper limit of the
LVE in a strain amplitude sweep [45]. The yield point, or yield stress (7,), is the
critical stress that marks the LVE end in a stress amplitude sweep. Although a stress
amplitude sweep was not conducted in this study, the critical strain (v;) obtained
from the strain amplitude sweep provides an indication of the material’s yield stress.
Additionally, the flow point, or flow stress (7y), occurs at the crossover point in a
stress amplitude sweep, indicating the transition between solid-like and liquid-like

behaviour.

2.9.2.2 Shear viscosity test

A shear viscosity curve measures the viscosity of a material against applied shear
rate, providing information about the material’s tendency to flow under different
shear conditions [45]. Newtonian fluids are independent of applied shear rate, hence
represented by a horizontal line, indicating constant viscosity. A gradual decrease
in viscosity indicates a shear-thinning material, with increasing ability to flow with
increased shear rates. A positive slope indicates a shear-thickening fluid. As previ-
ously mentioned, the shear-thinning behavior is crucial in 3DP, as it influences both

extrusion and deposition stages.
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2.9.2.3 Frequency sweep

Frequency sweeps measure storage and loss moduli by applying an oscillating fre-
quency ramp, while keeping temperature and amplitude at constant values [45].
This method provides an understanding of a gel’s strength and is performed within
the LVE of the material. In soft gels, storage and loss moduli are highly dependent
on frequency, often exhibiting a crossover point [48]. Semi-hard gels typically do not
exhibit a crossover point but may still show some frequency dependence, with the
storage modulus remaining dominant. The moduli in hard gels are independent of

frequency, indicating a stable structure.

2.9.2.4 Three interval thizotropy test

The thixotropic behaviour of a material can be evaluated by performing a three
interval thixotropy test (3ITT) [45]. The sample is subjected to three shear rate
intervals, simulating different phases in 3DP [51].

In the first interval, a low shear rate is applied within the LVE, resembling the
resting state in the cartridge. The goal is to obtain constant values for either stor-
age and loss moduli or the complex viscosity (1*), depending on which parameter
is extracted from the test. The complex viscosity describes a material’s viscoelastic
behaviour [48]. For the second interval, a higher shear rate outside of the LVE is
applied, simulating both flow initiation and extrusion through the nozzle. The third
and final interval replicates material deposition and layer support, returning to the

low shear rates applied in the first interval while remaining within the LVE.

2.9.2.5 Temperature sweep

In a temperature sweep, frequency and amplitude are kept at constant values,
while varying temperature to gain insights into the thermal behaviour of a material
through change in storage and loss moduli [45]. By performing the temperature
sweep in heating and cooling cycles, an insight into a material’s thermal stability

and reversibility will be obtained.

A plateau in the storage modulus indicates structural stability with an intact gel net-
work, while a descent or ascent demonstrates changes in structure [52]. A crossover
point, where the moduli intersect, suggests a gel-to-sol or sol-to-gel transition. The

temperature at which this occurs is referred to as the gelation temperature [53].
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2.10 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is a widely used imaging technique in
the food industry, allowing for visualization of microstructures, structural changes
over time and the distribution of components [54]. Unlike traditional optical mi-
croscopy, CLSM utilizes a focused laser beam to scan the sample, without damaging

the material.

To differentiate between components, the sample is stained with fluorescent dyes
[54]. These bind to the proteins and fats respectively, allowing for a detailed image
of microstructure and different phases. When subjected to the laser beam, the dyes
absorb energy and transition to an excited state. As they return to the initial state,
fluorescent light is emitted. These signals are then collected and filtered within a

specific wavelength to produce the final image.
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3 Methodology

The experiments were conducted in two phases. In the first, the suitability of the two
gels as inks for food 3DP was evaluated and compared. The second part analyzed
different MM3DP techniques, dual and coaxial extrusion, to assess the performance

of the gels when printed together with a PPI-based ink.

3.1 DMaterials

A commercial PPI was used, NUTRALYS® F85M from Roquette, France. All
polysaccharides, xanthan gum (CAS: 11188-66-2), x-carrageenan (CAS: 11114-20-
8) and agar (CAS: 9002-18-0) as well as beeswax (CAS: 8012-89-3) and citric acid
(CAS: 5949-29-1) was purchased from Sigma-Aldrich. Rapeseed oil (EXTRA) was
bought from Coop.

3.2 Study one: Evaluating emulsion gel and bigel in food

3D printing
3.2.1 Preparation of emulsion gel

The emulsion gel was prepared based on the method described by Zhu et al., with
modifications [44]. First, 15.7 wt% PPI and 2 wt% agar were thoroughly mixed
before adding distilled water and then further mixed. Due to differences in protein
purity between the PPI in the original study and this experiment, the PPI concen-
tration was adjusted. The calculations are provided in the appendix, see Section A.1
in Appendix for details. Agar was added to further improve the viscoelastic prop-

erties of the emulsion gel. The pH was then adjusted to 3.4 using citric acid.

To create the emulsion, 40 ml rapeseed oil was homogenized with the protein so-
lution using an Ultra-Turrax for 2 minutes at 20.000 rpm. The emulsion was then
heated at 80°C for 30 minutes in a shaking water bath (Julabo, SW22) to induce

gelation.

After heating, the emulsion gel was transferred directly to the cartridge. A spoon

was used to scoop out the emulsion gel due to its thicker consistency. The car-

22



tridge was then placed on ice for 30 minutes before being stored overnight in the

refrigerator at 4°C. All tests were performed the following day.

3.2.2 Preparation of bigel

The bigel was prepared following the method outlined by Qiu et al. [32], with some
alterations presented in Section A.2 in Appendix. To form the hydrogel, a 1:1 ratio
of k-carrageenan and xanthan gum to total of 1.5 wt% was added to distilled water
and heated at 99°C in a shaking water bath (Julabo, SW22), for 40 minutes while
stirred continuously at 200 rpm. The oleogel was formed by adding 15 wt% beeswax
to rapeseed oil and heated at 80 °C, also stirred at 200 rpm for 40 minutes in a water

bath on a heating plate.

After preparation of the two gels, both were put in the water bath (Julabo, SW22)
and maintained at 99 °C to preserve their liquid state until mixing. The two phases
were then homogenized, while placed in a water bath at 80°C on a heating plate,

using the Ultra-Turrax at 15.000 rpm for 2 minutes.

Following homogenization, the bigel was poured directly into the cartridge. The
cartridges were then placed on ice for 30 minutes before being stored overnight at

4°C in the refrigerator. All tests were conducted the following day.

3.2.3 Rheological analysis

The first step after preparation of the gels involved conducting the rheological tests

in order to pre-evaluate their suitability for 3DP.

All rheological analyses were performed using the Paar Physica Rheometer MCR
300 (Anton Paar GmbH, Austria). Each test was conducted in duplicate for each
sample. Parallel plate geometry PP25 with the TEK-150 plate and 1 mm gap was
used. The data analysis software used was Rheoplus/32 V3.40.

After loading the sample, excess material extending beyond the edge of the measur-
ing probe was trimmed. To prevent evaporation and ensure comparability between
the tests, the edges were covered with a thin layer of mineral oil. Prior to each test,

the samples were allowed to rest for a two-minute period.
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3.2.3.1 Amplitude sweep

The strain was varied between 0.01% and 1000%), using an angular frequency of 10

rad/s at a constant temperature of 25 °C.

3.2.3.2  Shear-viscosity test

In the shear-viscosity test, the shear rate was varied logarithmically from 0.001 1/s

to 100 1/s, while maintaining a constant temperature of 25°C.

3.2.3.8  Frequency sweep

Based on the LVE results from the amplitude sweep, a strain of 0.01% was used.
The frequency was varied between 200 rad/s to 0.1 rad/s and the temperature was

set to 25°C.

3.2.3.4  Three interval thizotropy test

In the first interval, a shear strain of 0.01% was applied during a period of 200 s,
followed by an increase of the shear strain to 10% for 100 s in the second interval.
For the last interval, the strain was once again decreased to 0.01% for 200 s. An
angular frequency of 10 rad/s was used over all intervals and the temperature was

maintained at 25°C.

3.2.83.5 Temperature sweep

The temperature sweep was performed by subjecting the sample to a heating and
cooling process. The heating ramp was conducted at a rate of 5°C/min from 4°C
to 80 °C, followed by cooling from 80 °C to 4°C at the same rate. A strain of 0.01%
and frequency of 10 rad/s was applied.

3.2.3.6  Statistical analysis

The rheological data were plotted and statistically analyzed using MATLAB R2022b.

For all replicates, the mean and standard deviation were calculated.
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3.2.4 3D printing

3.2.4.1 3D printer and G-code creation

The 3D printer used in this study was custom-designed in collaboration between
FELIXPrinters and Chalmers University of Technology. It was equipped with two
cartridges, allowing for the simultaneous extrusion of two different materials. Both
cartridges and bed were heatable. Additionally, a custom mixing module with in-
terchangeable inner components was developed, designed to be mounted onto the

cartridges, enabling switching between dual and coaxial extrusion modes.

Figure 3.1: The 3D printer used in this study. A indicates the two cartridges,
where the mixing module is attached. B marks the printing bed, moving in the x,
y, and z directions during printing according to the G-code.

To construct the 3D models, AutoCAD was used for designing the shapes. Two
models were created: a rectangular hollow tube and a solid rectangular cube, see
Figure 3.2. The objects were saved in STL format and then imported to Simplify3D,
a slicing software, where the two different objects’ dimensions were adjusted to

ensure they fit the desired printing pattern, before generating the G-code.
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(a) rectangular hollow (b) solid rectangular cube
tube

Figure 3.2: The shapes constructed in AutoCAD used for the G-code.

3.2.4.2 Printing parameters

The printing parameters used for both gels in single printing are presented in Ta-
ble 3.1. These values were selected based on prior experience with the material, on

pre-studies where the parameters were optimized and on literature.

Table 3.1: 3D printing parameters used in study 1

Parameter Value
Extrusion multiplier 1.25
Nozzle diameter 1.00 mm
Extrusion width 1.80 mm
Retract distance 1.00 mm
Extra restart distance -0.05 mm
Retract speed 5.00 mm/s
Coasting distance 3.00 mm
Wiping distance 3.00 mm
Layer height 0.80 mm
First layer height 1.00 mm
First layer width 0.60 mm
First layer speed 15.0 mm/s

Default printing speed 25.0 mm/s

The printing temperature of emulsion gel was at room temperature whereas the

bigel was set to 60 °C, which was found in a pre-study, see Appendix C.
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3.2.5 Confocal laser scanning microscopy

CLSM was performed at RISE to analyze the phase distribution and microstructure

of the gels.

Prior to conducting the CLSM, the samples were stained with FITC (Fluorescein
isothiocyanate) for proteins and Nile red for lipids. No further preparation steps were
required. The samples were then placed on a cover glass and placed in the inverted
CLSM (Leica SP5), equipped with the objectives HC PL FLUOTAR 10.0x0.30 DRY
and HCX PL APO lambda blue 20.0x0.70 IMM UV. Imaging was performed with
a 488 nm laser, and emission signals were collected at 500-520 nm (green spectrum)
for proteins and 570-610 nm (red spectrum) for lipids. Micrographs were captured
at a resolution of 1024x1024 pixels.

3.3 Study two: Evaluating multi-material 3D printing

3.3.1 Preparation of PPI30

The PPI based ink (PPI30) was prepared according to Badager’s method [43]. 30
wt% PPI and 5 wt% red food colouring, to resemble the colour of meat, was mixed
with distilled water using a portable food chopper. However, when preparing sam-
ples for the CLSM analysis, no food coloring was used to prevent interference with
the staining process. The food colouring and distilled water were mixed before
adding to the PPI in the mixer. The samples were quickly blended to achieve opti-
mal homogeneity, after which a spoon was used to manually mix the parts that the
blades could not reach. The mixer was then sealed and left to rest for an hour to

allow complete hydration.

After hydration, PPI30 was kneaded into cylindrical shapes and loaded into the
cartridge. Plastic shock dampers were attached to the end of the cartridge, to
facilitate the removal of air bubbles through tapping the cartridge. The ink was

immediately available for printing.
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3.3.2 3D printing

3.3.2.1 Printing process and parameters

To enable clearer visualization during MM3DP, some printing parameters were ad-
justed from study 1: the nozzle diameter, extrusion width, and layer height were
increased from 1 mm to 4 mm. The G-code parameters presented in Table 3.2 were

used for the dual extrusion investigation.

Table 3.2: 3D printing parameters used in study 2

Parameter Value
Extrusion multiplier 1.25
Nozzle diameter 4.00 mm
Extrusion width 4.00 mm
Retract distance 1.00 mm
Extra restart distance -0.05 mm
Retract speed 5.00 mm/s
Coasting distance 3.00 mm
Wiping distance 3.00 mm
Layer height 4.00 mm
First layer height 1.00 mm
First layer width 0.60 mm
First layer speed 15.0 mm/s

Default printing speed 25.0 mm/s

For the coaxial extrusion, however, the strands were extruded manually with the
4 mm nozzle and later cut to examine their cross-sectional structure, as this was
proven to improve the evaluation process.

The printing temperature of emulsion gel as well as PPI30 was at room temperature

whereas the bigel was set to 40 °C, which was found in a pre-study, see Appendix C.

3.3.3 Confocal laser scanning microscopy

The CLSM analysis in study 2 was conducted using the same methodology as de-
scribed in Section 3.2.5. The only difference was that this analysis involved samples

composed of two combined materials: PPI30 and either emulsion gel or bigel.

3.4 Photographic documentation

The objects were printed on the removable stainless steel plate on the printing
bed and photographed in a portable mini studio (Foldio3, ORANGEMONKIE Inc)
against a white background to ensure optimal contrast for documentation. The cut

segments of the extruded strands in the coaxial extrusion analysis were photographed
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against a blue background to enhance visibility. All images were captured using an
iPhone 12 Pro.
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4 Results and discussion

4.1 Study one: Evaluating emulsion gel and bigel in food

3D printing

The first study evaluated and compared the rheological and structural properties
of the emulsion gel and bigel respectively. Rheological tests were performed to
characterize their mechanical behaviour under different conditions. Performance in
3DP were evaluated, along with microstructure analysis using CLSM. The results

are presented in the following sections.

4.1.1 Rheological properties

The rheological analysis included amplitude sweep, shear viscosity test, frequency
sweep, three interval thixotropy test and temperature sweep. The results are pre-

sented in Figure 4.1.

4.1.1.1  Amplitude sweep

Figure 4.1a presents the amplitude sweep results for the bigel and emulsion gel,
respectively. The LVE range for the bigel appeared to be much narrower in com-
parison to the emulsion gel, indicating that the bigel enters the non-LVE region at
lower strains. This could suggest a less intact gel network, whereas the emulsion
gel demonstrates a network that resists structural breakdown more effectively. Fur-
thermore, a higher storage modulus was observed for the bigel, suggesting a stiffer
structure and probably higher stability after printing. The yield stress is higher for
the emulsion gel compared to the bigel, due to its wider LVE range, indicating that

a greater applied force is necessary to initiate a flow.

4.1.1.2  Shear viscosity test

Both gels exhibit shear-thinning behaviour, see Figure 4.1b, characterized by the
decrease in viscosity as the shear rate increases. However, the bigel has a steeper
descent of the curve, indicating stronger shear-thinning properties. Additionally,
the bigel exhibits a significantly higher initial viscosity. However, aligning with its

previously observed lower yield stress, it begins flowing at lower shear rates.
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Figure 4.1: Results from rheological tests performed on the emulgel and bigel:
(a) amplitude sweep, (b) shear viscosity test, (c¢) frequency sweep, (d) three
interval thixotropy test, and (e) temperature sweep.

4.1.1.83  Frequency sweep

The storage modulus was constantly greater than the loss modulus for both samples

and no crossover points were observed in either gel, indicating that neither gel is
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considered (very) soft, see Figure 4.1c. However, the emulsion gel exhibited a small
dependency of higher frequencies, which suggests it having a softer nature than
the bigel. The deviations observed at low frequencies are most likely due to the

rheometer’s sensitivity.

4.1.1.4  Three interval thizotropy test

Both samples exhibited thixotropic behaviour, as shown in Figure 4.1d. The com-
plex viscosity was consistently higher for the bigel across all intervals, indicating a
stronger resistance to flow at rest. Entering the second interval, with applied strain
in the non-linear region, both samples display a sharp decrease in complex viscos-
ity, which is expected since they both showed shear-thinning behaviour in the shear
viscosity test. However, the drop in complex viscosity of bigel was much greater.

This aligns with its previously observed lower yield stress.

Both gels demonstrated quick recovery after decreasing the applied strain, with
emulsion gel recovering slightly faster. Additionally, the emulsion gel nearly re-
turned to its initial complex viscosity, in comparison to bigel which only partially

recovered. This indicates a more irreversible change in the structure of bigel.

4.1.1.5 Temperature sweep

In Figure 4.1e, the emulsion gel showed consistently higher values of storage modu-
lus compared to loss modulus, indicating a dominant elastic behaviour. The moduli
remained relatively stable, only displaying minor decreases before returning to their

original values at the end of the cycle. This suggests high thermal stability.

In comparison, the bigel demonstrated a higher sensitivity to increasing temper-
ature. During the temperature ramp, both moduli instantly started to decrease,
with a sharp drop at approximately 50 °C, likely associated with a disruption of
the gel network. A plateau in the storage modulus was observed between 60-80 °C,
suggesting a temporary stabilization of the remaining network. After the cycle, both
moduli recovered closely to their initial values, indicating significant recovery of the

bigel, thereby showing its thermal reversibility.

These findings highlight the differences in thermal stability between the gels. The

emulsion gel appears more thermally stable, whereas the bigel, on the other hand, is
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more responsive to temperature changes, which might facilitate smoother extrusion

at elevated temperatures.

4.1.2 3D printing

The gels were successfully printed using the same G-code, as shown in Figure 4.2.
The optimal printing temperature for bigel was found to be 60°C in a preliminary
study (see Figure C.3 in Appendix), while the emulsion gel remained unaffected by
temperature changes (see Figure C.2), supporting the results from the temperature

sweep in Section 4.1.1.5.

(a) emulsion gel (b) bigel

Figure 4.2: Printed objects of emulsion gel and bigel, displayed from the front,
side, and top view. The same G-code and printing parameters were used for both
gels.

As expected from the rheological analysis, both gels exhibited shear-thinning be-
haviour, which earlier mentioned is a critical property in 3DP. The printed objects
of both gels showed good resolution, extrudability and buildability, as well as suc-
cessfully retaining the shape after deposition. However, some structural differences

between the two were observed. Bigel appeared to be more even in structure, with
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smoother and more defined layers, in comparison to emulsion gel which exhibited a
rougher texture. The softer nature of emulsion gel was evident during printing, as

it appeared to be wobbling and instable, whereas bigel did not exhibit this behaviour.

To further evaluate the structural integrity, taller objects were printed in an ini-
tital pre-study, see Appendix D.1. While the bigel was capable of being printed at
increased layer heights, it still exhibited poor resolution at higher layers. However,
despite these irregularities in structure, the bigel successfully supported the addi-
tional layers without collapsing, unlike the emulsion gel which failed to withstand
the same conditions. This demonstrates the superior self-supporting properties of
bigel, but also highlights a need for optimization to improve resolution throughout

the entire printed object.

The self-supporting properties of bigel are further confirmed in Figure D.2 in Ap-
pendix D.2. The printed object was placed on its side without deforming, still
maintaining its shape despite lacking support from underlying layers. The structure

can even withstand additional weight without deforming.

An important factor influencing the optimal printing temperature is the material of
the mixing module prototype. Since it is constructed in plastic, the temperature of
the material decreases as it travels through the module. This effect was particularly
noticeable when extruding bigel too quickly, as it was extruded in a liquid state
that rapidly solidified after deposition, see Figure C.1 in Appendix C. This further
confirms the thermal reversibility of bigel, and suggests that the actual extrusion
temperature at the nozzle during printing is lower than 60°C. When the final ver-
sion of the mixing module in stainless steel is used, heat conservation is expected to

improve, potentially shifting the optimal printing temperature.

Lastly, a significant difference in storage stability was observed between the gels.
Since this was not a focus of the study, no precise time frame was recorded for the
storage investigation. However, based on visual observations, the emulsion gel ex-
hibited phase separation when left at room temperature over 1-2 days. After this
time, visible oil leakage and water evaporation had occurred, leaving only a dry pro-
tein structure, see Figure D.3. In contrast, the bigel remained stable for at least a
month, showing no apparent structural changes, see Figure D.2, which was captured

approximately one month after printing. This highlights a superior storage stability
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of bigel.

4.1.3 Confocal laser scanning microscopy

The CLSM results provide insights into the microstructure of both gels, as well as

the effect of extrusion in 3DP, as displayed in Figure 4.3 and Figure 4.4.

50" pm

(d) (e) (f)

Figure 4.3: Confocal laser scanning microscopy images of emulsion gel, captured
before (a—c) and after (d—f) 3D printing. The scale bars represent (a, d) 100 pm,
(b, €) 50 pm, and (c, f) 20 pm.

Figure 4.3 presents the CLSM imaging of the emulsion gel before (upper row) and
after (lower row) 3DP. The images display a typical emulsion distribution, with
dispersed red lipid-rich oil droplets of varying sizes within the continuous green
protein-rich hydrogel phase. This indicates an O/W distribution, which was ex-
pected due to the ratio of the two phases.

However, the presence of larger, irregularly shaped droplet clusters suggests par-
tial phase separation, potentially due to insufficient protein network stabilization,
resulting in poor emulsification. Compared to the findings in the study of Zhu et al.
[44], the emulsion gel in this study appears less stable, which may be due to varia-

tions in PPI composition between the studies. Despite adjustments in concentration
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to match the protein content, additional agar was still needed to improve emulsion
stability. The bright green areas visible in the CLSM images likely represent aggre-
gated protein clusters that were not uniformly dispersed in the hydrogel, failing to
stabilize the interface between phases. Moreover, insufficient homogenization during

sample preparation may have further contributed to the observed instability.

This structural weakness is consistent with the rheological measurements, where the
emulsion gel exhibited a softer nature and weaker network compared to the bigel.
This was also aligned with the 3DP performance, as the emulsion gel collapsed un-
der increased layer height. Furthermore, the CLSM results also correspond to the

observed storage instability of emulsion gel, as phase separation occurred rapidly.

(b)

100 pm

100 pm 50 pm’

(d) (e) ()

Figure 4.4: Confocal laser scanning microscopy images of bigel, captured before
(a—) and after (d—f) 3D printing. The scale bars represent (a, d) 100 pm, (b, e)
50 pm, and (c, f) 20 pm.

The CLSM results of the bigel shown in Figure 4.4 reveal a heterogeneous mi-
crostructure, exhibiting dominant lipid clusters forming the oleogel phase. The
hydrogel phase is dispersed as clusters of smaller regions in the continuous oleogel
phase. This confirms a W/O distribution, or hydrogel in oleogel structure. This was
expected, due to the high ratio of oleogel compared to hydrogel, aligning with the
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results from the study of Qui et al. [32]. These findings are also consistent with the
rheological results, where the bigel exhibited a higher storage modulus and stronger

gel network, contributing to its superior mechanical stability.

After printing, no visible changes in microstructure were observed for either of the
gels, indicating that 3DP did not affect the phase distribution or disrupt the net-
work. A similar observation was reported by Qui et al. [32], who connected this to

the quick recovery characteristics and the highly ordered structure of bigel.

4.2 Study two: Evaluating multi-material 3D printing

The second study aimed to explore MM3DP using emulsion gel and bigel in combina-
tion with PPI30. The objective was to assess material compatibility and structural

performance when printed in dual and coaxial configurations.

4.2.1 3D printing

In study two, a 4 mm nozzle was selected to improve the evaluation of material
compatibility, owing to the larger cross-section area of the extruded strand. The
increased diameter allowed for a clearer observation of how the gels behaved in
combination with PPI30 in MM3DP.

4.2.1.1  Dual extrusion

The differences in MM3DP behaviour between the two gels were significant. In
Figure 4.5a, the emulsion gel demonstrated poor printing performance, unable to
maintain the desired 50:50 distribution along the printed lines. This suggests poor
material compatibility with PPI30, likely due to differences in rheological properties.
The weak gel network of the emulsion gel, revealed in study 1, is further confirmed
by its visible smearing across the printing bed. A noticeable blending between the
materials was also observed, suggesting that they have partially mixed, which is

undesired and not intended.

Another critical issue was the irregular ejection of emulsion gel during extrusion. The
emulsion gel was sporadically extruded in an uncontrolled manner during printing
instead of smoothly alongside PPI30, as seen in Figure 4.5. This behaviour further

confirms that the materials were not compatible, as they appeared to compete for
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(a) 50% speed (b) 25% speed

Figure 4.5: Emulsion gel and PPI30 printed using a 4 mm nozzle at two different
printing speeds in dual extrusion mode, (a) at 50% speed and (b) at 25% speed.

space in the extrusion pathway rather than forming a uniform strand. The purge
cubes also confirm this incompatibility, as one is almost entirely composed of PPI30
instead of the expected 50:50 ratio before the line test.

On the other hand, the bigel exhibited a more stable dual extrusion process in
combination with PPI30. However, when printed at 60°C, the optimal printing
temperature for bigel in study 1, the results in Figure 4.6a revealed that the 4 mm
nozzle caused the material to be extruded too quickly in comparison with the 1
mm nozzle, causing the material to be extruded at a too liquid state. This aligns
with the observations in Figure C.1 in Appendix C, where the impact of the print-
ing temperature on printability was evident. This was addressed by decreasing the
temperature to 40°C, with two different extrusion speed settings. At 100% speed,
displayed in figure Figure 4.6b, material compatibility was improved, while still ex-
hibiting certain irregularities in material distribution across the lines. Furthermore,
50% speed resulted in a much smoother distribution, exhibiting close to 50:50 ratio

across the entire strands, see Figure 4.6c.
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(a) 60°C at 100% speed  (b) 40°C at 100% speed  (c) 40°C at 50% speed.

Figure 4.6: Bigel and PPI30 printed in dual extrusion mode using a 4 mm nozzle
under different printing conditions, (a) 60°C at 100% speed, (b) 40°C at 100%
speed and 40°C at 50% speed.

Overall, the results from dual extrusion suggest that bigel performs better in terms
of extrusion stability, material compatibility, and even distribution in combination
with PPI30 compared to the emulsion gel. The emulsion gel demonstrated poor co-
extrusion behaviour, with noticeable smearing and blending with PPI30, as well as
unpredictable extrusion behavior, making it unsuitable for dual extrusion printing

in its current formulation.

(a) Emulsion gel (b) Bigel

Figure 4.7: Zoomed-in images from the line test of dual extrusion multi-material
3D printing. The figure illustrates the differences in material distribution and the
compatability between the gels and PPI30.
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4.2.1.2  Coazial extrusion

Figure 4.8 presents the results from MM3DP using the coaxial extrusion mode with

PPI30 and either emulsion gel or bigel.

(a) emulsion gel

(c) (d)

Figure 4.8: Results from multi-material 3D printing using the coaxial extrusion
mode. The colored circles illustrate the configurations for each sample, where
beige colour represents the gel and the pink is PPI30. The configurations is as
follows: (a) emulsion gel outer, PPI30 inner, (b) bigel outer, PPI30 inner, (c)

PPI30 outer, emulsion gel inner and (d) PPI30 outer, bigel inner.

Figure 4.8a displays the results of emulsion gel as the surrounding material and
PPI30 as the inner core. The performance varied significantly among the cut seg-
ments of the extruded strands. While some segments appear to exhibit some sur-
rounding behaviour, this is more likely to be random rather than controlled. Others
display almost no emulsion gel, showing an uneven distribution along the extruded
strand. The emulsion gel failed to form a continuous outer layer distributed over
the strand. This inconsistency is likely due to differences in rheological properties
between the emulsion gel and PPI30, as well as that the emulsion gel is significantly
softer, and aligns with the results from dual extrusion. The emulsion gel did not

provide a strong outer shell leading to an irregular pattern over the extruded strand.

The result from bigel as the surrounding material, as presented in Figure 4.8b,
exhibited good integrity between the two materials with a clear distinction between
the layers. The bigel effectively surrounded the core PPI30, while maintaining the

round extruded shape and a consistent flow over the extruded strands.
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With reversed material configuration, with PPI30 as the outer layer, the emulsion
gel in Figure 4.8c is barely visible despite the set ratio being 50:50. This suggests
that when PPI30 and emulsion gel were extruded coaxially, PPI30 dominated the
process, much like what was observed in dual extrusion. Additionally, the emulsion
gel also exhibited a tendency to leak through cracks in the mixing module instead of
extruding smoothly through the nozzle, see Figure D.4. This observation suggests
that the emulsion gel formula requires further optimization to improve its rheological
properties. This issue could potentially also be improved by adjusting the printing

parameters.

Figure 4.8d shows the results from bigel as the inner core material. Even in this
configuration, bigel performed better, with clear boundaries between the layers fur-

ther supporting its compatibility in MM3DP.

However, some limitations and sources of error must be taken into consideration.
One challenge was the drying of PPI30 in some areas after 3DP, which may have
influenced the visual evaluations. On the other hand, this should not have a huge
impact on the results, since the drying primarily affected the color rather than the
structural integrity between layers. Additionally, there were difficulties in cutting
the samples, due to the soft nature of the gels. The emulsion gel samples were par-
ticularly hard to cut, as the softer texture made it more vulnerable to deformation,
which probably impacted the cross-sectioning. Another factor was the variations
in distribution along the extruded strand, making it challenging to obtain reliable

results.

These findings further strengthen the suitability of bigel as a favourable animal
fat substitute in MM3DP, while highlighting the need for further optimization of
emulsion gel to improve its printability, stability and compatibility with PPI30.

4.2.2 Confocal laser scanning microscopy

To further investigate the differences between the gels in MM3DP with dual extru-

sion on a microstructural level, CLSM was conducted and presented in Figure 4.9.

Figure 4.9a-c displays the CLSM results of MM3DP of emulsion gel, where the in-

terface appears not well defined, not a clear distinction between the two materials.
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(b)
)
200 pm 200 pm
(e)

Figure 4.9: Confocal laser scanning microscopy images of multi-material 3D
printing of PPI30 and emulsion gel (a-c) and bigel (d-f), respectively. The scale
bars represent (a, d, €) 200 pm, (b) 100 pm, and (c, f) 50 pm.

(d) (f)

A distribution of small oil droplets can be observed in the PPI30 phase, further
proving the unstable structure of the emulsion gel. This was previously seen in the
MMB3DP results, see Figure 4.5a, where the two materials mixed during extrusion.
This could potentially be due to smearing inside the nozzle, correlating with the

unpredictable extrusion behaviour of emulsion gel observed during 3DP.

The challenges related to the weak structure of the emulsion gel were further evident
during CLSM imaging. The sample was difficult to move, as adjusting its position
on the cover glass risked smudging, limiting the ability to capture clear imaging.
These findings confirm that the emulsion gel formulation used in this study is not
suitable for MM3DP applications in its current state and that optimization is re-

quired to improve its rheological and structural properties.

The bigel, however, demonstrated a distinct interface where it remained confined to
its intended region, see Figure 4.9d-f. This reinforces its superior integrity and com-

patibility with PPI30 in MM3DP compared to the emulsion gel, also corresponding
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to the observed performance in previous tests. The CLSM results further validate

that bigel is more suitable for MM3DP applications compared to emulsion gel.
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5 Future outlook

First of all, one major challenge in this study was the instability of the emulsion gel,
which exhibited phase separation and poor compatibility with PPI30 in printing. An
optimization of the formulation would therefore be necessary in order to improve its
structure and printability. When evaluating the two gels’ suitability as animal fat
substitutes in 3DP, the same printing parameters were used for both due to time
constraints. Tailoring the parameters to each material’s rheological properties would
probably increase the printability and compatibility with PPI30 in MM3DP.

Further research should also improve the MM3DP extrusion methods and strategies
of evaluation. In this study, the extrusion was assessed through visual evaluation
of the cross-section of the strand, but the methods used were not optimal. By
implementing advanced techniques, like cryosectioning, where the sample is frozen
and sliced into thin sections without disrupting the structure, better insights on the

materials’ distribution would be available.

An interesting aspect found during the experiments, despite not originally being
within the scope of the project, was the contrast in storage stability between the
gels. Since this provides valuable insights in future product applications, it would be
necessary to explore this further. Future research should evaluate the phase stabil-
ity of the gels under room temperature, as well as under refrigeration and freezing
conditions to gain deeper insights on performance during different situations the
final product may encounter. Additionally, investigating post-processing techniques
involving thermal treatments would be beneficial to evaluate how the gels interact

with the food matrix in the final application.

Future research should also consider consumer acceptance, as it is one of the major
challenges these products face. To address this, multiple parameters could be inves-
tigated. First, this study did not evaluate sensory properties such as taste, color,
appearance and smell, all of which should be evaluated in order to enhance accept-
ability. The nutritional profile should also be assessed, since this plays a significant

role in the customer acceptance.

Finally, comparisons with animal fat in all tested parameters; rheology, 3DP and
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microstructure, would provide a more comprehensive understanding of how well the

substitutes replicate animal fats.
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6 Conclusion

This study explored the printability and structural performance of two fat structur-
ing gel systems, emulsion gel and bigel, for potential application in food 3DP, with
a focus on their suitability for food MM3DP.

The results demonstrated clear differences between the two gels. The emulsion
gel showed a wider LVE range and higher yield stress, indicating good resistance to
structural breakdown. However, it displayed poor structural stability under print-
ing conditions, especially at increased layer heights, and was more prone to collapse
and deformation. CLSM and storage tests revealed phase separation and instability,
confirming that there are limitations of the emulsion gel in maintaining shape and

structure over time.

In contrast, the bigel exhibited higher initial viscosity and stronger shear-thinning
behaviour. While its LVE range was narrower, its printability was significantly
better, producing more defined layers and could withstand increased layer heights.
The bigel also demonstrated excellent self-supporting and storage properties, main-
taining structural integrity under stress and over long storage periods. Its thermal
reversibility further supports its suitability for 3DP processes involving elevated

temperatures.

In MM3DP applications, the emulsion gel showed poor compatibility with pea
protein, indicated by smearing, irregular extrusion and phase mixing. It failed to
sustain a consistent 50:50 ratio during dual extrusion, as well as maintaining the
desired core-shell structure during coaxial extrusion. In comparison, the bigel ex-
hibited more distinct phase separation, more consistent dual extrusion and stronger
core—shell formation, particularly under lower printing speeds and temperatures,
highlighting their superior mechanical strength and structural integration with the

pea protein isolate food ink.
Together, these findings highlight bigel’s promising potential as a printable fat sub-

stitute in food 3DP. The emulsion gel requires further optimization to improve its

stability and compatibility in printing applications.
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A Modifications in recipes

Modifications to improve the chosen recipes from literature was done and are de-

scribed in appendix A.

A.1 Emulsion gel

The original recipe was adapted due to differences in protein purity between the
source used in literature and the PPI available for this study. The original formula-
tion used PPI with a protein content of 96.14% (calculated using a nitrogen-protein
conversion factor of 5.96), and the PPI in this study had a protein content of 66.70%

(conversion factor 5.4).

To compensate, the amount of PPI was adjusted to ensure the same amount of

effective protein. The following equations were used:

96.14
Effective nitrogen content (original) = 06 = 16.13%
66.70
Effective nitrogen content (used) = w1 = 12.35%

Nitrogen in 7.2 g of original PPI = 7.2 x 0.1613 = 1.161 g

1.161

ired PPI —
Require 0.1235

=94¢g

However, even after adjusting for protein content, the emulsion gel did not gel as
expected. This may be due to differences in the functional properties of the protein,

such as source variability or age. To improve gelation, 2 wt% agar was added.

A.2 Bigel

Two key adjustments were made during the preparation of the bigel system:



o The stirring speed during hydrogel and oleogel formation was reduced from

the original 1000 rpm to 200 rpm due to equipment limitations.

 In the original study, the homogenization of the bigel was performed at 3000 rpm
for 2 minutes followed by 6000 rpm for 3 minutes. However, during prelimi-
nary tests, this was found to be insufficient to form a stable bigel. Therefore,

the mixing was adjusted to 15000 rpm for 2 minutes, which was successful.

These adaptations were necessary due to limitations in the available lab equipment.

With these changes, a stable bigel was produced.
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B Gel test

To evaluate the gel-forming capability of the emulsion gel and bigel, a gel test was
performed. The samples were transferred into glass vials and put in the refrigerator
at 4°C overnight. The evaluation was performed the next day by inverting the vials

to observe whether the material maintained its structure or flowed.

Both gels retained their shape without flowing, indicating successful gelation and

sufficient internal network strength.

) \____/

Qi

(a) Emulsion gel (b) Bigel

Figure B.1: Geltest performed on (a) emulsion gel and (b) bigel.
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C Printing temperature evaluation

Appendix C presents the results from studying the influence of printing temperature
on 3DP on both gels.

Printing parameters

All samples were printed using a 1 mm nozzle. Four temperatures were tested:
30°C, 40°C, 50°C, and 60°C. These specific temperatures were chosen based on four
points of interest observed in the temperature sweep test, see Figure 4.1e, where the
bigel exhibited distinct changes in behaviour, shifting between more solid-like and
fluid-like states. The aim was to assess how temperature influences the structural
integrity of the printed objects.

The same printing parameters as in study 1 was used.

Observation during parameter tuning

During the initial extrusion trials, an unintended observation was made. When
attempting to extrude the emulsion gel using a larger nozzle diameter or at faster
speed, the material exhibited uncontrolled flow behaviour, see Figure C.1. While
not part of the structured temperature evaluation, this observation informed the

decision to reduce the printing temperature to 40°C in study 2.

Results

As observed in Figure C.2, the emulsion gel exhibited consistent printability across
all temperatures, showing little variation in quality. In contrast, the bigel samples,
see Figure C.3, revealed a clear dependency on temperature. At lower temperatures,
the printed structures lacked definition, while increasing the temperature improved

this. At 60°C, optimal quality was observed.
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Figure C.1: Visual observation of bigel extruded at high speed. Due to the rapid
extrusion, the material was deposited in a more liquid-like state, forming uneven
"pools" that quickly solidified upon deposition.

Conclusion

The evaluation confirms the results from the temperature sweep. The emulsion gel
is not affected by temperature variations during printing, maintaining good shape
throughout the tested temperature range. The bigel, however, required increased
temperatures for optimal print quality, where 60°C was the optimal temperature for

stable extrusion and structural integrity.



(a) 30°C (b) 40°C (c) 50°C (d) 60°C
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Figure C.2: Printed objects of emulsion gel at four different temperatures, (a)
30°C, (b) 40°C, (c¢) 50°C, and (d) 60°C. Each temperature is shown from the front,
side, and top view. The images demonstrate how the printing temperature affects

the structural integrity of the printed objects.
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(a) 30°C (b) 40°C (c) 50°C (d) 60°C

Figure C.3: Printed objects of bigel at four different temperatures, (a) 30°C, (b)
40°C, (c) 50°C, and (d) 60°C. Each temperature is shown from the front, side, and
top view. The images demonstrate how the printing temperature affects the
structural integrity of the printed objects.
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D Further observations

D.1 Increased layer height

In a pre-study, increased layer height was tested during 3DP to assess the buildability

and self-supporting capacity of the gels. The results are shown in Figure D.1.
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(a) Emulsion gel (b) Bigel

Figure D.1: 3D printing evaluating increased layer height as a part of a
pre-study to evaluate the buildability of the gels. (a) Emulsion gel and (b) bigel.

While the bigel was capable of being printed at increased layer heights, it showed
reduced resolution with the higher layers. However, it successfully supported the
additional layers without collapsing. In contrast, the emulsion gel failed to maintain

its structure under the same conditions and collapsed.

These findings highlight the superior structural integrity of the bigel compared to
emulsion gel. Still, there is a need for optimization to improve definition throughout

the printed object.
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D.2 Self-supporting abilities of bigel

To further assess the self-supporting properties of the bigel, simple evaluations were

conducted, involving positioning of the object and applying load. These tests aimed

to explore the gel’s ability to retain its form.

(a) (b)

Figure D.2: Evaluation of bigel’s structural integrity. (a) The printed object
placed on its side to evaluate its ability to maintain shape without support, (b) A
printed object of PPI30 was placed on top of the bigel structure to test its
weight-supporting capacity. The bigel retained its form in both scenarios,
demonstrating good self-supporting properties.

These observations confirmed that the bigel exhibited good stability. It maintained
its shape both when put onto its side and when exposed to additional load, suggest-

ing strong gel network, good structural integrity and favorable for 3DP applications.

D.3 Storage of emulsion gel

During the study, some printed samples of emulsion gel were unintentionally left at
room temperature for 1-2 days, providing an opportunity to observe their storage
stability.
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Figure D.3: Printed emulsion gel objects after being stored at room temperature.
Liquid separation is visible around the samples, along with noticeable drying of the
objects.

Figure D.3 shows visible signs of instability after the storage at room temperature.
Water had evaporated, oil had leaked from the gel matrix, and a dry protein residue
remained. This visual outcome illustrates the limited storage stability of the emul-

sion gel under ambient conditions.

In contrast, the bigel samples presented in Section D.2 maintained their structure
even after more than a month at room temperature, with no visible leakage, phase
separation, or surface deterioration, highlighting the superior long-term stability of

the bigel formulation.

D.4 Leakage of emulsion gel during extrusion

During extrusion of the emulsion gel, an issue was occasionally observed where the
material was not deposited through the nozzle as intended. This was particularly
noticeable during MM3DP. Instead of being extruded from the nozzle together with
PPI30, it came out at the connection point between the cartridge and the mixing
module, shown in Figure D.4. This suggests that the emulsion gel sought "eas-
ier" pathways to exit the system, and highlights the need to further improve the

rheological behaviour of the emulsion gel.



Figure D.4: Visual observation of leakage from the mixing module during
extrusion of emulsion gel. The arrow indicates gel escaping at the cartridge
connection point, suggesting that the material, due to its rheological properties,
occasionally found alternative paths instead of exiting through the nozzle.
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