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Background/Introduction: Biointelligence in the approach of food additive
manufacturing represents a significant advancement, enabling the reverse
engineering and design of foods. Legislation restricting trans-fats has accelerated
research into alternatives, but ingredients like saturated and trans fats play key
roles in food quality and functionality. Oleogels are a promising replacement. Food
additive manufacturing introduces a biointelligent approach, combining biological
and technical components with information technology to optimize food design.
This study investigates 3D printing of oleogel and bigel systems using apricot seed
oil, aiming to assess their significance, applicability, and printability as sustainable
alternatives to trans fats for innovative, resource-efficient food production.
Methods: Apricot seed oil, rich in antioxidants and polyunsaturated fatty acids,
was processed into plant-based oleogels and bigels. The material systems were
incorporated into 3D printed food structures. Material characterization and
techno-functional analysis were conducted to evaluate the suitability of apricot
seed oil for structuring 3D printed foods and controlling food texture.

Results: Adjusting the type and concentration of oil-gelator mixtures enabled
tailored texture and lipid distribution to fit consumer preferences. Sustainability
impacts were assessed at intermediate processing steps, demonstrating the
value of holistic evaluations beyond technical factors.

Discussion: Biointelligent 3D printing offers a platform to optimize sensory
and sustainability qualities in food design. The integration of apricot seed oil
into novel food matrices enables versatile nutritional product development,
supporting researchers and industry stakeholders in advancing consumer-
centric, sustainable production and consumption practices.

KEYWORDS

food sustainability, bioeconomy, circularity, biointelligence, 3D food printing,
oleogels, bigels

1 Introduction

The demand for healthier foods worldwide has been on the rise in recent years due to an
increased awareness of the prevention of the so-called Noncommunicable Diseases (NCDs) such as
heart disease, stroke, cancer, diabetes or chronic lung disease, which are responsible for 74% of all
deaths worldwide (WHO, 2025). One of these foods associated with having a negative effect on
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human health is saturated fats. Saturated solid fats occur naturally in
animal- and dairy-based products but for the creation of solid fats using
plant-based oils, hydrogenation is used to convert unsaturated fatty acids
into saturated fats. This processing prevents those manufactured trans-fats
from becoming rancid and keeps them solid at room temperature, which
is why they are also called solid fats (EU-Commission, 2011). High intakes
of trans and saturated fats can cause adverse health effects such as an
increase in the risk of cardiovascular disease (CVD). Consumers find such
trans-fats in confectionary and bakery products, but also in meat products.
The percentage share of trans-fats varies between food groups and amount
from 1 to 37% for some confectionary for example (Dingel and Matissek,
2013). Research for alternatives to such fats has been increasing because
legislation is banning trans-fats and demands a reduction in their
consumption. Therefore, concerning the reduction of trans-fats through
the research for alternatives, it was shown that replacing 5% of trans-fat
with polyunsaturated fats can reduce CVD risk by up to 37% (Roche, 2005).

However, replacing trans-fats represents a challenge for the food
industry because of their high technological values for the food
industry (Silva et al., 2023). A challenge for any alternative is the high
stability against oxidation processes and long validity of existing
saturated fats from palm oil, which is additionally associated with a
long list of environmental problems. Replacing these fats requires a
solution that provides similar technological and functional properties
such as they can prolong the shelflife of foods, positive impact on the
overall flavor and contribute also to crispiness. At this stage, product
quality is highly depended on trans and saturated fat and is negatively
affected if replaced (Manzoor et al., 2022).

A promising approach to replace trans-fats apart from
polysaccharides or proteins are oleogels (Puscas et al., 2020). They are
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being created by converting liquid vegetable oil into a solid-like gel.
Oleogels are finding profound applications in many areas of food
industry such as bakery, meat, confectionary, and dairy as a healthier
alternative to saturated fat and trans-fat (Manzoor et al., 2022).
Vegetable oil composition influences oleogel formation. Research
shows carbon chain length, fatty acid saturation and other factors
affect the oleogels properties and behavior in food, which is why
oleogels are limited in fully replacing physical and functional
properties in food products (Puscas et al., 2020).

These limitations between processing characteristics and
technological or sensory qualities can be overcome if they are
applied beyond drop-in solutions in existing food industry recipes
by using biointelligent approaches and new technologies for food
production. One of these new technologies is 3D food printing. As
an additive manufacturing technique, 3D printing processes food
structures through a layer-by-layer principle which allows for
precise and layer-based control over the food properties (Derossi
et al., 2024). Its principle of operation enables the processing of
pre-defined and complex structures and textures with customizable
sensory properties and tailored nutrition (Derossi et al., 20205
Fahmy et al., 2023). This can be used to create personalized foods
for people with specific health conditions but also create food
designs that can create the exact mouthfeel that satisfies consumer
preferences, which is essential for the success of any food product
(Giura et al, 2021; Tan et al, 2018). From a biointelligence
perspective, 3D printing combines the approach of integrating and
processing of new biomaterials (food or non-food) with a
technological autonomous structuring approach. Furthermore, the
biointelligence in the approach of food additive manufacturing
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represents a significant advancement, enabling the reverse
engineering and design of foods to gain deeper insights into the
performance of individual components. This is accomplished by
integrating digital CAD modeling—subsequently realized through
3D printing—with a detailed assessment of the biological properties
of food ingredients. The system created through is to be described
as a biointelligent system because it is based on the combination of
a biological component with a technical component and it is
combined with information technology (Miche et al, 2023).
However, the full transformative potential of this deep-tech
approach extends beyond what can be captured by conventional
techno-functional analysis alone. This research aims to explore the
broader significance, applicability and printability for using 3D
food printing to process oleo- and bigel material systems as a
sustainable alternative to trans fats. In doing so, we not only address
the technical challenges involved such as the influence of integrating
apricot seed oil on the printing behavior and texture properties but
also consider how this approach can contribute to the transition
towards a more sustainable food system. Specifically, we aim to
understand the actual value created by incorporating by-product
based oleogels into a food matrix. The replacement of existing fats
in food matrices needs to be benchmarked against the properties of
the “old” fat source.

Using 3D food printing could enable us to define quality
parameters that can be translated into a market value for the
by-product, thus upgrading it to an official food resource that can
be produced on a large scale according to industry requirements. This
assessment goes beyond a “simple” input-output relationship, being
equivalent to the understanding that emerged from the relationship
between wheat’s protein content and its effect on baking quality,
creating a market value for wheat with a certain protein content. In
the case of sidestreams, we hypothesize that we can gain more than
just a market value for a new food resource. The digital food design
and food matrix-building processes using additive manufacturing
technology could also be considered valuable products in their own
right. This could generate additional value with implications for
different business concepts or supply chains, leading to new value
webs (Vargas-Carpintero et al., 2022).

To address this complexity, the paper is structured as follows:
first, we outline the context of the circular bioeconomy; then,
review the current state of research into biointelligent food
component design, with a particular focus on the 3D printing of
oleogels and bigels. Building on this foundation, the methods
section details the technical case study addressing the assessment
of material behavior, within the scope of 3D printing, dependent on
oil concentration using rheological analysis to characterize the
viscoelastic response of the material system. Printing performance
and behavior were assessed using an in-line, camera-based
morphological approach developed in our previously published
paper (Fahmy et al, 2020). In addition, a comparison of the
resulting textural properties of both material systems (oleo and
bigels) between apricot seed and sunflower oil was carried out. The
results section presents an overview over the effect of integration of
the apricot seed oil (in oleo- and bigel systems) on the material and
texture properties as well as the processing behavior in the scope of
3D printing. Finally, the discussion section evaluates the level value
proposition of these new textural properties from a systems
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perspective, highlighting the broader implications of integrating
oleogels using biointelligent food additive manufacturing.

2 Circular bioeconomy and _
state-of-the-art technology design
background

2.1 Oleogels

Based on the use of oleogelators, an oleogel is a three-dimensional
network of either solid particles or gelling agents where an oil phase
is immobilized within. The oleogelators, such as polymers, serve as the
primary structuring component for the oil-trapping network
formation. Moreover, this structuring or oleogelation process can
be performed and achieved through different methods such as
homogenization, solvent evaporation, and melt blending (Pawar et al.,
2024). Oleogels can have different sources, such as classical vegetable
oils, but also camellia oil. Novel oleogels have been produced based on
fermentation involving residues from food industry by-products,
namely sugar cane molasses and soya bean processing by-products.
But also tomato peels, spent coffee ground have been used to derive
oleogels (Puscas et al., 2020). Stone fruits are a widely available
by-product of food processing such as juice or jam production which
produces fruit stones in large quantities. These pits are very rich in oils
that can be extracted and used for oleogel production, thus providing
a new alternative source of unsaturated fats, valorizing biomass
streams that have long been discarded, improving the environmental
footprint and providing health effects for foods of the future that can
make a difference in future food production at various levels. One of
those stone fruits are apricots, which are produced worldwide, with
the highest production volumes in Turkey. The oil content of apricot
seeds varies between 40 and 50% (Pawar and Nema, 2023). The fatty
acid composition resembles oil obtained from peaches and is similar
favorable for human consumption as compared to other seed oils such
as blackcurrant, raspberry or strawberry seed oil, all of which have a
low content of saturated fatty acids (Stryjecka et al., 2019). and are
underutilized by-products from food processing. Oil yield is
dependent on the region, variety or processing technology for oil
extraction (Pawar and Nema, 2023). The stone of an apricot represents
between 12.7-22.2% over overall fruit weight and within the stone
seed weight, which contains the oil, is about 30.7-33.7% (Pawar and
Nema, 2023). The stone can be used as much for gardens or parks or
for sandpaper. All these valorization options represent and pay into
the concept of a sustainable and circular bioeconomy, which focusses
on the holistic valorization of the total existing biomass in the form of
a material use with the aim to create the highest possible value while
achieving environmental and social sustainability (Iorgulescu, 2023;
Reinmuth and Scheurich, 2026).

2.2 3D printing of oleo- and bigel material
systems

Additive manufacturing or 3D printing is defined as a layer-based

manufacturing approach and compared to mass production methods,
it is a technique suitable for the customization, personalization and
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on-demand processing of food structures (Sun et al., 2015). Material
extrusion and hot melt extrusion are the most common 3D printing
techniques used in the integration of oleogels in food structures as
they rely on extrusion and deposition principle which is suitable for
processing of wide range of food materials with viscoelastic properties
in the form of doughs, gels and pastes. While 3D printing of different
food materials is used for specific applications such as sensory design
and texture modulation (Fahmy et al., 2021; Fahmy et al., 2022b;
Fribus et al., 2024), recently more published research is focusing on
the applicability and 3D printing behavior of lipid-based materials as
fat phases for altering mechanical properties of printed materials, for
personalized foods and for nutraceutical applications (Andriotis et al.,
2024; De Salvo et al., 2023, 2025; Fernandes et al., 2023; Miao et al.,
2024). This approach is adapted as 3D printing offers the innovative
possibility of integrating and localization of lipid-based materials into
more complex food structures which is not possible using other
processing technologies. The lipid-based materials are mostly in the
form of oleo- and bigels under the category of semi-solid material
systems. Moreover, the structure of oleogels is formed by structuring
an oil phase with gelling agents (oleogelators) where the oil phase is
physically entrapped in the three-dimensional network of gelator
molecules resulting in a viscoelastic gel (Shakeel et al., 2018). Bigels
are formulated by combining an oleogel and a hydrogel which gives
them the ability to deliver lipophilic and hydrophilic agents. Regarding
the current research in 3D printing of oleo- and bigel material systems,
the focus is mainly on the development of edible inks while elucidating
the printability and printing behavior relative to the oil content (Miao
etal,, 2024; Wen et al,, 2021). Other research includes the development
of plant-based fat phases for meat analogues and the processing of
enriched oleo- and bigel systems for nutraceutical design (De Salvo
etal., 2023, 2025; Wen et al., 2021).

As an overview for the development of plant-based oleo- and bigel
material systems for 3D printing applications, and regarding the
material-process interactions, several studies were conducted to
investigate the parameter-dependent printing behavior of newly
developed material systems in relation to their material properties
(Andriotis et al., 2024; De Salvo et al., 2023, 2025; Kavimughil et al,
20225 Miao etal,, 2024; Qiu et al., 2022). As an example, studies by Miao
et al. and kang et al. investigated the applicability and printing behavior
of two different types of oleogels (Kang et al., 2022). The two mentioned
studies used different types of gelling mechanisms and oleogelators for
the development of the 3D printable oleogels to analyze the influence
of oil content and oleogelators on the printing behavior and post-
printing geometrical quality of printed structures. Presenting a typical
method for the development of oleogels for 3D printing applications,
the study by Kang et al. developed an approach for the printing and
texture optimization of beeswax-based oleogel material systems using
high oleic sunflower oil. The approach of using beeswax as an
oleogelator is a quite common technique to induce oleogelation through
the induction of a three-dimensional viscoelastic network by which the
liquid oil becomes trapped. The objective of their optimization method
was focused on 3D texturing of structures imitating the texture
properties of lard. Using a similar oleogelation approach, other studies
used Hydroxypropyl Methylcellulose (HPMC), monoglyceride and
triglyceride (MCT) for investigating the printing behavior and using the
oleogel systems as a carrier of bioactive compounds (De Salvo et al.,
2023, 2025; Kavimughil et al., 2022). Considering a non-typical method,
Miao et al. presented an approach for increasing the oil content (namely
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soybean oil) within 3D printable starch-based oleogel systems (with
tunable properties) through the creation of space-spanning particle
network driven by capillary forces. Also, the authors investigated the
influence of adding xanthan gum as a polysaccharide thickener on the
material properties and printing behavior. Finally, while main published
literature in relation to 3D printing of oleogels focuses on either the
development and investigation of fat phases for solid fat replacement or
as a carrier of bioactive compounds, other studies used oleogel systems
as an additive or a substitute for 3D printing of fat containing material
systems (Huang et al., 2023). For example, Huang et al. used an HPMC
and MCT based oleogels to enhance the solidification of white chocolate
after extrusion. For the mentioned objective, the authors investigated
the influence of oleogel concentration (using hydrogenated palm oil)
on the material and printing behavior.

Similar to the published research focusing on oleogels, literature
focused on 3D printing of bigels are aimed towards the development
and investigation of different bigel material systems in term of
mechanical, rheological and printing behavior (Andriotis et al., 2024;
Fernandes et al., 2023; Qiu et al., 2022). With the main focus on
analyzing the applicability and behavior during 3D printing, Qiu et al.
investigated the rheological response, microstructure and printability
of bigel systems based on corn oil (Qiu et al., 2022). The bigel systems
were composed of a hydrogel phase based on a combination of
carrageenan and xanthan gum and an oleogel phase structured by
beeswax as an oleogelator. In this study, the authors performed
analyzes of varying fractions of the oleogel, highlighting an
improvement in post-printing quality and geometric stability as the
oleogel fraction increased. A similar study by Frenandes et al. focused
also on elucidating the effect of increasing the oleogel fraction on the
physical properties and printability of bigels (Fernandes et al., 2023).
The authors also used beeswax-based oleogel (based on sunflower oil),
as Qiu et al. however, this study compared the material and printing
behavior of the bigels with respect to two different hydrogel phases.
For the hydrogel phases, Fernandes et al. used one phase based on agar
and xanthan gum and another phase based on gelatin and xanthan
gum. The study produced similar results, showing that a higher
oleogel fraction achieved better printing quality for both hydrogel
phases. Also, the results showed significant differences depending on
the used hydrogel phase regarding material properties and printing
behavior, highlighting the influence of the used hydrogel phase on the
overall 3D printing performance. Generally, from the published
articles focusing on 3D printing of oleo- and bigel systems, it can
be observed that with increasing oil content in oleogels, the
geometrical accuracy and stability of printed structures decreased. On
the other hand, accuracy and stability increased with the increase in
oleogel fractions in bigel systems. Finally, in the following sections,
this study explores the applicability of integrating apricot seed oil in
oleo- and bigel material systems. The material, texture and processing
behavior are systematically analyzed within the scope of 3D
food printing.

3 Materials and methods
3.1 Raw materials

For the starch-based oleogels, native wheat starch was provided
by Kroner Starke (Ibbenbriinen, Germany). In this study, the used
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sunflower oil is a commercially available oil that was procured locally
from the supermarket. The apricot seed oil was purchased from
Circular Store (Felde, Germany). The Beeswax was purchased from
Romeru Innovations (Kornwestheim, Germany).

3.2 Material preparation

For material characterization and 3D printing, a total of 5 starch-
based oleo- and 5 bigels were prepared. Based on a capillary bridge
method for the preparation of oleogels (Miao et al., 2024), the ratio of
starch to apricot oil (S-O) was varied to simulate different gel networks
and their corresponding rheological responses. The hydration was
kept constant for all oleogel systems at 2 mL/g (v/w) based on the dry
weight of starch (native starch). Moreover, the different S-O ratios
were prepared using different fractions of starch to oil corresponding
to 34:66 (S34-066), 38:62 (S38-062), 42:58 (S42-058), 46:54 (S46-
054) and 50:50 (S50-050). The different fractions of starch and oil
(S-O) were mixed using a stator-rotor disperser ULTRA-TURRAX
T25 (Ika-Werke GmbH, Staufen im Breisgau, Germany) for 3 min at
10000 rpm. Then, water was added, and the formed capillary
suspension was additionally mixed for 3 min at 8000 rpm to initiate
the transition from a liquid to a gel state.

3.3 3D printing setup

For printing of the oleogel and bigel material systems, a custom
built cartesian-based 3D printer was used. The 3D printer was
constructed using an XYZ gantry system (igus GmbH, Koln,
Germany) equipped with toothed belt linear actuators. A Vipro-
Head3 progressive cavity pump PCP (ViscoTec GmbH, Togingen,
Germany) was used for the deposition of the materials. Depending on
the viscoelastic response of the materials and the printing settings, the
PCP extruder had a flow rate of 0.30-3.30 mL/min. A conical nozzle
of 0.84 mm diameter was used for all 3D printing trials. For constant
and stable feed of the materials, air pressure of 3 bar was used to
transport the materials from the cartridge to the pumping/extrusion
unit. A borosilicate glass plate was used as the printing plate where all
material systems were deposited at room temperature. Using a set of
four setscrews, the printing plate was leveled before the printing trials
to ensure no uncertainties propagate in the printed structures due to
inclinations. The Repetier-Host software (Hot-World GmbH, Willich,
Germany) was used. The software contained the CuraEngine slicer
(Ulitmaker B.V., Ulrecht, Netherlands) which was used to define the
printing parameters. Furthermore, other calibration and selection of
printing settings was performed according to our previous study
(Fahmy et al., 2020). The 3D printer was equipped with an on-board
automatic camera-based morphology analysis system (Fahmy et al.,
2020) utilizing a MATLAB-based image analysis algorithm
(Mathworks Inc. Massachusetts, United States).

3.4 Printing quality analysis using a
camera-based approach

To control the material flow during extrusion and deposition, 3
printing settings required determination and standardization which
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are the filament diameter [mm], the flow rate [%] and the extrusion
speed [mm/s]. For the determination of the printing parameters such
as the filament diameter [mm], the flow rate multiplier [%] and the
extrusion speed [mm/s], single lines with an arbitrary length 1 of
50 mm were printed perpendicular to the attached side-view camera.
With fixed parameters, tests were carried out by varying one of the
parameters. The tests indicated the following optimum parameters for
obtaining a clean line (no line breakage, no extruded filament winding,
correct average line height): a filament diameter of 0.45 mm, a flow
rate multiplier of 130% and a speed of 12 mm/s.

To evaluate the dimensions of the line using the image analysis
algorithm, a reference object of the LEGO® cube type (lateral
dimensions: h = 11.40 mm, 1 = 31.80 mm) to convert the pixel size
into spatial dimensions. Each sample was printed in triplicate and a
photograph was taken for each print. Similarly, the behavior of multi-
layer printing was assessed by geometric analyzes of 3D printed
hollow cubic structures (3D model dimensions: h=15mm,
1 =15 mm). Front and top view images were taken, and the image-
based dimensional analysis was performed (Fahmy et al., 2020). All
printing behavior analyzes were conducted in triplicates (n = 3).

3.5 Rheological characterization

The rheological response is a determinant of the deposition and
post-printing behavior of viscoelastic food materials during 3D
printing (Fahmy et al., 2020). The viscoelastic properties of all oleo-
and bigels material systems were characterized using oscillatory
measurements on a compact controlled strain rheometer MCR302a
(Anton Paar, Ostfildern, German). The rheometer was equipped with
a cross-hatched plate-plate geometry with a diameter of 14 mm. All
rheological trails were performed at a set clearance of 1 mm. For the
characterization of all material systems, the sample was placed, the gap
was adjusted, and the material was trimmed. A constant temperature
of 21°C was maintained through a Peltier plate system. For
determining the linear viscoelastic region (LVER) and the
concentration-dependent flow points and yield stresses, amplitude
sweeps at a constant frequence of 1 Hz and shear strain range of 0.01
to 100% were performed. The strain-dependent behavior of the
storage (G') and loss (G'") moduli was characterized. Moreover,
frequency sweeps were performed in a frequency range of 1 to 10 Hz
at 0.01% to characterize the viscoelastic responses of all material
systems. All rheological measurements were performed in triplicates
(n=23).

3.6 Texture profile analysis

The textural properties of the oleo- and bigels were characterized
using a TAXTplusC texture analyzer (Stable Micro Systems,
Godalming, United Kingdom). Investigations were carried out
through double compression tests under quasi-static conditions.
Moreover, texture measurements were performed at room temperature
directly after the preparation of the material systems. To standardize
the samples for the double compression measurements, the material
systems were prepared in 3D printed cylinders of 15 mm in diameter.
The preparation of the samples was performed according to the same
method mentioned in section 3.2. For all measurements, a cylindrical
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probe with a diameter of 10 mm was used. With a test speed of
1 mm/s, all samples were compressed to 10% of their original height.
All compressions were initiated after a trigger force of 0.05 N was
reached. The hardness and cohesiveness of the oleo- and bigel systems
were characterized and compared to the same material systems
formulated with sunflower oil. The mentioned comparison was
performed to characterize the influence of oil composition on the
mechanical and deformation properties of oleo- and bigel systems,
which influences the flow properties during extrusion and deposition.
All textural characterizations were performed at room temperature
and in triplicate.

3.7 Data analysis and processing

Data processing and statistical analysis were carried out using
OriginPro 2024 (Northampton, Massachusetts, United States). Unless
otherwise indicated, measurements were performed in triplicates.
Values are presented as mean value + standard deviation.

4 Results and discussion

To characterize the oil concentration-dependent rheological
response and viscoelastic properties, both material systems were
prepared as mentioned section 2.2 and visual inversion tests were
performed. This qualitative approach was conducted to obtain a
preliminary relationship between the oil content and the stability of
the formulated material systems. As shown in Figure 1, the inversion
tests indicated that both material systems possess adequate gelling
properties and stability under applied gravity with respect to time. For
the S34-066, OG70-HG30 and OG60-HG40, limited material flow
was observed indicating a weaker capillary suspension in the case of
the oleogels and a weaker gel network in the case of the bigels.

The extrusion/deposition behavior during 3D printing and the
post-printing geometric stability are highly dependent on the flow and
mechanical properties as well as on the viscoelastic response of the
material systems. To enumerate, the structure of a 3D printable
material system must indicate structural deformation and shear
thinning behavior with the application of shear forces during
extrusion while processing rapid structural regeneration after
deposition (Chen et al., 2019; Dankar et al., 2020; Fahmy et al., 2021).
Certainly, the required order of magnitude of such behavior is highly
dependent on the material’s structure, extruder’s principle of
operation, and the shear forces developed during extrusion. The
applied shear forces during extrusion are highly dependent on the
selected printing and flow settings during slicing as well as the applied
geometric effect applied inside the extruder. Thus, the flow and
deposition behavior differ for the same material system when
comparing different extruders or extrusion principles such as direct
extrusion, screw extrusion or progressive cavity pumping.
Characterizing and modulating the rheological response of 3D
printable materials to ensure high printing quality cannot
be generalized for general 3D printing but rather for the used and
tested printing setup and applied flow settings. This is typically not
mentioned by published articles focused on developing and
characterizing new 3D food printing material systems (Fahmy et al.,
2020). Therefore, the obtained printing results of the oleo- and bigel
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material systems in relation to the fundamental rheological
characteristics is relevant to the described 3D printing setup and
settings selection.

The rheological responses of the material systems were mainly
characterized through both amplitude and frequency sweeps. Shows
the storage G* and loss G** moduli of the oleo- and bigel material
systems with respect to the S-O and OG-HG ratios, respectively. For
all material systems, even with the increase in oil concentration, elastic
and viscous responses indicate a solid-like behavior where the G is
higher than the G'*, as shown in Figure 2. The same behavior is also
indicated in the G' and G'' response to the increase in strain
amplitude. To illustrate, the characterized solid-like behavior is
indicative of the time-dependent behavior of the inversion tests.
Moreover, shown in Figures 2a,c, the increase behavior of the elastic
and viscous responses of the oleogels with respect to the decrease in
oil concentration and to the increase in starch concentration. With the
increase in starch concentration in the capillary suspension, more
granules are incorporated into the network formed by the space-
spanning particles resulting in a starch-dependent modulation of the
viscoelastic response (Domenech and Velankar, 20155 Miao et al,
2024). Therefore, the modulation of the order of magnitude of the
solid-like behavior of such a material system (oleogels formed through
starch-based capillary bridges) is performed by increasing the starch
concentration. In general, from the perspective of 3D printing, an
increase in the yield stress, viscous and elastic response increases the
post-printing geometric stability and decreases collapse/slumping
behavior due to the increased resistance to the forces developed from
surface tension and layer-dependent hydrostatic pressure (M Barki
et al, 2017). On the other hand, such an increase poses a challenge
during extrusion and deposition where higher forces are required to
reach yielding of the material and to sustain continuous deposition.
Also, highly dependent on the material’s structure, the increase in
viscoelasticity leads to delays in the initiation of extrusion/deposition
typically leading to under-extrusion at the beginning of the printing
process and requires high applied retraction to avoid over-extrusion
and nozzle drag effects (Fahmy et al., 2020; Liu et al., 2019).

Considering the rheological response of the bigel material
systems, similar behavior was observed to the starch-based oleogels
when comparing the storage and loss moduli. For all oleogel OG to
hydrogel HG ratios, the elastic component G" is higher than viscous
component G'* indicating a viscoelastic solid-like behavior. This is
also indicative of the time-dependent visual assessment during the
inversion tests. However, as shown in Fi gures 2b,d, the increase or
decrease behavior of the G* and G'* with respect to the change in OG
to HG ratio is not as prominent as the starch-based oleogels. Unlike
the starch-based oleogels where a clear decrease in the network
strength was observed with increasing the oil concentration, the bigel
materials did not exhibit the same clear decrease behavior in the
elastic and viscous components. Such behavior can be attributed to the
catastrophic phase inversion (from oil-water to water—oil or vice
versa) in emulsions and bigels (Bouchama et al., 2003; Jiang et al.,
2022). The catastrophic phase inversion in such material systems is
defined and induced by changes in the emulsion water-to-oil ratio by
increasing the volume fraction of the dispersed phase where
divergence, hysteresis and bimodality occur (Tadros, 2013).
Furthermore, the critical inversion point of the bigel material systems
was not determined within the scope of the study as the main objective
was to investigate the applicability of the oleo- and bigel material
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Appearance (top- and side-views) and inversion stability of the prepared material systems directly after preparation and after 5 min: (a) the oleogel
material systems at different starch to apricot oil (S-O) ratios with a descending concentration of apricot oil; (b) the bigel material systems at different
oleogel to hydrogel (OG-HG,) ratios with a descending concentration of apricot oil.

systems within the valorization scope of apricot oil as a lipid source
for 3D printed fat phases.

The texture properties of oleo- and bigels are one of the main
determinants for the printing behavior as well as the resultant texture
of 3D printed structures. Moreover, the texture properties of such
material systems are highly dependent on the oil content, oil
composition, type, and concentration of the oleogelator. To investigate
the effect mentioned variables on the texture properties, as mentioned
in section 3.6, the texture properties, namely the hardness and

Frontiers in

cohesiveness, were characterized using a double compression test
under quasi-static conditions. For a qualitative overview over the
effect of oil type and composition on the texture properties, both
material systems containing the apricot oil were compared to the same
systems (with same concentrations) containing sunflower oil. For both
oleo- and bigel systems, as shown in , and for all oil
concentrations, it was observed that the inclusion of sunflower oil
produced significantly higher hardness compared to the apricot oil.

Such significant observation can be directly related to the differences
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FIGURE 2
Frequency sweep of the oleo- and bigel material systems in the range of 1-10 Hz at 21 °C: (a) storage modulus or elastic component of the different
oleogel starch-oil (S-O) concentrations; (b) storage modulus or elastic component of the different bigel oleogel-hydrogel (OG-HG) concentrations; (c)
loss modulus or viscous component of the different oleogel S-O concentrations; (d) loss modulus or viscous component of the different bigel OG-HG
concentrations; (e) loss factor of the different oleogel S-O concentrations; (f) loss factor of the different bigel OG-HG concentrations. Values are
presented as mean + standard deviation (n = 3).

Frontiers in Sustainable Food Systems

08

frontiersin.org



https://doi.org/10.3389/fsufs.2025.1651027
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Reinmuth et al.

in minor components and fatty acid composition present in both oils
(Frolova et al., 2022; Manzoor et al., 2022; Patel, 2015). Within the
scope of this study, the fatty acid composition of both oils wasn’t
characterized. However, from previously published studies, it is stated
that higher saturation in oil leads to stronger gels (Patel, 2015).
Overall, with respect to the increase in oil content, both material
systems (oleo- and bigels) for both oil types showed the same
exponential decay behavior of hardness. This behavior for both
material systems and for both types of oils were fitted with regressions.
The hardness behavior was fitted for all systems for the mathematical
determination of resultant hardness for other oil fractions.

From a structural point of view, the cohesiveness can describe the
intermolecular attraction of a material which defines the shape
retention of structures under a defined deformation. It is characterized
by how well the structure withstands the second deformation (in a
double compression test) compared to the first deformation cycle.
From this explanation, it can be inferred that the cohesiveness can
provide an indicator for the strength of the internal bonds of the
materials. From the perspective of 3D printing, materials possessing
shear thinning qualities while showing high cohesiveness are desirable.
High cohesiveness (also yield strength) represents materials with
structural and geometrical stability that can withstand an increasing
number of deposited layers during 3D structuring while low
cohesiveness can be an indicator for phase separation and slumping
or structural collapse. For both material systems (oleo- and bigels) as
well as for both oil types, the cohesiveness ranged from approximately
0.55 to 0.35 which could be lower than standard 3D food printing
materials (fiber-based, starch-based and protein-based) (Addo et al,
2025; Fahmy et al., 2022a). While the oil type showed significant
influence on the hardness or the overall strength of the gels, such
influence was not observed in the cohesiveness of the gels.
Furthermore, the increase in hardness of the material systems

10.3389/fsufs.2025.1651027

containing sunflower oil compared to apricot oil can be assumed for
the rheological response in terms of both the viscos and elastic
components. However, the rheological response of the sunflower oil
containing systems was not characterized as within the scope of this
study, the sunflower oil containing systems were not processed or 3D
printed. The comparison was performed using the texture analysis to
highlight the influence of the oil type on the overall stiffness of the
material systems.

As oleo- and bigel material systems represent promising
candidates for the structuring of fat phases in 3D printed meat
analogues, maintaining a relatively high oil content while ensuring a
high printing quality is of outmost importance. By varying the oil
content and maintaining accuracy and reproducibility, different and
modular fat phase distributions can be 3D structures within
anisotropic protein phases depending on the required texture and
sensory perception of the meat analogue. Thus, the printing behavior
was characterized by using the mentioned camera-based
morphological method in section 3.4. The main objective of the
characterization was to assess the applicability of 3D structuring of the
oleo- and bigel material systems with respect to the increase in the
apricot oil concentration. On the other hand, comprehensive analysis
of the oil content-dependent viscoelastic induced defects such as
under- and over-extrusion, liquid rope coiling, and drag effects were
not quantified for the purpose of this study.

For investigating the printing behavior of the oleo- and bigel
material systems, the length and height of single lines were
autonomously quantified from a front-view camera. As shown in
Figure 5, the red lines (reference) represent the design and target
values for the printed oleo- and bigel lines. For the length, the
reference is 50 mm as selected by the designed line model while the
reference for the height is 0.84 mm which corresponds to the used
nozzle diameter. Figure 5 shows the quantified extruded length and
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FIGURE 3
Texture behavior of apricot- and sunflower-based oleogel material systems: (a) hardness decrease behavior with respect to the increase in oil to starch
ratio. Exponential decrease regression of both material systems (apricot oil BG R2 = 0.99 and sunflower oil BG R2 = 0.98); (b) decrease behavior of
cohesiveness with respect to the increase in oil to starch ratio. Values are presented as mean + standard deviation (n = 3).
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height of the oleo- and bigel material systems at the different apricot
oil concentrations. For the highest oil content oleogel $32-O66 and
bigel OG70-HG30 (also for the OG60-HG40), as shown in
Figures 5a,c, the average height of the printed lines was observed to
be 30.20+9.10 mm (39.6% deviation from reference) and
31.40 + 12.00 mm (37.2% deviation from reference). Also, both
materials showed high standard deviation compared to the other
printed material systems. This deviation from the reference and high
standard deviation can be attributed to phase separation due to the
high extrusion forces applied on a weak network at such high oil
concentration. The high forces generated overtime throughout the
extrusion and deposition processes cause the oil phase to separate
from the formed network as such a process is denoted by high
variability which was observed in the high uncertainty in the printed
length. Moreover, both materials with the highest oil content (from
the oleo- and bigel material systems) showed slumping behavior even
in printing one layer as can be seen in Figures 5b,d. The slumping
behavior is denoted by the reduction in the printing height where the
materials tend to flow after deposition as they do not possess a high
enough yield strength to resist the applied gravitational force and
surface tension (Fahmy et al.,, 2020; M'Barki et al., 2017). For the other
material systems (both oleo- and bigels) with lower oil concentrations,
the printability assessment through the characterization of length and
width showed relatively adequate accuracy. The accuracy is marked by
the absence of high deviation from the reference dimensions (referring
to the design line length and nozzle diameter). Furthermore, over-
extrusion was observed in the S50-O50 oleogel material system as
shown in Figure 5b where the height of the extruded lines exceeded
the nozzle diameter. The increase in height of this material can
be explained by the high overall elastic and viscous response and
hardness of the mentioned material compared to the other materials,
as shown in Figures 3, 4.
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From the printability analysis, it can be deduced that the 3D
processing of both material systems yielded higher printing accuracy
at low oil concentrations. It can be further specified to three starch-
based oleogel systems (O50-S50, S46-O54 and S42-O58) and three
bigel systems (OG30-HG70, OG40-HG60 and OG50-HG50). Of
course, this is highly dependent on the used oil and its lipid
composition and gelator type as well as dependent on the employed
printing process (extrusion type, printing settings, etc.) (Frolova et al,,
2022; Guénard-Lampron et al., 2021). Moreover, to qualitatively and
quantitively assess the geometrical and structural quality for 3D
printed oleo- and bigel structures, 15x15x15 mm? cube structures with
no infill were printed and assessed using the same camera-based
approach. As an example, the front and side views of the 3D printed
oleo- and bigels cubes with the lowest oil concentration are shown in
Figure 6. Results showed that for both materials, only a 10% deviation
in the length, width and height of the cubes occurred. However,
visually and qualitatively, it can be seen that the bigel material system
exhibits high surface roughness and non-homogeneity (not
quantified) compared to the oleogel system. This behavior can be seen
in other published literature investigating the printing behavior of
bigel systems (Fernandes et al., 2023; Qiu et al., 2022).

Finally, the performance of Oleogels in 3D food printing
applications depends on the oil concentration. Gels with low oil
content showed good printability and structural properties. Bigels and
oleogels containing a lot of oil require adjustments to improve their
deposition behavior and post-printing stability. These results pave the
way for new opportunities in the use of food inks for innovative 3D
applications, contributing to the personalization of food products. On
top of this, as opposed to existing industry solutions, a reduction in
oil content can present further opportunities for health and reduce the
amount of energy dense inputs for food production. Through the use
of 3D food printing in food applications that can replace saturated fats,
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it can be concluded that this technology does not create one but three
advantages in total, reduction in input use, new food structures
reducing the limitations existing for oleogels in traditional food
designs and on top a reduced amount of oleogels in the overall food
formulation, which may have a positive effect on the calorie intake.

5 Discussion and impact

5.1 Challenges in valorizing oil from stone
fruits using 3D printed oleo- and bigels

Despite the recent exponential growth in the oleogel field, the use
of oleogels is still in the early stages of development due to a number
of challenges. These challenges include the food regulations that not
only require food grade gelators but also impose restrictions on gelator
concentrations in food products (Younes et al, 2018). Other
limitations include the lack of knowledge of and uncertainties about
their interaction with other food ingredients, how they behave under
different processing conditions for different food products, and the
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need for inexpensive and easily accessible food grade gelators (Park
and Maleky, 2020). Concerning other stone fruits, not all have the
same oil content and composition. As seen in the results section, the
texture and mechanical behavior is highly dependent on the oil
composition which possesses a challenge in valorizing other types of
oil where more printability studies have to be performed to determine
the printing behavior and the optimum gelator to oil ratio.

5.2 Product and technical innovations

The value proposition in terms of product innovation lies in two
main aspects which are the development of fat phases using valorized
plant-based oils from food processing by-products through the two
possible pathways namely oleo- and bigels and subsequently, the
possible integration of such fat phases in direct food applications using
3D printing techniques. From the techno-functional properties point
of view, oleo- and bigel systems (considering valorized oils from
by-products) can be used in other 3D printing materials containing
fat phases to improve the geometrical and structural stability of 3D
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Side and top view pictures of printed oleo- and bigel cubes.

Top view

). Such
materials can be used in 3D printing of cereal-based materials and

printed structures ( ;

products as a replacement for solid fats such as butter, margarine and
shortening which are typically used in the printing of cake and cookie
formulations ( R R ;

). Considering the sensory perception of foods, it is
comprehensively studied and proven that textures and texture
properties which manifest as texture perception (mouthfeel) are a
significant determinant and influence consumer preferences regarding
any food product ( ). While using oleo- and bigels
within material formulations, the texture properties can be tuned
(using either the oil-gelator type and concentration) thus influencing
the overall sensory properties of the 3D printed structures without
varying the concentration of other material constituents, post-
processing or even the cellular parameters in the case of 3D printing
of cellular/foam structures. Coupling this approach with established
3D texture modulation/control techniques and the on-demand
processing of 3D printing, increases the possibility of customization,
in terms of textural preferences, and decreases the possibility of time-
or storage-dependent effects and thus, increasing the possibility of
consumer acceptance. Recent studies show that 72% of consumers
enjoy trying foods with different textures, and nearly half (especially
millennials) may prioritize texture over ingredients when making
purchasing decisions ( ). Going from a general
texture perspective to the texture of meat analogues, the successful 3D
printing of oleo- and bigel systems presents an opportunity for the
improvement (in comparison to animal-based products) of the texture
properties of plant-based meat analogues. Currently, 3D printed meat
analogues are mainly processed using either structured (fibrillated) or

Frontiers in 12

unstructured protein phases with no spatial localization of fat phases
within the structure which of course is not highly regarded as normal
meat from a texture and also flavor perspective ( ;

s ; ). Oleo- and bigel fat
phases can be used in combination with dual and co-axial extrusion
3D printing to spatially localize fibrillated protein phases and fat
phases to create plant-based meat analogues with possibly improved
overall sensory qualities. This approach can be then considered and
highlighted as artificial muscle fibers combined with variable and
controllable artificial fat marbling.

5.3 Nutritional value of apricot seed oil

In terms of its composition, apricot seed oil is rich in antioxidants
and polyphenolic compounds. The only saturated fatty acid (SFA)
present in the apricot seed oil is palmitic acid, while the
monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids
are oleic acid (the main fatty acid in the oil) and linoleic acid,
respectively ( ) compared apricot oil
with other vegetable and sidestreams-based oils and shows the low
levels of SFA and high levels of PUFA, making apricot seed oil an oil

of high nutritional quality ( ).

5.4 Bioeconomy value proposition

The value proposition brings together two key elements: the
evaluation of the unique textural properties of 3D-printed foods and
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assessing food inks made from by-products. From a product and
technical innovation perspective, the results of the techno-functional
analysis of introducing new plant-based sources derived from food
processing by-products using 3D printing technologies were shown.
The overall resource efficiency of utilizing by-products adds value, but
this depends heavily on the processing steps required to manipulate
the by-product stream so that it can be integrated into a food matrix
(Ali et al., 2025; Choe et al., 2023). Apricot seed oil was used for the
printing performance test based on the fact that there were no specific
pre-processing requirements during oil production, and it had already
achieved good printability results.

The valorization of apricot seed oil provides an additional
valorization pathway for a by-product that is available in high
volumes, thus creating added value for the biomass stream, which is
already valuable to the cosmetic and food industries (Brahmi et al.,
2023). However, it only plays a minor role in the food industry
(according to the literature). Recent advancements have converted
apricot oil into new plant-based milk alternatives and used it to create
plant-based spreads for breakfast (kern-tec, 2025). Adding additional
value-added products can in the long term lead to the creation of a
new commodity-like food source. That way the main product, apricot
flesh, is decoupled in the valuation of the fruit stone. That means the
market value of the stone can increase independently of the main fruit
and enter new market segments. Innovation and product
diversification can create market value and increase resilience of
agricultural systems through the establishment of new sustainable
value chains.

Texturing agents such as emulsifiers, stabilizers, thickeners, and
bulking agents, modify the texture of processed foods (Iriondo-
Dehond et al,, 2018). In 3D food printing, however, the CAD design
utilizes these agents’ biological properties as a basis for embedding
quality attributes into each food layer, shaping the overall texture for
specific fabrication goals. This food sustainability assessment stands
out by evaluating not the finished product, but an intermediate,
transformable food matrix and its properties regarding sustainability
(Hassoun et al., 2024).

By merging valorization with advanced 3D texture modulation, a
customizable platform emerges for consumer studies during product
development. On-demand printing allows precise control over texture
preferences, meeting individual tastes, reducing costs, and improving
study efficiency—often ranging from thousands to hundreds of
thousands of dollars depending on complexity, sample size, and
methodology (Food-Reaserch-Lab, 2024).

Because printability tests link directly to the printing design,
products can be quickly adjusted during studies based on participant
feedback, with new samples printed instantly to match individual
preferences. This approach enables future consumer studies to directly
estimate the texture’s value in product development, also considering
health benefits.

6 Conclusion

In the techno-functional case study presented in this study, the
applicability of integration of apricot seed oil in 3D structured oleo-
and bigel material systems was investigated. To summarize, for both
material systems, higher geometrical accuracy and structural stability
were observed at lower oil concentrations (for the oleogels) and at
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lower oleogel fractions (for the bigels). An increase in the oil
concentration or the oleogel fraction led to higher collapse or
slumping of both the printed lines and cubes. Of course, further
analysis is required to investigate the influence of the used oleogelator
as well as the hydrogel phase. From a textural perspective, both
material systems with apricot seed oil showed lower hardness
compared to the systems incorporating sunflower oil, showing the
influence of the oil composition on the texture properties. Finally, to
maximize the amount of valorized oil, other gelator types or hydrogel
phases must be investigated in the future.

In this study, oleo- and bigels were used as a singular focus of
study; however, they could also be integrated into more comprehensive
food formulation. While oleo- and bigels significantly influence the
texture properties of a product, which is better achieved with higher
oil concentrations, the modular, customizable and personalized
textures of a food could possibly be achieved by combining different
layers with different food formulations, thus keeping a low oil
concentration and thus saturated fat fraction in the overall food
formulation. From a bioeconomy point of view, smart texture design
that not only takes the macronutrients but also the effect of texture
design on the overall texture properties, can increase resource
efficiency in two ways and beyond the existing recipes of the
food industry.

Other studies have used oleogels to create adipose tissue mimetics,
which is the primary fat store in animal-based meat (Czapalay and
Marangoni, 2024), and found that unlike emulsion gels, which could
also be used to create such fat replacers, oleogels often used non-label-
friendly ethylcellulose to achieve the tissue mimetics. This is another
important aspect to consider when using oleogels in food
formulations, as the way the materials are combined to create the food
formulation will affect the overall sustainability of the original biomass
streams and therefore the suitability of the by-product as an alternative
recipe component. Additive manufacturing can replace ethylcellulose
through intelligent structural design, helping to resolve the otherwise
trade-off between functionality and food sustainability (Hassoun
etal., 2024), which will need to be more fully considered in the future
when designing new food formulations.

Additionally, ethical considerations can be included in the overall
sustainability assessment of food formulations that replace animal fat
high in saturated fat for religious reasons (Nicholson and Marangoni,
2023). Beyond health effects, this aspect contributes to a more
inclusive society that recognizes social and religious beliefs in addition
to the mere functionality of food. This is a dimension of food that will
become increasingly important in the future, especially if 3D-printed
plant-based food is designed specifically for the elderly, who can fully
benefit from the added value of additive manufacturing and who are
often completely dependent on the food provided by care institutions.

And finally, the technical settings, such as nozzle sizes or
adjustments to printer settings, are variable (Qiu et al., 2024).
However, these technical aspects, which strongly influence the
printing performance, should be summarized in any sustainability
assessment under the concept of site-specific process adaptation,
which is incremental to any technology that is also used in other
contexts. As an example, any technology provided for primary
production in agriculture has default settings and a basic technology
setup. Rarely will these settings be sufficient for use in a real-world
environment, where site specifics and necessary interoperability
requirements with other tools force adjustments to the factory
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settings. In industry, standard processing plant system components
are optimized based on the overall industry plant set-up, and
economic values can be optimized at the fourth decimal place.
However, in the evaluation of the food processing industry, such
technologies are still comparable and integrated into the overall
assessment of results and performance.

The overall bioeconomic value of new oleogel formulations arises
from the integration of oil derived from food industry by-products
and the combination of various sustainability aspects, such as circular
design, with technological functionality. By using oleogels in
3D-printed food solutions that are based on these by-products, the
food industry is presented with a multidimensional value proposition
for the future. This approach generates economic wealth in a
sustainable manner, giving equal consideration to ethical and
environmental concerns alongside economic factors.

However, achieving this balance requires that the sustainability of
future food systems be evaluated within broader system boundaries,
rather than focusing solely on techno-economic aspects—a challenge
that is frequently encountered in current assessments (Crossland et al.,
2025; Lemanna et al., 2024). Therefore, further research should
concentrate on developing new holistic frameworks for assessing and
valuing food sustainability within circular bioeconomy systems. 3D
food printing, as a biointelligent technology, can facilitate the creation
of essential data sets through reverse engineering. It also enables the
measurement of contributions to a sustainable food system, for
example, by evaluating the structuring potential of plant-
based materials.
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