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Abstract

The escalating interest in the systematic and logical design of food has recently emerged, driven
by the evolving understanding of the intricate relationship between the 3D structure of food at
both macro- and microscales and their nutritional, sensory, and physical properties. This
approach has found significance in various areas, including the connection between food
texture and mastication issues in the elderly, sensory perception during consumption, bio-
accessibility of nutrients, and mass and heat transfer. Furthermore, this method allows for
precise ingredient dosing to meet specific nutritional needs, paving the way for personalised
sensorial and nutritional food products.

The rational design of food is directly related to promoting a healthier and more sustainable
food system by amplifying health benefits, reducing food waste, and fostering sustainable
consumption. 3D Food Printing (3DFP) emerges as a viable technology to achieve this
ambitious goal, as it uniquely converts digital 3D models into tangible food products.

This doctoral thesis offers novel insights to unlock the full potential of 3DFP, a promising
technology set to revolutionise food production and consumption. The research objectives are
threefold:

1) To delineate the state of the art through advanced bibliometric methodologies in the past
decade;

2) To enhance the control over 3D printing movements and utilise this technology as a fresh
strategy for food prototyping;
3) To investigate, test, and validate the versatility of 3DFP in creating nutrient-enriched ink-
gels from by-product ingredients.

Particularly, this thesis addresses the transformative potential of 3DFP in creating
unprecedented economic and social values from the side- and by-products of Mediterranean
fruits and vegetables. By reshaping these into novel sources of nutrients and tailored food
products, we can maximise the utilisation of these often-discarded elements, thus contributing
to a circular and sustainable economy.

This thesis comprises seven chapters, with the first providing an overview of the 3DFP
landscape, its potential and challenges for industrial or individual applications. The remaining
chapters include scientific papers already published in international peer-reviewed journals or
submitted for potential publication.



Introduction

Current scenario and challenges for the food system

Food loss, waste, population growth, and global warming pose significant challenges to food
sustainability and have extraordinary negative impacts on the environment, economy, and
public health. As the global population continues to grow, with an estimated 9.7 billion people
estimated by 2050 (United Nations, 2019), the demand for food is expected to increase
continuously. At the same time, the loss and food waste (FLW) at various stages of the food
system and the effects of global warming on agricultural productivity and natural resources are
exacerbating the lack of the right to food.

Food loss, which refers to the reduction of edible food occurring during production, post-
harvest handling, storage, and food waste, which refers to the edible food discarded or uneaten
at the consumer level or during distribution and retail (Cohen et al., 2015), result in significant
amounts of lost and wasted nutrients. These losses are particularly concerning in the context of
malnutrition and the inadequate fulfilment of daily nutritious diets, which continue to affect
millions worldwide. According to the Global Nutrition Report, a quarter of the global
population is malnourished, with deficiencies in essential nutrients such as vitamins, minerals,
and proteins (Global Nutrition Report, 2020). Moreover, the loss and waste of food contribute
to the food system's inefficiency, further exacerbating malnutrition and nutrient deficiencies.

The effects of population growth and global warming compound food loss and waste. As the
global population continues to rise, the demand for food increases, putting additional strain on
agricultural production and natural resources (United Nations, 2019). Moreover, global
warming, driven by the accumulation of greenhouse gases in the atmosphere, has detrimental
consequences on agricultural productivity, water availability, and weather patterns, affecting
food production, distribution, and storage (Kummu et al., 2012). Furthermore, these factors
increase the challenge of providing adequate nutrition to the growing global population.

Agriculture and food production are vital sectors in the Mediterranean region, characterised by
a diverse range of fruits and vegetables. However, traditional agricultural practices often
generate substantial amounts of agricultural residues or by-products, including peels, seeds,
stems, and other by-products, often discarded or underutilised, leading to economic losses and
environmental waste (Zhang et al., 2020). Such materials pose resource utilisation, food waste,
and sustainability challenges, requiring innovative solutions to reduce environmental pressure.

In the Mediterranean region, agricultural side- and by-products from fruit and vegetable crops
present a unique yet underutilised resource. These materials, often discarded or neglected,
contain valuable nutrients and compounds that can be harnessed to improve the nutritional
profile of food products. Through 3D Food Printing technology, these side- and by-products
can be transformed into innovative food inks, adding nutritional value and contributing to waste
reduction, thereby enhancing sustainability. In this light, 3D Food Printing technology offers a
compelling solution to capitalise on these resources. By reshaping these side- and by-products
into novel, nutrient-rich food products, the technology can contribute to unprecedented
economic and social values while addressing sustainability concerns and promoting healthier

5



food options. This approach aligns perfectly with the global shift towards a circular economy,
where resource efficiency and waste minimisation are critical. In the following chapters, this
thesis will explore how 3D Food Printing technology can unlock the full potential of
Mediterranean fruit and vegetable by-products, presenting a new frontier in food science and
technology.

The Mediterranean region has a long history of food production, and the Mediterranean diet
has been recognised for its health benefits, including reduced risks of chronic diseases such as
cardiovascular diseases and cancer (Martinez-Gonzalez et al., 2019; Sofi et al., 2010).
However, changing dietary patterns, urbanisation, and globalisation have led to shifts in food
consumption patterns, resulting in increased consumption of highly processed and less
nutritious foods (Mistretta et al., 2018; Burlingame et al., 2016). This situation has raised
concerns about nutrition and health in the Mediterranean area.

In recent years, there has been increasing interest in finding ways to add value to agricultural
residues and by-products to transform them into novel sources of nutrients and tailored food
products.

3D food printing is an innovative technology that has been gaining considerable attention in
recent years due to its unique opportunities, such as the capability to use different kinds of
ingredients, also from by-products, to enhance the nutritional properties of the end-products
(Ahn et al., 2016; Passos et al., 2019). The high flexibility of the 3DFP technology, which
enables the employment of ingredients in different forms — i.e., powder, gels, paste, etc. — may
contribute to better sustainability of the food sector. For instance, food powder from
agricultural by-products or inedible parts of fruit and vegetable has been used to create
printable food ink and generate innovative and more sustainable food products (Tatiana et al.,
2021). This promising technology is increasingly being recognised as a sustainable solution
that facilitates the incorporation of alternative ingredients in food processing, thereby
contributing to the circular economy and waste reduction.

For example, insects have been widely investigated as potential substitutes for conventional
protein sources in 3DFP, offering a sustainable and nutritionally enriched food alternative
(Severini et al., 2018a). This approach addresses the growing demand for protein and mitigates
the environmental impact of traditional livestock farming.

Moreover, considering its flexibility in using different materials, 3DFP has been leveraged to
add value to food waste, often discarded due to aesthetic standards or by-products generated
during processing. 3DFP can help reuse and recycle these materials by using edible powders
to be included in the food ink (Bhandari, 2016). This potential capability enables the utilisation
of alternative ingredients and waste resources and reshapes our food systems towards greater
sustainability and nutritional enhancement.

The technical background of 3D food printing (3DFP)

3DFP consists of a layer-by-layer deposition process of edible materials capable of replicating,
in the physical world, a 3D digital model. Considering the exploitation in the food sector, such
technology enables the creation of complex food structures with a high level of customisation,
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offering opportunities for innovative food product development, personalised doses of nutrient
and sensory properties. For instance, 3DFP can create customised shapes and textures,
enhancing the final product's aesthetic appeal (Hussein S., 2021). Additionally, market
innovations can be obtained by 3DFP by creating complex food structures that may be difficult
or impossible to produce with traditional food manufacturing techniques (Dong et al., 2022).
Dysphagia, or difficulty swallowing, is prevalent in older people and patients suffering from
debilitating illnesses. These printers can improve the visual appeal of pureed diets, often
required for dysphagic patients, and enable greater food uptake to prevent malnutrition (Pant
etal., 2021). Considering the opportunity to better address the requirements for high nutritional
quality based on individual requirements, 3DFP can create low-calorie or low-fat foods or, in
addition, incorporate personalised doses of specific vitamins or minerals into the food product.
It can be particularly beneficial for individuals with food allergies, sensitivities, or other health
conditions that require strict dietary restrictions.

3DFP consists of several potential technologies with different printing movement methods and
the approach utilised for material depositions. Among these, we want to remember different
types of 3DFP.

1. Extrusion-based printing (Fused Deposition Modeling): This method is widely used
in 3DFP. It involves pushing materials such as liquid or paste through a moving nozzle,
which cools and solidifies to form layers (Figure 1). This method suits soft ingredients
like chocolate, dough, mashed potatoes, cheese, and meat paste. However, it has
limitations in creating complex and delicate forms due to the inherent risk of distortion
(Lanoro et al., 2017; Liu et al., 2018).

.

Fabricating
Part

Figure 1: Extrusion-based 3DFP.

2. Selective Laser Sintering (SLS): This technique involves applying powder-type
materials to a bed and then using a laser to solidify only the desired part. It forms a shape by
hardening only the part exposed to the laser. This method is suitable for food ingredients in
powdered form, such as sugar and starch. Adding food additives like artificial pigments and
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fragrances can produce various colours and flavour outputs. However, there are safety
considerations due to using lasers (Figure 2) (Kim et al., 2016; Kim et al., 2020).
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Figure 2: Selective Laser Sintering (SLS) 3DFP.

3. Color Jet Printing (CJP): This method uses a print head to distribute a binder into a
powder layer selectively. It is cheaper than other 3D printers and can create complex
geometries without artificial support structures (Figure 3). However, it requires the removal of
the remaining ambient powder and hardening the prototype surface (Kim et al., 2016).
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Figure 3: Color Jet 3DFP

4. Stereolithography (SLA) and Digital Light Processing (DLP): These methods use
liquid photocurable resins and perform chemical reactions during light irradiation to produce
solids. They can produce high-resolution and excellent surface-quality components. However,



they require dedicated hardening resins and are typically used to create small models requiring
high precision (Figure 4) (Krkobabi'c et al., 2020).
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Figure 4: Stereolithography (SLA) (left) 3DFP and Digital Light Processing (DLP) (right) 3DFP.

However, the most common approach is using an extrusion-based printer consisting of a
syringe filled with the printable food formula and the plunger, which applies the force
necessary to deposit filament of the ink-food in the layer-by-layer modalities. On this basis, the
design and development of these food inks is a critical step and a vast area of study, as they
determine the rheological and mechanical properties of the food, thereby affecting the final
quality of the printed food (Voon et al., 2019).

To obtain a precise replica of the 3D digital model, several steps of the 3D printing process
needed to be designed, tested, and validated. At first, the pre-printing phase consisting of
creating a suitable 3D digital model, is crucial (Sun et al., 2018), which is generally performed
using common CAD software. Then, selecting food materials is another critical aspect to
consider in 3D food printing. The properties of these materials, such as their rheological
behaviour, nutritional content, and sensory attributes, significantly influence the quality and
acceptability of printed food (Lipton et al., 2015). Therefore, a thorough understanding of these
properties is essential for successful 3DFP. The printability of the food material is also defined
as the ability to be printed without compromising the quality and the structural stability of the
3D-printed food structure (Derby, 2010), which is largely affected by its rheological properties.
Identifying optimal printing conditions is also crucial in the 3D food printing process. Being
controlled by several parameters such as printing speed, layer height, and nozzle diameter,
which must be carefully calibrated to ensure the successful printing of the food products (Yang
et al.,, 2018). In addition, generating the G-code, a language instructing the 3D printer on
creating the desired object is another critical element in 3D food printing. The G-code dictates
the printer's movements and the material deposition, thereby determining the shape and
structure of the printed food (Ngo et al., 2018). Finally, the post-printing process, which may
involve cooking or other forms of treatment, is an essential step that can significantly affect the
quality and safety of printed food (Severini et al., 2016).



Here we want to analyse better the role and the importance of the printability of food formulas
and, in addition, the need to control the printing movement precisely. These two points are
largely analysed in the PhD thesis.

The rheological properties of food inks play a cardinal role in the success of 3D food printing,
exerting a profound influence on both the printability and the ultimate quality of the printed
food. Viscosity, yield stress, and thixotropy are highly significant among these properties.

Viscosity, defined as a fluid's resistance to shear or flow, is instrumental in determining the
food ink's capacity to maintain its shape post-extrusion. It is a critical parameter that governs
the flow behaviour of the food ink during the printing process. High viscosity ensures that the
printed material retains its shape after deposition, but it also necessitates a higher force for
extrusion from the printing nozzle. Therefore, an optimal balance is required to ensure efficient
printing and shape retention (Dankar et al., 2018; Zhu et al., 2019). Yield stress, the minimum
stress required to induce flow in a material, is indispensable for the material to hold its shape
after printing. The yield stress prevents the printed layers from collapsing under their weight,
thereby maintaining the structural integrity of the printed object. A material with a high yield
stress behaves more like a solid until the yield stress is exceeded, after which it flows like a
liquid. This property is particularly important in 3D food printing, where the printed structure
needs to retain its shape until it is set or cooked (Sun et al., 2018; Chen et al., 2019). Thixotropy,
the time-dependent shear thinning property, is also crucial in 3D food printing. It allows the
material to be easily extruded during printing but regain its rigidity afterwards. This property
benefits material that needs to be fluid during extrusion but solidifies quickly once printed. The
formulations of these materials are of particular interest as they determine the rheological and
mechanical properties of food inks, thereby affecting the final quality of the printed food. The
composition and concentration of ingredients, the interaction between them, and the processing
conditions can all influence the rheological properties of the food ink (Godoi et al., 2016; Panda
et al., 2018; Yang et al., 2018). Additives play a significant role in these inks, often used to
modify their properties to meet specific requirements. For instance, thickeners can increase
viscosity, gelling agents can enhance yield stress, and other additives can improve thixotropy.
Understanding these additives' roles and interactions is crucial for developing food inks with
desired properties.

Despite the advancements in 3D food printing, challenges must be addressed. These include
the limited range of printable materials, difficulty controlling the texture and taste of printed
food, and slow printing speed. However, the field also presents numerous opportunities, such
as the ability to create personalised food, the potential for reducing food waste, and the
possibility of creating novel food structures that are impossible with traditional manufacturing
methods (Dankar et al., 2018; Zhu et al., 2019). The rheological properties of food inks are a
critical aspect of 3D food printing, influencing the printability and final quality of the printed
food. Further research in this area will pave the way for developing new food inks and
advancing 3D food printing technology (Figure 5).
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Figure 5: Rheology of edible inks for printing. Yield stress (1-2), non-Newtonian shear-thinning, shear-thickening and
Newtonian behaviours (3-4), thixotropy test and thixotropic loop test (5-6).

Many printing variables drive/control the movements of the printing in the X, Y, and Z axes
and, in addition, the amount of materials deposited per unit of time. For instance, the nozzle
size plays a crucial role in determining the resolution and accuracy of the printed product, with
smaller nozzles enabling finer details (Severini et al., 2016; Liu et al., 2018; Yang et al., 2018;
Yang et al., 2018b; Severini et al., 2018; Derossi et al., 2019). Layer height, another critical
parameter, affects the texture and structural integrity of the printed food with thinner layers
often resulting in smoother surfaces and more robust structures (Severini et al., 2016; Liu et
al., 2018; Yang et al., 2018a; Yang et al., 2018b; Severini et al., 2018; Derossi et al., 2019).
The print speed, however, can significantly impact the printing process’s efficiency and the
final product’s quality. Faster print speeds may lead to increased productivity but can also
compromise the printed food’s quality and accuracy (Kim et al., 2019; Vancauwenberghe et
al., 2017; Lanaro et al., 2017; Le Tohic et al., 2017; Derossi et al., 2018a; Derossi et al., 2019).
Infill level, which refers to the density of the interior of the printed object, is another key
variable. Higher infill levels can enhance the structural strength and weight of the printed food
but may also increase the printing time and material usage (Zhang et al., 2018; Derossi et al.,
2019). A study by Alhnan et al. (2019) further elucidates the impact of these printing variables.
The study found that the extrusion multiplier, an empirical value proportional to the extrusion
rate and the speed of needle movement, was the most influential factor affecting the dispensed
dose in 3D-printed oral dosages. The study also highlighted that the nozzle size significantly
impacts the dose, with larger needles resulting in higher doses due to reduced resistance from
the increased internal diameter of the needle. These findings underscore the importance of
carefully calibrating printing variables to achieve optimal outcomes in 3D food printing. By
understanding and manipulating these variables, it is possible to tailor the printing process to
produce food products with desired attributes, thereby expanding the possibilities of this
innovative technology (Callejo et al., 2019). Understanding and optimising these aspects is
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important for achieving desired printing outcomes, including accurate and consistent layer-by-
layer deposition of the ink materials, resulting in well-defined and structurally sound food
products. They can impact the ink material's flow behaviour and structural integrity during
printing (Callejo et al., 2019). Therefore, careful consideration and optimisation of these factors
are necessary for successful 3D food printing. The printability of food products can be
influenced by various factors, including the rheological properties of the ink materials, the
design of the digital models, and the printing process parameters (Derossi et al., 2016).

All such variables are generally individuated and defined using a slicing software that literally
slices the 3D model in different layers, and it defines all printing movements and the conditions
for depositing the food formula. Then, a G-Code consists of the information instructing the
printer how to move during the manufacturing process. In 3D food printing, G-codes guide the
printer’s movements, such as the path to follow, the extrusion speed and the layer height,
among other parameters.

The slicing software considers the printer’s specific characteristics, such as the nozzle size and
material type. This process is crucial for achieving the printed food item’s desired shape,
texture and other properties (Lipton et al., 2015). The G-codes guide the printer’s movements,
such as the path to follow, the extrusion speed and the layer height, among other parameters.
Generating G-code for 3D food printing involves using specialised CAD software to create a
digital model of the desired food product and converting it into G-code to provide instructions
to the 3D printer. Parameters such as layer height, extrusion speed, temperature, and infill
density need to be carefully defined in the G-code. Proper calibration and optimisation of
printing parameters are critical for achieving the final food product's desired print quality and
functionality. Popular software for creating digital models include Blender, Tinkercad, and
Fusion 360, while slicing software such as Cura, PrusaSlicer, and Simplify3D are commonly
used for generating G-code.

Three-dimensional (3D) food printing has emerged as a promising technology that has the
potential to revolutionise the food industry by enabling the creation of complex food structures
with high customisation. However, achieving high-quality and precise prints in 3D food
printing can be challenging due to food materials' unique properties and requirements. In this
context, using an innovative G-Code Designer for advanced G-code generation control can
significantly improve printed food structures' quality and precision. FullControl Gcode
Designer is a novel tool never used in food applications. It empowers the user to define every
segment of the print path along with all printing parameters at every point along the print path.
This novel approach enables the software to directly generate machine control code (Gcode)
without the need for programming skills, CAD software, STL files, or slicing software. The
user is free to create non-planar 3D print paths and overcome traditional restrictions of layer-
wise print path planning (Gleadall, 2021). This approach also enables nozzle movements to be
designed carefully, both during extrusion and while travelling between disconnected extrusion
volumes, to improve the capabilities of the printing process or to overcome inherent limitations.
Several case studies (Gleadall, 2021) have demonstrated the broad range of structures that can
be designed using this software (Figure 6). For instance, figure 7 shows that the software can
produce precisely controlled specimens for printer calibration, parametric specimens for
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hardware characterisation using hundreds of unique parameter combinations, novel
mathematically defined structures, and previously inconceivable 3D geometries that are
impossible to achieve using traditional slicing software (Gleadall, 2021).
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Figure 6: Comparison between traditional slicer software and FullControl print paths (Gleadall, 2021).

This new design approach is particularly useful to improve additive manufacturing operations,
where traditional slicing software typically limits the user’s capabilities to specific structures
and printing parameters. The FullControl Gcode Designer allows the user unconstrained
freedom to instruct every aspect of the printing procedure to achieve the desired part, including
controlling auxiliary equipment or novel tool heads in multi-tool printers. This approach
enables system calibration, design of defect-free parts, or development of currently
inconceivable structures. Combining “FullControl Gcode Designer” with 3D food printing can
offer several benefits in improving the quality and precision of printed food structures:

1. It allows precise control over the extrusion process, which is crucial for achieving
uniform layering and consistent printing results.

2. Itenables the optimisation of printing parameters to match the unique properties of food
materials, such as viscosity and texture, resulting in improved print quality and
structural integrity.
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3. The customisation capabilities of “FullControl Gcode Designer” allow to the creation
of personalised food structures with tailored designs, enhancing the aesthetics and the
presentation of the final printed products.

Integrating “FullControl Gcode Designer” with 3D food printing can advance state of the art
in food fabrication and open new possibilities for innovative applications in the food industry.
By enabling higher quality and precision in 3D food printing, this integration can contribute to
developing customised, visually appealing, and nutritionally optimised food products that cater
to individual preferences and dietary needs. Further research and experimentation with this
combined approach are warranted to explore its full potential and accelerate the adoption of
3D food printing in the food industry.
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Figure 7: Comparison between traditional slicer software and FullControl print paths

Therefore, this process must be carefully managed to ensure the production of safe and high-
quality 3D-printed food. In the preliminary stage of the development of 3DFP, the majority of
the publications have been focused on the study of food formulas employable as food ink and
the effect of their rheological properties (Cohen et al., 2009; Kim et al., 2019; Caporizzi et al.,
2019). So, several types of food materials have been used as food inks, such as chocolate
(Mantihal et al., 2019), doughs (Pulatsu et al., 2020), fruit and vegetable blends (Kim et al.,
2018), fish and seafood products (Wang et al., 2018Db), poultry (Wilson et al., 2021) and dairy
products and derivatives (Le Tohic et al., 2018; Liu et al., 2019b). These materials are selected
based on their rheological properties, sensory attributes, and nutritional characteristics to
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achieve the printed food products’ desired texture, flavour, and nutritional composition (Figure
8).
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Figure 8: Lemon juice gel objects, Yang et al., 2018 (1), dough objects, Liu et al., 2018 (2), different methylcellulose
concentration printed objects Kim et al., 2018 (3).
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Research questions
Based on the above considerations, the following research questions arise:

o What are the key factors affecting the quality and precision of 3D-printed food
structures?

e How can integrating specialised CAD software and G-code generation tools, such as
“FullControl GCode Designer”, optimise the printing conditions and customisation of
food product design in 3D food printing?

o What are the potential benefits of using 3D food printing in creating customised and
nutritional-optimised food products for individuals with specific dietary needs or
preferences?

o How does using different ink materials and printing types impact the printability and
quality of 3D-printed food structures?

e What are the challenges and limitations of 3DFP technology, and how can they be
addressed to improve the quality and feasibility of printed food products?

« How can 3DFP contribute to reducing food waste and improving the efficiency of
food production and distribution systems?

The research aims and objectives

The research activities are designed to improve scientific knowledge in 3DFP applications by
developing innovative food formulations and processing techniques and utilising food waste
and its by-products in the Mediterranean region. In addition, the potential of specialised
computer-aided design (CAD) software and G-code generation tools, such as "FullControl
GCode Designer," will be explored to optimise the printing parameters, printing conditions,
and food product designs. The objective is to enhance the quality and precision of 3D-printed
food structures. The proposed research activities will contribute to creating novel sources of
nutrients and food products using 3D printing technology, reducing food waste, and increasing
the value of Mediterranean food products.

The research consisted of three main sections of experimental activities.

Section A: A comprehensive analysis of the current state of the art of the 3DFP has
been performed employing bibliometric analysis and data visualisation techniques.
The aim was to identify emerging trends, collaborations, and knowledge gaps in the
existing literature. This process highlighted new possibilities and opportunities in the
field of 3DFP.

Section B: This section is dedicated to a better understanding of the effect of 3D food
printing technology on some undervalued physical and technological aspects. More
specifically, the impact of 3DFP on the 3D microstructure of food is examined, as
well as its interrelation with the texture properties of cereal-based food products.
Also, 3DFP was studied as a prototyping method to define the best 3D structure for
reducing the kinetic of baking 3D printed biscuits. Furthermore, for the first time, an
innovative GCode designer was tested in the food sector and compared with
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conventional slicing software by examining the quality of 3D-printed food and the
efficiency of the printing process.

Section C: This section of the research was dedicated to the potential benefits of 3D
food printing on the sustainability of the food sector through better exploitation of
uncommon ingredients obtained from food waste and by-products. To do this, after
describing the rheological properties of innovative ink-gel and testing its printability,
such materials have been nutritionally enriched by introducing vegetable powders from
different fruit and vegetable by-products. The aim was to understand how these by-
products could be reintegrated into the food supply chain and how specific ingredients
and the printing process influenced the properties of gel formulations.

The doctoral research endeavoured to pioneer methodologies in three-dimensional food
printing, a potential paradigm shift that could revolutionise the culinary industry. This
advancement may significantly contribute to overarching waste minimisation and
sustainability objectives, profoundly impacting environmental stewardship. Despite
facing limitations and challenges, the goal is to inspire further research and
development in this field, contributing to the evolution of the food system towards
greater sustainability, efficiency, and personalisation.

Expected outcome.

The integration of 3D food printing technology is expected to yield various benefits, such as
enhanced precision and quality of printed food structures, improved printability, increased
innovation, and creativity in food product design, and expanded market opportunities. This
integration has the potential to transform the food industry by enabling the creation of unique
and customised food products, driving innovation, and opening new market opportunities.
Furthermore, 3DFP can address the issue of food waste and by-product utilisation, leading to
the development of sustainable food products. Food manufacturers can adopt circular
economy principles by optimising the use of by-products, reducing waste, and increasing
sustainability. This situation can result in visually appealing, customisable, and nutritionally
optimised value-added products that cater to the demand for healthy and sustainable food
options. Further research in this area can lead to the development of novel food products that
promote sustainable food practices in the Mediterranean region and beyond.
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Abstract

3D Food Printing is a hot field of research in which many efforts are concentrating to unleash
its potential for renewal. To facilitate this process we have drawn the global scientific landscape
in these first 13 years of experiments by using bibliometric and data visualization approaches.
We find a total of 170 documents between 2007 and 2020. China and Australia are the most
productive countries followed by Italy. On a total of 582 co-authors, not more than 10
researchers are collaborating out of their research group/institution. This is a weakness that
urges sharing information and experiences. Also, the networks of the keywords have showed
some hidden opportunities. To reinforce the interrelations of digital design, microstructure and
personalized food is needed to create unprecedented sensory perceptions and to alleviate the
mastication and swallowing problems of the vulnerable consumers. Also, there is a shortage of
papers on the printing of protein-rich inks.

Industrial relevance: The paper critically analyzes the global production of scientific
experiments in 3D food printing. The results discovered that the level of collaborative
researches is weak while the involvement of the industrial sector urge as crucial process to
unleash the great ambitions of personalized food manufacturing. What emerged is the need to
study parallel deposition methodologies such as selective laser sintering (SLS) or hot-air
sintering (HAS) that would open for fast printing and the use of highly stable food powders.
Others opportunity to make feasible to application of 3DFP could be the use protein-rich food
inks and to make closer the topic of digital design and personalized consumers requirements.

Keywords: 3D food printing; bibliometric analysis, clustering, collaborative networks; novel
research opportunities.
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1. Introduction

Additive Manufacturing (AM) is a broad range of technologies having the capability to
transform 3D digital images in real objects through a layer-by-layer deposition process. In the
last 20 years, AM technologies — popularly known as 3D printing (3DP) — have triggered a
process of renewal of the manufacturing of items, as we traditionally know. The potentials of
designing complex structures with customized end-user properties such as desired shape,
dimension and physical properties are the main reasons of its notable success in several
industrial sectors and the interest of many scientific fields. While the use of 3DP for rapid
prototyping (Rayna and Striukova, 2016) has been the first application, its usage currently
occurs in pharmaceutical (Manoj et al., 2020; Beg et al., 2020), regenerative medicine
(Agostinacchio et al., 2020; Bueno et al., 2019), biomedical implants (Murr, 2020)
bioengineering (Nesic et al., 2020), architecture (Chan et al., 2020), jewelry (Stamati et al.,
2011), aerospace (NASA, 2015, Jiang et al., 2020), construction (Buchanan and Gardner, 2019)
etc. Moreover, after the deposition of thermoplastic materials, the printing of metal (Gibson et
al., 2018), clothing (Want, 2020), glass (Li et al., 2018), concretes (Comminal et al., 2020),
etc., have become popular. The awesome interest in 3DP is proved by over than 28k of scientific
publications listed on Scopus database since 1987 (data from Scopus database). While 3D
printing of thermoplastic materials is advanced and realizes highly complex structures, the 3D
printing of food is taking its first steps even though it is also becoming of great interest with
unparalleled level of innovation capable of transforming the way in which foods will be
manufactured, stored and consumed. Cohen et al (2009) stated that ‘after solving the main
issues of slow printing and price, the remaining question is what the ways in which 3DFP will
completely modify the food sector, while no doubts on whether 3DFP may affect food
manufacturing and consumption’. As reported by several authors the main ambitions of 3D
food printing (3DFP) are personalized food manufacturing (Cohen et al., 2009; Lipton et al.,
2015; Severini and Derossi, 2016; Derossi et al., 2020a; Pulatsu and Lin, 2021), on-demand
production, food waste reduction and consumers-food co-creation (Godoi et al., 2016; Jiang et
al., 2019; Pulatsu et al., 2020). Personalized food manufacturing by using 3D Printing has the
potential of creating food not only with desired shapes and dimensions but also to get
nutritional and functional properties right for people uniqueness (Godoi et al., 2016; Le-Bail et
al., 2020). So, the level of innovation may also be augmented by interrelating personal medical
data, tele-medicine, planned diet, lifestyle, gender, sex, etc. (Tagami et al., 2021). In addition,
3DFP has the potentials of creating customized sensory properties by using multi-food
materials (Park et al., 2020), by modeling mechanical properties (Derossi et al., 2020a; Derossi
et al., 2020b) or creating food with the desired shape (Severini et al., 2018; Schutyser et al.,
2018; Pulatsu et al., 2021a), color (He et al., 2020) and flavor (Guo et al., 2021). To date,
researchers focused their work on the effects of printing variables (Derossi et al., 2018; Perez
et al., 2019), the printability of food formulas (Liu et al., 2018; Tian et al., 2021) through the
use of hydrocolloids and analyzing the corresponding rheological properties (Kuo et al., 2021;
Pant et al., 2020; Gholamipour-Shirazi et al., 2019; Zhu et al., 2019), on programmable 3D
structures aiming to get desired texture properties (Derossi et al., 2021) and, more recently, on
the time evolution of color, aroma and shape as effect of an external factors as first examples
of 4D food printing (Guo et al., 2021; Phuhongsun et al., 2020; He et al., 2020b). The
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bibliography of 3D food printing is getting large with an exponential trend of the papers
published in the last years as well as large is the number of the reviews aiming to delineate the
most important features of 3DFP.
Scientometrics is a wide field of research aiming to analyze the quantitative aspects of science
and technology and its dynamic nature seen on the angle of the process of communication (El
Mohadab et al., 2020). While the advent of digital information products has generated a
massive amount of scientific documents published online, the researchers are slow in
searching, collecting, studying and interpreting this large mass of data. This is called a typical
problem of information overload (Shao et al., 2021). Bibliometrics is a specific field of
scientometrics defined as ‘the application of mathematics and statistical methods to books and
other media of communication’ (Otlet, 1934). In practice, bibliometric is a tool for clustering
and mapping the information from scientific documents such as keywords, abstract, authors,
countries, references, journals, citation, etc., delineating the salient traits of a scientific domain
and discovering novel features, network, potentials and weakness/strengthens of that field. As
reported by Waltman et al (2010), bibliometrics drives people in understanding how research
topics are, or could be, how they are related to each other, or to delineate how scientific topics
are evolving over time, to define the impact of some journals, institutions, authors, countries,
etc. on the research topic under evaluation. For instance, Mingers et al. (2015) stated that the
act of citing papers creates a link between ideas, points of view, methods, people, journals, and
institutions generating a scientific network that may be analyzed. Furthermore, bibliometric
methods allow creating invisible links between highly cited papers to research frontiers (Price,
1976; Mingers et al., 2015) paving the way for innovative ideas.

In the field of 3D food printing, several reviews have been published (Manthial et al.,
2020; Baiano, 2020; Dankar et al., 2018; Jiang et al., 2020; He et al., 2020b; Zhao et al., 2020;
Handral et al., 2020; Feng et al., 2019) but a complete quantitative analysis of the global
scientific production — original papers, review, letter to Editor, books, proceeding of
international conferences — have not been performed. Although the usefulness of the reviews
is globally recognized, the obtained benefits remain limited if we are not able to manage this
large mass of publications that increases monthly. The reading of reviews, often focused on
specific hot-points, limits to a high extent the exploration of the research status of 3D food
printing with missed opportunities in individuating strengthens and weakness points and
innovative bridges between hidden sub-topics. Our belief is that 3D Food Printing technology
will definitely transform the future of food production and consumption, but its level of
maturity is too low to collect high level of investments needed for a direct employment in the
food chain. For this, the interpretations of all global scientific information aiming to highlight
novel networks and interrelations could act as driver to activate a scientific discussion on the
weakness and strengthens on 3DFP and fuel new cross-contamination between different topics.

This is an original paper that uses as input-data the main information and indicators of
the global production of scientific documents on the topic of 3D Food Printing with the aim to
draw the scientific landscape of 3DFP highlighting weakness and opportunities. With this aim
we have combined bibliometric and statistical methods, mapping and clustering analysis, and
visualization approaches to manage the large body of scientific documents in the field of 3D
Food Printing.
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2. Material and Methods
2.1.Collecting bibliographic information

We used SciVerse Scopus as the main database because it contains the largest number — 20,000
items - of indexed journals, books and conference proceedings (Mingers and Laydesdorff,
2015); also, although Scopus retrieves back till 1996, 3D Food Printing is a relatively young
field of research and there are no reasons to search scientific documents before 1996. A
schematic representation of the strategy used to collect the most relevant scientific documents
belonging to the field of 3DFP, is reported in Figure 1. The search was conducted on 25
November 2020.

TITLE-ABS-KEYWORDS (3D print* OR

_5 Additive manufact® OR three-dimensional
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Fig. 1. Strategy employed to collect scientific documents in the field of 3D Food Printing.

First, different techniques and operators have been used to improve the accuracy of our search.
For instance, asterisks have been used to collect related words as in the case of using 3D print*
which enlarge the searching for combined words such as 3D printing, 3D printed. Also, the
operators [AND], [OR] and [AND NOT] were used for including or excluding specific terms
from the search. The type and number of terms used in the search query of Scopus was decided
by preliminary tests aiming to collect the maximum number of papers belonging to the field of
3DFP.

First, using specific terms in a step-by-step approach of searching we retrieved a maximum of
N=356 documents. Then, the obtained documents were limited first for the 2007-2021 and,
second, a manual screening to avoid some ‘false-positives’ was performed. For instance, the
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recent paper publication by Jereman et al. (2021) which contains in the abstract and as
keywords the terms ‘food’, ‘additive manufacturing’ and ‘food processing’ is focused on the
field of abrasive waterjet technology with only negligible interrelation with the food sector.
Finally, a total of 170 documents have been retrieved and the following information was
downloaded in format files .CSV: citation information; bibliographical information, abstract &
keywords. Further properties of the documents such as the time distribution, subject area,
countries and the types of documents have been obtained directly from the Scopus website. All
the bibliometric information has been used in the following analyses: 1. Analysis of overall
publication indicators; 2. Analysis of the co-authorship; 3. Analysis of the co-occurrence for
the author’s keywords.

While the analysis and visualization of some general indicators was performed by using the
software Power BI (Microsoft) the other techniques were performed by using the software
VosWiever, ver. 1.6.16 initially realized and released by van Eck and Waltman (2009) and
widely used in many fields of research (Park and Nagy, 2018; Mascarenhas et al., 2018;
Sweileh et al., 2018; Perianes-Rodriguez et al., 2016; Shao et al., 2021).

2.2.Co-authorship analysis

The analysis of co-authorship was performed by using as input data the authors and countries
information of the retrieved papers with the aim to create networks of active collaborations in
the field of 3D Printing. For the analysis, an entry-level of one document per country have been
used while no entry-levels have been assigned for the number of citations received for each
country. The fractional counting method was used by assigning to each author/country weight
of 1/N, with N the number of total authors or countries involved in the paper (Perianes-
Rodriguez et al., 2016).

2.3.Co-occurrence analysis of the author s keywords

The generation of the map for the author’s keywords involved three different steps. A first
analysis was carried out without any entry-level value for the number of occurrences. This
approach allowed extracting a global list of 526 keywords and the corresponding list of the
number of occurrences. This data have been used to define a relative weight for each keyword.
We assumed a maximum weight of 1 for the keyword showing the highest occurrence which,
in our case, was the term ‘additive manufacturing’ with 66 occurrences. Then, the weight of
the other keywords was defined by computing the fraction of the occurrences on the total of
66; relative weight = highest number of occurrence/number of occurrences of each keyword.
Next, we decided to include in the network visualization only the keywords showing a weight
> 0.05 corresponding to a minimum number of occurrences of 3. Finally, a thesaurus file was
used for data cleaning consisting in the capability of merging similar words - i.e. ‘food
printing’, ‘3D food printing’ and ‘3D food manufacturing’ - or to delete potentially unrelated
words. Figure 2 schematically describes the approach used to analyse the author’s keywords.
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Fig. 2. Schematic representation of the method used for the analysis of the author’s key-words
3. Result and Discussion

3.1.Distribution of publications over time, space and subject area

The evolution over time of scientific documents clearly shows a rapid increase in the interest
of the scientific community in 3D Food Printing. While fewer than 9 papers were published
between 2007 and2015, an average of 29 papers/per year was obtained from 2016 to 2020 with
a peak of 48 documents in 2018 (Figure 3a). At the moment of writing this, paper only 6 papers
result in 2021 that is lower than what is possible to observe in the general field of 3D printing.
This suggests a shortage of new data on 3D food printing but during 2020, COVID-19 has been
a calamity for scientific society with the closure of universities, research centers, laboratories
and the cancellation of many scientific congresses and workshop (Subramanya et al., 2020).
Also, COVID-19 has collected extraordinary efforts from all scientific sectors limiting the
development of other themes of research. For instance, Kambhampati et al. (2020) retrieved
1638 publications on COVID-19 in the first 17 weeks of 2020.
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Fig. 3. Evolution over time (a) and geographical distribution (b) of the global publications on the
emerging topic of 3D Food Printing.

Additional information may be obtained from the geographical distribution of the
published documents (Figure 3b). China, USA, Australia and Italy are listed as the first
productive countries in the field of 3D food printing with 25, 22, 16 and 16 scientific
documents, respectively. However, when analyzing in detail the type of journals, significant
differences have emerged with USA that has disseminated data mainly in the scientific areas
of intelligent systems, computer application, medicine and 3D digital design and fabrication
while only 2 papers on a total of 25 were published in food science and technology (Jiang et
al., 2019; Lipton et al., 2015). On the other hand, more than 80% of the papers coming from
China, Australia and Italy have been published in the food science and technology area (data
not shown). Table 1 delineates the main features of the global scientific production on 3DFP.
As expected for a young research topic, the majority of the documents are classified as original
articles (N=90; 53%) and conference papers (N=38; 22.3%) but it is worth noting an interesting
number of reviews (N=20; 11.7%). Of these reviews, some are generally focused on the main
potentials and ambitions of 3DFP (Manthial et al., 2020; Le-Bail et al., 2020; Nachal et al.,
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2019) while others have analyzed specific topics such as the development of food-inks (Voon
etal., 2019; Feng et al., 2019; Gholamipour-Shirazi et al., 2020; Jiang et al, 2019), 3D printing
of meat (Dick et al., 2019), regulatory and economic issues (Baiano, 2020) and materials and
machines used for food printing (Tan et al., 2018). The analysis of the subject category shows
as the majority of the papers have been published under ‘engineering’ and ‘agricultural and
biological science’ areas, but another important category is ‘computer science’. This is in
accordance with the nature of 3DFP that allows creating foods from digitalized images obtained
by computer aided design (CAD). The multi-disciplinary features of 3DFP allow it to grow in
closer fields of research such as Human-Computer-Interaction (HCI) which recently begun to
pay interest in the food sector with the birth of the Human-Food-Computer-Interaction (HFCI)
area that promises to reshape how food is produced, transported, prepared and consumed.
Relevant examples have been published by Chaudry et al. (2012); Hashimoto et al., (2012);
Comber et al., (2014) Betran et al. (2019). Tools to support the nutritional assessment such as
the size portions for diet intake have been published by Chaundry et al., (2012) while
Hashimoto et al., (2012) studied smart kitchen capable to help people of preparing unfamiliar
food recipe — or nutritionally personalized food formula — by using a complex system providing
recipe information by using visual and sound data to recognize ingredients.

Type of documents Subject category References for Subject
Category
Article 91 Engineering 87 Fahmy et al. (2020)
Portanguen et al.,
Conference Paper 38 Agricultural and biological science 71 (2019)
Review 20 Computer science 40 | Ramundo et al., (2016
Book Chapter 16 Materials science 27 | D’angelo etal., (2016
Gholamipour-Shirazi
Conferece Review 2 Chemistry 26 etal., (2019)
Book 1 Chemical engineering 19 Dianez et al., (2019)
Charlebois and Juhasz
Short Survey 1 Business, management and accounting 13 (2018)
Note 1 Decision sciences 11 | Steenhuis et al., (2018)
Biochemistry, genetics and molecular Sun et al., (2015)
Editorial 0 biology 9
Erratum 0 Mathematics 9 Kimetal., (2018)
Letter 0 -

Table 1 — Distribution of 3D Food Printing papers for type of document and subject category.

The scientific productivity of the top 10 institutions is shown in Figure 4. A total of 56
documents, 33% of the global production, were published. Of these, the most productive
institutions have been the University of Queensland, Jiangnan University and the University of
Foggia, respectively with 9, 8 and 8 publications. The top ten institutions produced their papers
from 2016 to 2020 suggesting they strongly believe in the high potential of 3D Food Printing
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deciding to invest significant research efforts in a limited period of time. In addition, they
published a total of 32 different journals while the total number of journals publishing 3DFP
experiments has been 116 with high diversity in their main scopes. This proves that editors now
consider 3DFP an important topic in food engineering, food polymers application, computer in
agriculture, computers in industry, etc.

Institution
® UNIVERSITY OF QUEENS.
®JIANGNAM UNIVERSITY
® UNIVERSITY OF FOGGIA
O NANYANG TECHNOLOG
® POLITECNICO DI MILANO
@ UNIVERSITY OF BIRMIN...
CNRS CENTRA NATION...
®KU LUEVEN
O NATIONAL UNIVERSITY ...
® UNIVERISITY POLITEHNL...

: l . . | D
5- -
0

2016

2017 2018 2019 2020 2021 0 2 4 6
year Number of documents

Fig. 4. Results of the first 10 istitutions publishing on 3D Food Printing. A) fraction of the number of
pubblications. B) distribution over time; c¢) publications by source.

Scientific Journals

Number of pubblication

3.2.Analysis of co-authorship

With the aim to examine the active collaborations among countries, the network visualization
of the active countries in 3DFP gives great opportunities for immediate responses and novel
discussion. In the map, the size and color of data respectively represent the number of
occurrences and the cluster type. Two countries co-occur if they co-authored a publication on
3DFP. Moreover, a link between two countries is created when they co-occur in the same
documents and the greater the strength link is, the higher the number of the papers co-authored
by the countries is or, in other words, they show a strong collaboration. The global network of
the co-occurrence is featured by 38 countries indicating that 3D food printing is broadly
considered an interesting and promising field of research all around the world; however, 15
countries look like ‘isolated island’ without active international collaborations (Figure SA). The
other 27 countries create the largest cluster with a total of 41 links (Figure 5B) of which China
and Australia count the higher number of links toward other countries and respectively of 9 and
4. Also, China and Australia formed the highest links strength - respectively, 18 and 10 on a
total of 55 - proving they have very productive international collaborations with many
published papers in the field of 3D food printing. More specifically, with link strength of 7,
China and Australia are the countries with the most prolific collaborative endeavors (Yang et
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al., 2018; Wang et al., 2018; Feng et al., 2019; Guo et al., 2019). In addition, the map shows
that China and Australia might be considered the bridge between USA, Europe and Asia
enlarging the global network of collaboration and making visible to the researchers the
potential countries to invite for novel collaborations. Italy, for instance, that is one of the most
productive countries (Figure 5b), shows only 2 links with Switzerland and Brazil while its
involvement in other international collaborations could help to improve the quality of the 3D
food printing technologies. It is important to note that the label of some countries is not clearly
visualized in the map due to the default scale used by the software VosViewer but they actively
participate in the network of active countries in the field of 3D Food Printing. Some of these
are for instance Germany (Kern et al., 2018), Portugal (Sartal et al., 2019) and India (Piyush et
al., 2019).
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singapore japan
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Fig. 5. Map of the active countries in the field of 3D food printing. A) Global map of countries contributing in
the field of 3D food printing; b) Largest cluster of interconnected countries.

When analyzing the network of the authors a total of 582 names have been visualized. The map
of the co-authored papers indicated a large number of colored clusters suggesting that all
researchers are working in small groups (data not shown). More specifically, the most
productive clusters appeared under the main label of the following authors: ‘Bhandari, B.’,
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‘Lipson, H.’, ‘Lammertyn, J.”, ‘Hao, L.”, ‘Lanaro, M.’, and ‘Liu, Y’. Also, only the clusters of
‘Bhandari’, ‘Hao’ and ‘Liu’ are linked stating that they are sharing results, data, and efforts in
3D food printing activities. Furthermore, the visualization of many islands of authors proves
that the majority of the researchers are collaborating mainly in their own research groups or
institutions.

The largest set of connected authors, as shown in Figures 6a and 6b, is characterized by 51
authors, 6 clusters, 194 links and a total strength link of 208. The maps also report color scales
indicating the average year of publication (figure 6a) and the average number of citations
received by each author (figure 6b). With the aim to avoid multiple and repetitive figures we
have used colored dot circles to highlight the clusters including authors who have strictly
collaborated in co-authoring papers. On the left hand is located the largest cluster with 15 linked
authors (red) who singularly show at least 14 links and publishing papers in the last years 2019-
2020. Of these authors, the larger fraction showed a limited average citation value of 2 while
only Liu, Y., who clearly has collaborated outside his ‘birth cluster’, received an excellent
number of average citations value of 52.5 with only two papers (a total of 105 citations). Also,
this cluster relates to the grey cluster by three links between Liu, Y. and Zhang, M., Yang, F.,
and Bhandari B. On the opposite side is located the green cluster including 9 authors who
published between 2014 and 2018 obtaining average citations values between 1 and 23.
Another important cluster is highlighted in grey color, located in the middle of the map, and
containing the most collaborative researchers being they linked out with others 4 clusters. Also,
to this cluster belong the most productive and cited authors such as Zhang, M., who published
8 documents and showed an average citation of 40.12 while Bhandari, B., signed a total of 9
papers and received an average citation of 66.78. In addition, these two authors have created
the strongest collaboration with a strength link of 7 between the years 2018 and 2019. So, they
are tightly collaborating resulting very productive with 7 co-authored documents in two years.
Similarly, to the grey cluster, the light blue cluster is located in the middle of the map
representing conjunction with other clusters of authors. The light blue is featured by the highest
diversities with authors who are collaborating in a wide period of time — from 2016 to 2020 —
and receiving very different average citations with values between 0 (Kobun R. and Lee, B.B.)
and 132.50 of Godoi, F.C. that has been the first editor of the only book on 3D Food Printing
titled ‘Fundamentals of 3D Food Printing and Applications’ (Godoi et al., 2018). So, Godoi,
F.C. shows the highest average citations resulting from a total of 265 citations and 2 published
papers. Finally, when analyzing the total number of citations, the highest cited authors follow
the next order: Bhandari, B. (601), Prakash, S. (326), Zhang, M., (321), Godoi, F.C. (265),
Yang, F. (163) and Manthial, S. (97).

38



2T N 2@ ®

\
Zadhigri b,
/ ! [ I b
| ‘hirabat 6. 2014 2016 201 2020
N 7 yangc.
zhangm.  wang!.
guoc.-f.
e P Wi N e e e g
- S dick a. ~ = e el BOMET ~
- i
7’ \ yang f. fengc. bhandan/of \ , > ~ ~ Ay, N :
\ \ 4 4
hae h.
’ z /  prakashs. guay. \
,° hame: tagg t. \I / 1 [ gz Y i x mustafee n, ,‘ II \
ligy. | godoifec. I—N jiz. + Ing \
) RS . 1 ¢ ! Vi P~ “ai ” 1S A
! / mantihal s. / R - |
| VR | T ¥ SIS Y seanggn o® I
| wangmm: cheph. / / )
waw. dugns. \ / \ .
\ N > [} sewgll ny
7 & kotgn #¥_ \ hendh
e = L e SRtk
ide:
\ - \ 57
Vg By — - P e
gupc.®
adhigari b.
!’utr‘ar b. _
yang ¢ [ 1 ' .
zhangm.  wagg!. 0 20 40 60 80
guoe.-f.
B dick a. gOME p.
yagg f. fengc bhaW’I b. ™
] L
zh@e h.
rakash s. su@y-
hagig: taggt. P aw liuz. yamc mustafee n.
" e - wang x.
- ligy. godgi f.c. e . haol.
B G e s jiaf.
mantihal s.
hep h. seaman o
WA L ALV sewell n.
kolggn @ henderson j v
d g .
oBE - - shen

Fig. 6. Map of the largest set of interconnected authors. Color map indicates the year distribution (a) and the
average number of received citation (b).

3.3.Analysis of co-occurrence

Being the keywords the backbone of a scientific paper, used to resume the main issues and
ambitions of the research, we have performed the analysis of the co-occurrence by using as
input data the author’s keywords. After the preliminary analysis — without entry-level for the
number of occurrences — a total of 491 keywords have been retrieved and mapped (data not
shown). Then, according with the method described in the previous section of the paper, we
have limited the number of keywords building the map of the most representative terms by
using an entry-level of n.3 occurrences corresponding to the relative weight of 0.05. The most
characterizing keywords for the field of 3D food printing — a total of 28 terms - are graphically
illustrated in Figure 7 with the corresponding number of occurrences. Some keywords appear
to be interchangeable such as ‘food printing’, ‘3D food printing’, ‘3D printing’ and all of them
were replaced with the term ‘3D Food printing’ by the cleaning approach of Figure 2. However,
before discussing the main results, we want to note the repeated usage of keywords such as
‘personalized nutrition’, ‘customized food’, ‘customized food fabrication” which prove as the
3DFP is considered one of the most promising technologies to make real the fabrication of
nutritionally and sensorial personalized food products.
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Fig. 7. The first 28 keywords with co-occurrences greater than of 3.

The maps of the most representative keywords in the field of 3DFP are reported in
figure 8 where the number of occurrences is represented by the size of the data point and the
color scale indicates the average year of publication (figure 8a) and the normalized average
number of citation (Figure 8b). Only a period of time between 2016 and 2020 is reported
because the representative keywords fall later than 2016 with the only except of ‘platform
design’ with the average year of 2015. Again, the thickness and the length of the links between
two keywords indicate the coupling strength. So, the thicker and shorter is the link, the closer
the linkage between two keywords. The specific keywords ‘rheological properties’, ‘protein’,
‘extrusion’ and ‘fused deposition modeling’ indicate recent hot-points in 3D food printing area
with an average years between 2019 and 2020. This is consistent with the increasing efforts of
many research group for the creation of food pastes exhibiting shear thinning behavior that
makes easy the extrusion through a narrow nozzle, and other additional properties such as
adhesiveness, viscosity and consistency which provide the capability to not collapse under the
weight of the overlying layers enabling a good fidelity of printing (Gholamipour-Shirazi et al.,
2019; Zhu et al., 2019). Also, the development of methods to estimate rheological properties
with the aim to get a high printability is one of the most challenging points for the practical
applications of 3D food printing at the industrial level or for home use (Liu et al., 2019; Zhu et
al., 2019). The importance of this hot point is also proved by the high number of occurrences
of the keywords ‘rheological properties’, N=13, placed as third in the list of the keyword’s
occurrence after general terms of ‘additive manufacturing’, N=91, and ‘3D food printing’,
N=32 (Table 2). This amplifies the importance of defining the essential rheological information
and their ranges by which it is possible to expect a good printability; moreover, not less
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important will be to discover methods to design and create ink-foods that match the proper
rheology.
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Fig. 8. Network visualization of the author’s keywords used in the field of 3D food printing. A) color scale
indicates the average year of publication; B) color scale indicate the average normalized citations.

The time evolution of 3D food printing reveals as the keyword’s ‘dysphagia’, ‘platform
design’, ‘chocolate’ show an average year of publication of 2017. Mainly, the first experiments
on 3D food printing have been performed by testing the chocolate due to its similarities with
the thermoplastic materials used in fused deposition modeling (Jia et al., 2016; Mantihal et al.,
2017). Also, the keyword ‘dysphagia’ that seems no longer used in the recent year it is rather
included in the most general theme of the creation of personalized food structure capable of
mitigating mastication or swallowing problem of elderly people (Derossi et al., 2020a; Derossi

41



et al., 2020b). Finally, we can observe the keywords ‘printability’, ‘microstructure’, ‘food
design’, ‘personalized food’ and ‘personalized nutrition’ that fall approximately in 2018.

Table 2 — Main results of the co-occurrences analysis performed using author’s keyword as input data.

Total Link Occurrenc Avg. Pub.  Avg. Avg. Norm.

Author’s keywords Links Strength es Year Citations  Citations

3d food printing 15 44 32 2018 12.31 0.95
additive manufacturing 20 91 91 2018 18.60 1.16
bioprinting 3 4 3 2018 3.00 0.40
chocolate 3 5 3 2017 16.33 0.81
digital gastronomy 4 5 3 2018 18.00 1.08
dysphagia 4 6 3 2017 7.00 0.48
extrusion 5 10 5 2019 13.20 1.57
food 5 10 7 2016 12.85 0.89
food design 6 12 9 2018 31.66 1.62
food sector 2 6 4 2018 5.50 0.19
fused deposition

modelling 1 2 3 2019 9.66 0.88
industry 4.0 2 4 3 2018 5.33 0.41
innovation 4 4 3 2017 4.00 0.15
microstructure 6 8 5 2017 33.20 1.96
personalized food 6 21 12 2017 32.50 1.09
personalized nutrition 7 13 8 2018 29.50 1.14
platform design 4 9 4 2015 78.00 1.32
printability 7 15 6 2018 45.00 2.07
printing parameters 4 11 5 2018 46.40 3.46
protein 2 2 3 2019 10.00 0.84
rheological properties 10 26 13 2019 28.92 2.50

With the aim to dig out the most important points of 3D food printing, it is useful to
analyze the normalized average citations of the author’s keywords as reported in Figure §B.
Also, other indexes of the co-occurrence’s analysis are listed in Table 2. The keywords ‘printing
parameters’, ‘rheological properties’, ‘printability’ and ‘microstructure’ exhibited the highest
average normalized citations with values of 3.46,2.51, 2.07 and 1.97 respectively. So, the most
read and cited papers in the field of 3D food printing share information about the optimization
of printing parameters and the printability of food paste which are the biggest obstacles to
overcome for the practical application of 3DFP at a large scale. In addition, the study of the
‘microstructure’ of 3D printed samples is gaining great importance because it gives deep
information on the structural weakness of the printed samples (Severini et al., 2018a; Derossi
et al., 2020) allowing the improvement of 3D printed food stability. Next, the keywords ‘food
design’ and ‘extrusion’ reached an average normalized citation respectively of 1.62 and 1.57.
This allows making two main considerations: 1. The use of extrusion units to deposit food
filaments through syringe-based or screw-based systems is the most used method in 3D food
printing; 2. The food design is and must be considered in a broad sense not only indicating the
potential of forming complex food shapes but the workflow of making tangible a unique project
thought on the specific nutritional and sensorial needs of the consumers.
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Contrarily, these data highlight a weak point of the current research in 3D food printing: the
lack of experiments and information on different deposition methods such as selective laser
sintering (SLS) or hot-air sintering (HAS), binder jetting, inkjet printing (Sun et al., 2015). For
instance, SLS or HAS that uses powder material and laser or hot air to fuse particles in a layer-
by-layer building process, has the great advantages to being very fast allowing to create a
massive amount of products. But these techniques are currently undervalued and only tested
on sugars or sugar-rich formula (Mantihal et al., 2020; Gray, 2010). Furthermore, being the
powders highly stable and because the un-sintered powder may be easily re-used, SLS or HAS
would be a very efficient technique to study in detail.

Finally, we want to analyze the keywords ‘chocolate’ that by three occurrences and an
average normalized citation of 0.81 apparently is a field in which the interest of researcher is
decreasing although some papers have been recently published mainly by Mantihal and co-
authors (Mantihal et al., 2019a; Mantihal et al., 2017; Karyappa and Hashimoto, 2019;
Mantihal et al., 2020; Rando et al., 2021). The reasons why the keywords appear with a weak
importance in the map of Figure 9 is that the authors decided to not include the terms
‘chocolate’ in the choice of the keywords, but they classified the papers in a more general
manner by using keywords such as ‘3D food printing’, ‘printable material’, ‘texture
modification’, ‘infill percentage’, ‘sensory’ etc. (Mantihal et al., 2019a; Manihal et al., 2019b;
Mantihal et al., 2020). This would suggest to all authors a surgical choice and use of the
keywords avoiding general terms — often already included in the title - that limits the capability
to make visible and to share their results and, in turn, to improve the level of understanding of
3D food printing technology.
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Fig. 9. Visualization of the density of link of the map of the author’s keywords used in 3FDP literature.

To conclude, we want to analyze the interrelations of 3D food printing topics. The density
visualization of Figure 9 displays for any point of the map the density of the links at that point.
In other words, we can assume the figure as a geographical map with islands in the sea of 3D
food printing. While the contours of the island are shaped by the interrelation of the keywords
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that co-occur in the same papers, the altitude of the island represents the number of links of
each keyword. The density visualization has been obtained by setting the parameter Kernel
width of the software VosViewer at 1.22. Four main islands can be observed.

The largest is shaped by the keywords ‘additive manufacturing’, ‘3D food printing’,
‘extrusion’, ‘innovation’, ‘food’ and ‘bioprinting’ and we want to label it with the name of
Innovative 3D Food Printing by Extrusion. The second island of research may be labeled as
Rheology Control and Printing Fidelity Optimization being featured by topics such as
‘printability’, ‘rheological properties’, ‘printing parameters and ‘dysphagia’. These two first
islands are physically interconnected but mainly through the topic of rheological properties of
food ink which of course is central for the innovation in 3D food printing. Another interesting
result is given from the single island Protein that is located very close to the previous island,
but it shows only two links (Table 1) with the keywords ‘rheological properties’ and ‘additive
manufacturing’. Here we can figure out a weak point of current research or — contrarily — a
good opportunity to study in detail the use of food formula rich in proteins for 3D food printing
experiments aiming to get novel personalized food and improving the knowledge about effects
of printing parameters, microstructure, dysphagia. The use of novel sources of proteins also
coming from the recovery of other food manufacturing processes would be of great relevance
for many current challenges of food security and nutrition (FAO, 2020). However, apart from
some previous studies on the use of cereal-based food formula (Zhang et al., 2018; Derossi et
al., 2020a; Derossi et al., 2020b; Derossi et al., 2021) and insect powder (Severini et al., 2018a),
the body of the knowledge of 3D printed food rich in protein is fragile (Uribe-Wandurraga et
al., 2020). Others islands in the left part of the map that are worth mentioning can be labeled
as Design at Macro- and Microstructure and Personalized Food. These are themes of crucial
importance for the future development of 3DFP but they appear only weakly linked with the
others research topics allowing to highlight additional opportunities such as to study the
creation of food with personalized mechanical properties that based on the deep information
on digital design, microstructure properties and rheological feature of food-ink may unleash
novel potentials of 3DFP by creating unprecedented texture perceptions and helping to mitigate
the mastication and swallowing problems of elderly or patients.
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4. Conclusions

3D Food Printing, 3DFP, is an emerging field of research with unprecedented ambitions of
creating foods with sensorial and nutritional personalized properties from digital images. This
paper creates a physical map of the global production of scientific documents aiming to
contribute to the future development of 3DFP highlighting weaknesses and discovering hidden
latent opportunities.

We find a total of 170 documents from 38 Countries of which China and Australia are the most
productive and collaborative. In addition, only 51 authors on a total of 582 researchers shape
the largest map of the active collaboration although more limited — not more than 10 - is the
number of authors directly connected out of their own group/institution. This is a weakness in
the actual field of 3DFP and novel international collaborations should be activated to speed up
the real implementation of 3D printing in the food sector. When mapping the most
representative author’s keywords fall in the period between 2016 and 2020. Current hot points,
in which the majority of the efforts are concentrated, are the ‘rheological properties’,
‘printability’, ‘printing parameters’ and ‘microstructure’ which show the highest average
normalized citations. In fact, the hottest and urgent topic regards the capability to design and
develop ink-food with excellent rheological properties and the ability to customize the printing
parameters on the features of the ink-food. Also, the analysis of the co-occurrences revealed
the shortage of experiments on alternative printing methods such as SLS and HAS which could
introduce two main novelties: fast printing and the use of dehydrated food-ink with a prolonged
shelf life. Finally, four main islands of research has been individuated in the field of 3D food
printing such as Innovative 3D Food Printing by Extrusion, Rheology Control and Printing
Fidelity Optimization, Design and Macro- and Microstructure and Personalized Food. While
the first two are connected by the study of rheological properties of food-ink, the others appear
weakly connected. This result highlights the opportunity to reinforce the relationship between
digital design, microstructure and novel personalized food products with unprecedented
sensory perception or capability of mitigating the mastication and swallowing problems of
vulnerable consumers. Finally, the study of food-inks rich in protein — which appears few and
isolated - should be enlarged and linked to other aspects such as the digital design, the effects
on microstructure and the creation of personalized food products.
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Abstract

With the increase of the published scientific results, 3D food printing is suddenly growing with
many opportunities and possibilities to contribute to the current challenges of the food system.
We present a brief review focused on two promising applications that are drawing where and
how food printing is currently evolving: 4D food printing and the creation of programmable
food texture. We found an interesting number of scientific documents regarding 4D food
printing that generates a time evolution of colour, shape, dimension, aroma, and nutritional
content. Among others, these changes are activated by many external stimuli such as
acid/alkaline conditions, the anisotropic behaviour of printed materials during drying, but
further experiments and discussions are still needed considering the effect of such stimuli on
other important points such as safety and quality parameters. Contrarily, very few results have
been published on the programmable food texture, but these few allow us to glimpse
breakthrough innovations capable to completely renew the texture perception and mechanical
properties of food products with extreme benefits for market innovation and consumer’s desires
and needs such as the creation of a fragile structure for people suffering dysphagia.

Keywords: Food properties; dynamic changes; 4D printing; digital design; human-food-
computer interaction; food texture.
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1. Roadmap of the 3D Food Printing

To tackle the current challenges for a world where all people can easily access to enjoyable,
sustainable, safe, and healthy food, there is the need for innovative technologies capable to
renew how foods are produced, transported, distributed, and consumed. After the success of
the applications of additive manufacturing (AM) in many industrial fields, the idea of 3D food
printing (3DFP) has motivated the interest of the research community and food industry for its
many potentials of innovation. Indeed, Cohen et al. (2009) stated that ‘after solving the main
issues of slow printing and price, the remaining question is what the ways in which 3DFP will
completely modify the food sector, while no doubts on whether 3DFP may affect food
manufacturing and consumption’. Among the AM techniques, the deposition of food formulas
while the printer moves in the X, Y, Z space replicating a digital model, is the prevalent
methodology (Nijdam et al., 2021; Tomasevic et al., 2021). Such principles make the 3DFP the
only technique having possibilities for a profound renewal of how food is produced. The
intricated movements of the printer add a huge number of degrees of freedom allowing feasible
the architectural building of complex structures never realized before. At the moment of writing
this paper, the state of art of 3DFP shows approximately 170 scientific documents published
from 2007 to 2020 (Derossi et al., 2021a) of which 53% of original papers, 22% of conference
papers and 11.7% of reviews.

Undoubtedly, the first goal motivating the designed experiments was the creation of
innovative and fascinating shapes thanks to the design of dozens of digital models which are
replicated through layer-by-layer deposition of thin filaments of food formulas. To accomplish
these shapes, also considering the huge diversities of the edible materials, researchers have
dedicated most of the experimental activities to study the printability of several food materials
and the effects of printing variables on the quality of the end products. As an example,
experiments have been performed by using wheat dough, fruit and vegetables, cheese, meat
and also fish (Tomasevic et al., 2021; Zhao et al., 2021). Likewise, many efforts have been
committed to improving the printability of food formulas by using traditional hydrogel
(Paolillo et al., 2021; Zhao et al., 2021) or less common oleogels and hybrid gels (Tian et al.,
2021). Moreover, a large body of papers has been focused on the effects of the most important
printing variables such as printing speed, layer height, nozzle diameter, infill density, infill
patterns, etc., on the overall quality parameters of printed food, primarily on the printing
fidelity and structural stability (Derossi et al., 2018a; Feng et al., 2020; Guo et al., 2019;
Severini et al., 2016; Pulatsu et al., 2020; Wang et al., 2018; Xu et al., 2020). In this review,
going beyond this basic information widely discussed, we want to point out where and how the
3DFP technology is evolving and what type of impact such growth may have on the current
challenges of the food system.

While growing the number of scientific experiments, several hinders limiting the practical
application of 3DFP at the industrial level or for home use have been highlighted (Derossi et
al., 2021b) but, in addition, new clear opportunities and possibilities have been identified and
are stimulating the research activities. Indeed, all actors of the food chain may stand to benefit
from 3DFP applications, with on-demand food production, adoption of a consumers-centric
approach, innovative food perceptions, satiety control, food loss reduction, personalized

56



nutrition, customized sensory products, digital transition in food manufacturing, and novel
business creation as well.

So, 3DFP has ambitions and potential to contribute to the transformation of the food system
and accelerating the progress under the United Nations Development Goals (SDGs), the UE
Farm to Fork Strategy, the EU Green Deal. 3DFP may help for a better food system capable of
producing in a sustainable way, foods safe, highly enjoyable, made of a balanced mixture of
nutrients and functional compounds for a healthy and active life. To accomplish all this, a
roadmap consisting of four main key-priorities area (KPs) from which many actions resulting
in a set of achievements allowing to realize aforementioned goals may be described as reported
in Figure 1.

ROADMAP OF 3D FOOD
PRINTING TECHNOLOGY

Nutritionally personalized Increased printing
food formula . speed
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Fig. 1. Schematic representation of the roadmap of 3D food printing.

For instance, the exclusive properties of 3DFP release a set of opportunities for the creation
of nutritional and sensorial personalized food (Pulatsu and Lin, 2021) matching nutritional
requirements of small consumer’s group with profound benefits on the mitigation of non-
communicable diseases (NCD) and childhood obesity (KP1). This made 3DFP capable of
positively impacting UN SDG 2.2 and UN SDG 3.4 targets. Also, the benefits on people’s
health could be reinforced by a multi-disciplinary approach connecting 3DFP with the data-
driven approach as well as artificial intelligence and machine learning (KP 1 and KP2). If
medical data and other information regarding the health status, lifestyle, gender, habits, were
used and modeled to get accurate designs of the food formula, the 3DFP could be employed to
drastically enhance the level of food customization (Derossi et al., 2018a). On this specific
point, the approach of artificial intelligence (Al) and machine learning could be very useful for
designing novel personalized food both in terms of nutritional needs and sensory perceptions
(Camarena, 2020; Pini et al., 2019). Al tools could learn from consumers’ habits and drive the
nutrient recommendations (Eftimov et al., 2017) employable for printing personalized food
products. Also, considering novel food perception and consumer’s acceptance, Pini et al.
(2019) used an Al approach to generate novel combinations of existing parameters of different
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kinds of raw foods — i.e., colour, nutrients, sounds, etc. — capable to sustain innovation and
creativity in food preparation. These realizations could impact also the ongoing pandemic
situation by a great level of precision capable to reinforce the immune response to viruses,
reducing the risk of malnutrition of hospitalized patients or for people in quarantine, or alleviate
mastication and swallowing problems of elderly (Derossi et al., 2021b). Recent experiments
created innovative products enriched with probiotics aiming to modulate the immune systems
by the inhibition of pathogenic microorganisms (Liu et al., 2020; Yoha et al. 2021; Zhang et
al., 2018). Furthermore, 3D food printing may facilitate the consumption of healthy food and
the control of how much food is eaten. The opportunities of maximizing sensory enjoyment
and of controlling/modulating satiety would be of profound interest for mitigating several
diseased strictly liked to the consumption behaviours (Spence, 2021). A fully controlled
deposition of food materials would allow creating new shapes, dimensions, overlapping colour,
taste and texture. So, healthy food, or single ingredients, traditionally rejected from specific
consumers group because considered unpleasant — as occurring for broccoli or spinach in child
age — could be used to create 3D printed product with maximized enjoyment of the consumer's
experience (Sun et al., 2015; Tomasevic et al., 2021). Examples of customized snacks though
for children age, between 3 and 10 years, have been realized by designing a food formula
capable of matching their dietary requirements (Derossi et al., 2018b). However, the heating
behaviour is extremely affected by many factors including and primarily, visual appealing and
multisensory taste and flavour experience. On this, 3DFP could significantly contribute
maximizing sensory acceptance by the creation of new shapes, depositing layers with different
colours, complex taste and odour, creating asymmetric food structures, and by the 4D printing
that allows triggering changes in sensory properties as a function of time.

To go beyond the basic aspect of 3DFP, this review is focused primarily on the two most recent
and intriguing hot-points - the 4D food printing and the creation of programmable food texture
— which, looking to the future, could guide innovative solutions contributing to current EU
strategic agenda of the food system. More specifically, Section 2 analyzes and discusses the
state of the art of 4D printing while Section 3 discusses the possibility to create a programmable
food structure with desired texture properties. Finally, Section 4 resumes and highlights the
main points.

2. 4D Food Printing: using external stimuli to activate changes over time of
3D printed food.

4D food printing, 4DFP, occurs when 3D printed edible structures undergo physical and
chemical changes as a function of time. To do this a proper and accurate use of an external
source of stimuli (i.e., light, temperature, pH, pressure, etc.) and material stimuli (i.e. gels,
puree, cereal dough, etc.) may activates, in a controlled manner, the changes over time of the
colour, shape, and flavour of 3D printed food. At the time of writing this paper, some pioneering
experiments have been performed and the obtained results extend the potential applications of
3DFP as well as the potential interest of the food industry. Colour change over time triggered
by different stimuli is the most studied application of 4DFP. He et al. (2020a) printed mashed
potato (MP) and purple sweet potato puree (PSP) to use the property of anthocyanins - of which
sweet potatoes are rich - to undergo colour change when exposed to different pH values. The
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authors prepared MP in a range of pH between 2.5 and 7.8. When 3D printed cylinders of MP
and PSP were stacked, the authors observed significant colour changes of MP as a function of
time while the antochyanins diffused through MP layers at different pH (Figure 2a). This
preliminary experiment was then extended by designing complex pyramids with interchanged
layers of MP at different pH and PSP (Figure 2b). From these results, we can speculate that
further advances could be obtained by modulating the thickness of both the MP and SPS layers
influencing the first diffusion rate of the anthocyanins thus obtaining a huge variety of colour
changes. Another interesting approach to obtain the colour evolution was proposed by Chen et
al. (2021a) who prepared a gel emulsion of lotus root containing curcumin powder. In this case,
the colour change — from yellow to pink — was activated by exposing the samples to alkaline
conditions generated by microwave heating at 280 W for 1-3 min (Figure 2c¢). In addition to
the colour change, after microwave heating, the transition from semi-solid to solid was
obtained, thus changing its textural properties. Such change generated an increase of hardness
and gumminess resulting in augmented force to chew the samples. So, the use of microwaves
could deliver a completely different sensory experience modulable for different consumer
groups or individuals. Similarly, microwave heating was utilized by Guo et al. (2021) to induce
colour and aroma change in buckwheat dough. The authors prepared complex coacervate
capsules as stimulus-response material containing, among other ingredients, encapsulated red
pepper pigment and cinammaldehyde essential oil. After microwave heating at 200-W from 1
to 4 min, the cinnamaldehyde content increased more than two times, and the red index of the
food structure increased, suggesting the possibility of combining 3D printing and microwave
to promote desired quality changes over time. More recently, Ghazal et al. (2021) studied the
spontaneous colour change during storage activated by different pH from 2 to 8. Specifically,
the authors put in contact printed layers made a mixture of red cabbage juice (RCJ), vanillin
powder (V) and potato starch (PS) and layers consisting of lemon, orange or apple juice gels
at different pH. They observed a colour change in the next three hours after printing at room
temperature and for six days of storage in refrigerated conditions. So, the colour change could
be modelled by designing and printing a structure in which the area in contact of two layers at
different pH, would be programmed/controlled. Under this idea, the authors printed 3D digital
models designed to accelerate the colour change by modifying the exposure of RJIC-V-PS with
fruit gels at different pH. However, when 4D printing involves the change of the pH attention
should be posed to the safety of food products. Indeed, increasing the pH during storage — as
in the six days of storage reported by Ghazal et al. (2021) — could raise the risk for safety due
to microbial growth. So, when external stimuli are used to activate the desired changes during
the time, any potential drawbacks, mainly in terms of food safety, should be carefully
considered. Similarly, the changes of different quality parameters under the activation of
heating methods should also consider the potential degradation of nutritional compounds.
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Fig. 2. 4D Food Printing: evolution of color over time of 3D printed structures under different external stimuli:
(a) and (b) use pH as external stimuli (from He et al., 2020a); (c) use of microwave heating and alkaline conditions
as external stimuli (from Chen et al., 2021a).

2.1. Approaches to obtain shape and dimension changes over time of 3D
printed food.

Another interesting goal of 3DFP is to generate changes in the shape of 3D printed food. This
option could largely expand the applications and the potential success of 3DFP on bars,
restaurants, vending machines, lab of gastronomy, and industry, due to the great implications
on the visual aspect, texture, capability to entrap sauce and seasonings, etc. In addition, we
want to point out the possibility of producing flat food products activating the desired shape by
external stimuli. Thus, 4DFP could be used to save volume during transportation or storage
with great impact on the sustainability of food system. Dehydration, for instance, depending
on the mechanical properties of the food materials, may drive shape change under appropriate
conditions. Chen et al. (2021b) printed a pumpkin puree prepared at different moisture content
and a mass fraction of alginate of 2% on a paper layer located on the bed of the printer.
Interestingly, the differences in moisture content of food formulas, the mechanical properties
and their behavior during dehydration were utilized to trigger the shape change. The double-
layer products, indeed, has anisotropy in any plane's thickness direction. Accurately managing
the layers, the infill pattern and printing thickness, the authors could activate the bending of
the printed pumpkin puree obtaining diversity in shape, texture, and colour changes. The study
has also reported that customers could have a better idea of the final shape, and reducing or
prolonging the cooking time could offer innovative sensory experiences to the customers
(Figure 3a). He et al. (2020b), used microwave heating as external stimuli and purple sweet
potato as material stimuli to create innovative food structure. Microwave heating was employed
for its fast heating and high drying capacity while the purple potato was preferred for its
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nutritional content. The researchers showed the high capability of the MW to activate the shape
change of the samples particularly for the food formula prepared with higher amount of salt as
a result of the increased dielectric properties. Also, the MW power significantly affected the
rate of bending with times to reach the maximum bending from 42 to 12 min respectively when
applying power of 2 and 8 W/g. (Figure 3b). Similarly, Liu et al. (2021) compared the effects
of different drying methods - microwave (MD), infrared (ID), and air-drying (AR) - on the
shape changes of 3D printed starch-based ink gel. In this case, although the MD could activate
the shape change of the sample, it resulted in the lower bending angle while the highest shape
change was observed for sample dried by air and infrared. It was hypothesized that the fast heat
transfer occurred by the MW with the generation of internal vapour induced a great expansion
of the structure that limited the shrinkage and the shape changes of the samples. Also, for air-
drying the increase of temperature at 35°C, 50°C, and 65°C, produced the raise of the bending
angle as a function of dehydration time. This interesting information paves the way for future
applications based on better control of the shape changes of 3D printed food to different levels
of application (industries, restaurants, etc.) integrating the chemical and physical properties of
the food ink and its interrelation with the materials used as the bed for filament deposition
(Figure 3c).
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Fig. 3. 4D printed food examples with shape changes over time activated by different dehydration
methods. (a) Complex deformation of the double-layer structure of pumpkin/paper (Chen et al., 2021b); (b)
Bending deformation evolution of printed samples with different salt content (He et al., 2020b); (c) Shape change
of samples triggered by different dehydration mechanisms (Liu et al., 2021).

2.2.  Activating aroma and nutritional changes over time of 3D printed food.

As it is convenient for structure design and modelling, a controlled realization of chemical
reactions that evolves in aroma compounds of 4D printed foods could be used to obtain a
regular taste change or to prevent undesired changes. Phuhongsung et al. (2020) have studied
the flavour changes of 3D printed dough containing soy protein isolate (SPI), k-carrageenan
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(CAR) and vanilla flavour. After stimulating the changes by microwave heating the authors
measured important changes of the aroma through electronic nose and GC-MS. They found
that the physical changes in the sample were acceptable when the microwave heating power
was increased to 8OW, but the base of the sample was not smooth when the microwave heating
power was increased to 110W. Therefore, they reported that the optimal heating conditions are
50-80 W. Foods were submitted to microwave heating for 20, 40 and 60 minutes to observe
changes after microwave heating that are considered close to the common serving time for the
consumers. The results concluded that the use of SPI gel with carrageenan and vanilla was the
optimal condition for the 3D printer and, in addition, an innovative 4D printed product can be
obtained by proper microwave heating (Figure 4). Another interesting application was reported
by Guo et al. (2021) who incapsulated red pigment and cinnamaldehyde into a complex food
formula subject to microwave heating. The authors observed the slow release of the
cinnamaldehyde as a tool to get the aroma change of the 3D printed product. A further level of
control could be obtained by affecting the heating coefficients as a result of modulated 3D
printed structures such as infill level, the surface exposed to the heat, infill patterns, etc. So,
although the published experiments have proved good opportunities for changing the aroma of
3D printed food as a function of time, further insight is needed to control the aroma changes
over time and offering a great level of innovation and benefits to the food system. Finally, we
want to shift our overview on the use of 4D food printing to activate the change of nutritional
contents. Apart from a first example reported by Teng et al. (2020) in which seeds of edible
plants were placed in a 3D printed edible nutrient matrix observing the seeds germinating and
the plant growth as a function of time with modification of sensory and nutritional content,
more recently Park et al. (2020) deposited an edible material consisting of carrot tissues embed
in an alginate ink-gel. The authors printed a simple cube with an infill level of 60% and parallel
filaments; after incubating the structure at 37°C for a maximum of 35 days they observed the
cell growth making possible the nutritional changes over time. These data allow further
considerations: by taking into account the respiration of the seeds or vegetable cells, this open
for using 3D printing to generate programmable voids (i.e. porosity fraction) and
interconnected channels controlling the rate of oxygen transfer as well as the diffusion of
nutrients through the solid matrix (the edible ink) with an effect on the rate of cells growth.
Nevertheless, we want to highlight the need for further experiments focused on the potential
risks of the growth of pathogens for such interesting examples of 4D printed food for which
the change of nutritional content occurs in a long period.
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Fig. 4. Radar chart representing the changes of the aroma of 3D printed food as affected by the microwave heating
time (from Phuhongsung et al., 2020). S1-S14: sensors of electronic nose.

3. Programmable structure by 3D printing technology as an intervention to

alter relevant sensorial and nutritional properties.
The importance of the relationships among food structure and nutrients bioavailability (Yang
et al., 2017), sensory perception (Aguayo-Mendozae et al., 2020; Patterson et al., 2021), eating
rate, satiation and satiety (Bolhuis and Forde, 2020) as well as some physical properties (i.e.
heating and cooling rate) have widely elucidated and proved. Currently, we have enough
scientific evidence to prove that food texture, whether accurately designed, could create not
only unparallel sensory perceptions but also to modulate the energy and nutritional intake of
different consumers groups and to mitigate some specific issues such as mastication and
swallowing troubles of the elderly. Shifting the aforementioned discoveries to the main aim of
this contribution, 3D food printing could be used to model the shape, dimension and position
in which voids are placed in food thus modifying the main morphological features of the solid
elements. For instance, we know that by changing the nozzle diameter would be possible to
reduce the size of the solid elements thus increasing the surface contact with enzymes
responsible for the digestive phenomenon. All these possibilities are only attainable by 3D
printing that control unique processing variables - i.e. nozzle diameter, infill percentage and
the infill patterns, etc. - while this in unfeasible to modify with common manufacturing
technologies. Some researchers published data on the effects of printing variables (Severini et
al., 2016; Manthial et al., 2019) on the main texture properties of 3D food printed structure.
Recently, Feng et al. (2020) used a mix of yam and potato to create innovative 3D printed food
structures with a cylindrical external shell, infill level of 20%, 50% and 80% and by using six
infill patterns. They highlighted that the air-fried products showed different hardness when
using the same infill level but different infill patterns; interestingly, the order of the hardness
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was not constant through the infill levels with the hardest samples with parallel-structure and
triangular-structure with low and medium infill level, respectively. However, the authors
concluded showing robust and inverse linearity between the porosity fraction and the hardness
of samples (Figure 5a). A significant impact of the infill level on the hardness of potato snacks
has been observed also by Liu and Zhang (2021) (Figure 5b).
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Fig. 5. (A) Changes in the breaking force of 3D printed structures obtained modulating the porosity fraction (20,
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Finally, we want to highlight the intriguing idea of modulating the perception of satiety and
satiation by complex 3D printed food with specific mechanical features. Lin et al. (2020)
performed the first experiment devoted to satiety control by printing biscuits with different
infill levels (39%, 55% and 70%) and infill patterns (honeycomb, Hilbert and rectilinear)
keeping constant the number of calories. After measuring the chewing time and perceived
satiety they proved that the higher was chewing time the greater was the perceived satiety and
this occurred for the samples with increased infill levels while minor effects on the perceived
satiety resulted by modifying the infill path although the chewing time decreased with the
following order: honeycomb>Hilbert>rectilinear (Figure 6).

However, the reversing problem of obtaining a desired/customized texture based on the 3D
CAD model shows a higher level of complexity, rarely faced in the food sector, but with great
potential that will have to exploit. This goal is not completely new in the printing of non-food
materials (Polyzos et al., 2020; Soufivand et al., 2020; Jindal, et al., 2020) but very
few papers have been published on the food sector. In 2018, Vancauwenberghe and
colleagues (2018), designed CAD models based on hexagonal honeycomb structures with
structural diversities obtained by changing the number of cell size, number of cells and pore
size and porosity fraction. They printed edible systems of low methoxylated pectin crosslinked
with Ca2+ ions. Furthermore, by employing the finite element model (FEM) approach the
authors were capable to estimate the relative young’s modulus of 3D printed samples with
excellent agreement with the analytical model. More precisely, by considering the structure
reported in Figure 7a, the authors reported relative young’s modulus of 0.28, 0.12, 0.06 and
0.03 when using analytical model and values of 0.29, 0.14, 0.09 and 0.04 by using FEM,
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respectively for the structures Cell2, Cell3, Cell4 and Cell5, corresponding to structures with
increasing cell size dimension (from 2 to 5 mm) and/or porosity fraction. The same approach
was used by Derossi et al. (2021c) who studied the capability to get a 3D food structure with a
programmable texture. Also, they complicated the problem by using a cereal-based snack
submitted to post-processing of cooking in an ordinary oven at 150°C. After cooking, a shifting
of the samples toward higher fraction porosity was observed in comparison to the CAD model
due to the generation of additional voids during material deposition as well as their expansion
during baking. However, by using a generalized form of the Gibson and Ashby equation, the
authors proved the capability of estimating the maximum force to break the 3D printed samples
as a function of their relative density (Figure 7b).

Finally, we want to extend our discussion well beyond these first pioneering results and
toward the futuristic challenges of converting the big body of data potentially at disposal (i.e.
ingredients and their nutritional content, sensory perceptions, specific needs of macro-and
micronutrients, lifestyle, habits, cultures, etc.) into a novel food structure. Two interesting
examples come from the Japanese’s company OPENMEALS. The CUBE is a project based on
the idea of decomposing a general food formula into its own ingredients and using the obtained
data to reshape it into a cube of 3 cm square by placing each ingredient in the desired location
in the 3D space of the cube. This approach could open to obtain innovative 3D printed products
grouped in three main classes: layered, wall and cell (Figure 8a). PIXEL FOOD printer is
another pioneering approach based on the idea that when the generation of food with desired
properties by a layer-by-layer method is too complicated, it would be possible to think similarly
to a picture with high resolution. So, the 3D printer could generate small 3D cubes as voxels to
be placed in a 3D space replicating with high fidelity the 3D CAD model. Figure 8b
schematically represents this innovative idea for which by reducing the size of 3D printed food
pixel it would be possible to obtain the best reproduction of the virtual model. Also, considering
the use of pixels of edible gels with specific nutritional and sensory properties, the degree of
freedom will exponentially improve.
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4. Conclusion

3D Food printing is currently under the spotlight of academia and the food industry. The
capability to create complex geometries never realized before has paved the way for a great
level of novelty in the food sector. However, the idea of using 3D printing is not limited to the
creation of innovative and more fascinating shapes, but the researchers are working for the
ambition of creating sensorial and nutritional customized food products, to reduce food waste
and to bring 3D food printing at home, restaurants, and food industry. 3D printing is fast
growing with the continuous evolution of the mode of application. 4D Food Printing is a
recently born modality of application that - by exposing specific food materials to external
stimuli - trigger changes of different properties as a function of time. Pioneering experiments
shows that the changes of colour, aroma and shape of 3D food printed are feasible. This opens
additional possibilities of creating food products with an extremely large range of quality
parameters. This could be obtained by controlling the exposure time of the products to the
external stimuli or by accurately designing some specific properties of the food formula — such
as water mobility, shrinkage properties, mechanical features, etc.

A further recent innovation in 3D food printing is the creation of programmable food
texture that means the process of designing a 3D CAD model and the printing of food formula
that delivers desired mechanical properties. This interesting aspect not only opens for
innovative food texture perception with expected high consumer’s acceptance but also may
help to mitigate relevant troubles of mastication and swallowing of elderly and modulate the
perception of satiety and satiation through a controlled chewing time and mastication work. On
these hot-points there is the need for multidisciplinary experiments and a higher level of
collaboration between the few international research groups working on 3DFP but, at the
moment, this seems one of the most promising technologies to activate the transition of the
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common method of thinking the relationship between the food industry and consumers in a
more interrelated system of manufacturing and consumption driven by human-computer
interactions.
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Abstract

3D Food Printing has been gaining interest to create food with personalized properties. To
customize the texture, it is necessary to explore whether and how 3D printing process per se
has consequences on the mechanical features. As test case, a cubical cereal-based structure was
manufactured by traditional processing and 3D printing. Microstructure properties and
mechanical attributes were analyzed. Here we show that 3D printing clearly affects the
microstructure generating bigger pores, less in number and like-round in shape. Also, we have
observed that the positions of the pores are greatly driven by the printing movements. These
features significantly affect the mechanical properties of 3D samples showing high hardness,
chewiness, and cohesiveness. The obtained data have been linked and interpreted based on
three main key points: 1. the printing path; 2. the imbalance between speed printing and
extrusion rate; 3. the compression of the food formula in the extrusion system. These findings
should be considered for creating food with innovative texture perceptions.

Industrial relevance: The creation of 3D food printing with programmed texture has the
ambitions of getting personalized food improving industry competitiveness by novel texture
perceptions and helping to mitigate swallowing or mastication problems vulnerable peoples.
Here we show that 3D Printing process per se — intrinsically — modifies the morphology and
the distribution of pores in 3D structure thereby modifying the texture of cereal-based snacks.
All these because pores generation is not ‘randomly’ distributed as for traditional
manufacturing methods but driven by printing movements previously planned during the
slicing of digital model. With the aim to get personalized food texture the intimate relationship
between the movements of printing and the food texture shall take into account by interested
industry and producers.

Keywords: human-food-computer interactions; 3D printing pat; pores morphology; texture
properties; food printing imbalance; programmable structure.

74



1. Introduction

3D Printing (3DP) is a technology belonging in the wider processes of Additive Manufacturing
(AM) which, through a layer-by-layer deposition, create 3D objects from three-dimensional
digital model. To date, 3D printing is everywhere and it is much more than the initial
applications of fast prototyping (Kapetaniou et al., 2017). 3DP provides several benefits such
as hyper flexibility, risk reduction for new products innovation, cost reduction, on-demands
production, and reduction of waste and environmental impact. Further, 3DP involves end-users
in the process of manufacturing with positive effects on the personalization of goods and
decentralization of production. The users, works depositing layers of a wide range of materials
from the most common thermoplastic materials (PLA, BAS), resins (Hosny et al., 2018), glass
(Wu et al., 2018; MIT, 2020a), concretes (Vantyghem et al., 2020) and hybrid-living materials
(MIT, 2020b). Also, 3D printing is becoming attractive for bioregenerative medicine (Gibney
et al., 2017), pharmaceutical (Karavasili et al., 2020), surgical planning (Hosny et al., 2018),
architecture industry (Chan et al., 2020), soft sensors (Emon et al., 2019), automotive (Nichols,
2019), etc. In addition, the application of 3DP in food sector is of great interest.

3D Food Printing (3DFP) has the potential of creating 3D edible structures with hundred
degrees of freedom enabling the realization of food with shapes and dimensions; furthermore,
3DFP has the ambition of creating food designed to address specific nutritional or functional
requirements or to satisfy specific consumers desires making reliable the idea of personalized
food manufacturing (Lin et al., 2020). Lupton (2017), analyzing the online news reporting the
potential interests in the application of 3D Food Printing, found five main promissory themes
such as futuristic, creative, healthy, efficient and sustainable. Recently, some companies have
introduced 3D printed products on the market such as pasta (blurhapsody, 2020), or the
engagement of consumers for the creation of personalized biscuits (Maya, 2020). 3D Food
printing (3DFP) is a relatively young field of research whit no more than 100 scientific papers
from 2011 to now (Piyush et al., 2020). Such papers have been mainly focused on the study of
several food inks to create 3D food printed structures such as chocolates (Lanaro et al., 2017;
Mantihal et al., 2017), lemon gels (Yang et al., 2018), mashed potato (Liu et al., 2018a),
vegetable and fruit blends (Severini et al., 2018a), cereal-based food formula (Severini et al.,
2016; Severini et al., 2018b; Pulatsu et al., 2020), surimi paste (Wang et al., 2018), eggs yolk
(Xu et al.,2020) mixed with rice flour (Anukiruthika et al., 2020), hydrocolloids (Chen et al.,
2019; Gholamipour-Shirazi et al., 2019), cheeses (Le Tohic, 2018), yam powder (Feng et al.,
2020), vegetables powder (Lee et al., 2019), ground meat (Dick et al., 2019). For their use,
such edible materials should be printable. This term includes that food-inks should have shear
thinning behaviour (Gholamipour-Shirazi et al., 2019) (the ability to be extruded from the
nozzle) and capable to maintain the shape and dimension of the printed structure which include
properties such as adhesiveness, viscosity and consistency. To help to mitigate these problems
several researchers have studied the relationship between the rheological properties of food-
inks, also by using different hydrocolloids or other structuring agents, and the stability of 3D
printed food structures (Hamilton et al., 2017; Yang et al., 2018; Liu et al., 2018a; Dianez et
al., 2019). However, instead of achieving food paste printability by a series of trial-and-error
approach, Zhu et al., (2019) showed that it would be possible to predict the structural stability
of printed food on the basis of aforementioned rheological measurements of such food pastes.
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However, the capacity to replicate the 3D digital model with high accuracy — the printing
fidelity - is also strongly affected by several printing variables such as print speed (Derossi et
al., 2020a; Yang et al., 2018), nozzle size (Yang et al., 2018), layer height (Yang et al., 2018;
Zhu et al., 2019), infill density (Liu et al., 2018b; Severini et al., 2018b; Dick et al., 2019),
extrusion rate (Hamilton et al., 2017; Vanauwemberghe et al., 2017a), flow (Derossi et al.,
2018) as well as by some non-printing variables such as travel speed, retraction speed and
retraction distance (Derossi et al., 2020a). All such variables affect, with different weights, the
balance between the extrusion rate and printing movements increasing/reducing the
dimensional and shape discrepancies between printed food structure and the designed digital
model. For instance, Wang et al. (2020) and Yang et al. (2018) proposed the computation of a
critical layer height value (%4.) to keep a good equilibrium between extrusion rate and print
speed. Derossi et al. (2018) who studied the effects of some variables on the morphological
properties of cubic-shape banana-snack, highlighted the importance of the parameter flow that
is directly related with the side length, the total weight and volume of the snacks.

Despite the broad numbers of published papers, current research lacks the
understanding of the effects of 3D food printing process on structural and microstructure
properties of end products. This could better unleash the global potential of 3D printing
designing the internal structure for the creation of customized texture for consumer’s groups
with specific requirements, such as for elderly people with mastication or swallowing
problems, or for novel 3D structures able offering innovative sensorial perceptions. By the way
this is a theme not new in the field of 3D printing of non-food materials. For instance, the
incorporation of ‘life’ in 3D printed structures, in other words 4D printing process, often is
based on the creation of unique 3D microstructure which under different stimuli swell or bends
in a desired modality creating an object with specific mechanical properties (Spiegel et al.,
2020). Also, the capability to replicate by 3D printing the primary cell alignment in native
tissue (Lee and Yeong, 2020) is of essential importance in engineering tissues because it is the
only way to replicate mechanical and other functionalities of human organs (Ho, 2009).

However, in food sector the texture of 3D printed food has been studied on the basis of
the food-inks composition (Lille et al., 2018; Vancauwenberghe et al. 2019; Chen et al., 2020)
and as a function of infill level or the infill patter (Severini et al., 2016; Mantihal et al., 2017;
Liu et al., 2018b; Feng et al., 2020; Vancauwenberghe et al., 2019). Feng et al. (2020), by
working with air-fried products showed that, for sample at low infill of 20%, showed that the
hardness follow the order parallel-structure > cross-structures > complex structures. More
recently, Park et al. (2020), showed that by using cells lines of carrot callus tissue embedded in
3D printed alginate hydrogel it was possible to obtain different texture properties as a function
of initial cell concentration and culture time. Also, Derossi et al. (2020b) studied the possibility
to modulate the texture of cereal-based snack by a controlled generation of voids by using 3D
printing technology.

However, whether the process of deposition of food ink is able to significantly affect the
structure of food independently from the setting of printing variables, is a question that has not
been elucidated yet. The 3D printing process is controlled by the G-code that finds the most
efficient paths to replicate the 3D virtual model. This result in the cross-sectional deposition of
food materials, sometime with very intricate movements, which is potentially able to affect the
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microstructure and texture of 3D printed structures per se, independently from the choice of
the infill parameters or of any other printing condition.

This has been widely experimented in no-food sector proving the effect of 3D printing on
material microstructure’s properties. As reported by Carlton et al (2016) undesired porosity are
very common in additive manufacturing with a negative impact on mechanical properties on
3D printed objects (Carlton et al., 2016; DebRoy et al., 2018)

Li et al., (2018) by working with selective laser melting (SLM) of a equiatomic CoCrFeMnNi
high-entropy alloy powder clearly showed the creation of irregular shaped and randomly
distributed pores generation in a simple cylindrical sample. Also the authors showed the
changes of some microstructure feature in line with the increase of the applied volumetric
density energy which, in turn affected the mechanical properties of samples (yield stress, tensile
strength, elongation to fracture).

For our knowledge, this topic has been undervalued with very few published data. For instance,
Le Tohic et al. (2018) reported that printed cheese was less hard in comparison with traditional
samples. Liu et al., (2018b) by studying the texture of 3D printed objects from mashed potatoes
reported hardness, gumminess and firmness of 3D printed structure at 100% infill significantly
lower than the cast samples. However, further experiments would of great importance to
acquire new structural information toward a programmable food texture.

In this paper we addressed this topic by analyzing the effects of 3D printing process per
se on the microstructure and mechanical properties of cereal-based snacks. To do this, we
compared four food formulas obtained by modifying the type of fat and the blend of wheat/rice
flours which were used to build a cubical-shaped snack by 3D printing and traditional process.
On these we analyzed the fidelity of printing, microstructure properties and the mechanical
features.

2. Material and Methods

2.1 Materials and food formula preparation

Wheat flour type 00 (Barilla, Italy) having chemical properties reported in the Italian legislation
(2001) for wheat flour and pasta, Rice flour (Le Farine Magiche, Lo Conte, Italy), olive oil
(Dentamaro, Italy), milk butter (Granarolo, Italy), leavening powder (Paneangeli, Italy) and
water (Lilia, Italy) were purchased locally. A total number of 4 food formulas were prepared
by modulating the flours and the fat at two different weight fractions (%) as reported in Table
1. The amount of water and fats (olive oil and butter) was defined based on preliminary
experiments (data not shown) aiming to obtain batters with appropriated features of printability,
the capability to be extruded through the nozzle and the potential ability to keep the shape of
3D printed structure (Gholamipour, Shirazi, Norton, & Mills, 2019). Also, the weight fraction
of wheat and rice flour employed in the food formulas was deliberately chosen with the aim to
tests the potential effect of different food formula on the microstructure and mechanical
properties of the 3D printed snacks compared against the hand-made snacks.
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Table 1 — Composition of the printable dough used during experiments

Label Wheat Rice flour | Olive oil Milk Water | Leavening
flour (%0) (%) (%) butter (%) (%) powder
(%)
WO 56 - 10 - 32 2
RO 28 28 10 - 32 2
wWB 56 - - 10 32 2
RB 28 28 - 10 32 2

The ingredients were mixed for 3 min at low speed (22 rpm) in a planetary kneader (mod.
Cooking chef, Kenwood Ltd, UK). Then the food formulas were covered with a plastic wrap
and left to rest for 60 minutes before experimental tests.

2.2 3D Printing experiments and traditional process

A 3D printer mod. Delta 2040 (Wasp project, Italy) equipped with a screw-extrusion system
for clay was used for printing experiments. The food formula was loaded in the piston chamber
connected by a plastic tube to the extruder. Marlin firmware was used to control printer
movements (Marlin, 2020). A pressure of 1 bar was applied to assure the continuous filling of
the batter to the extruder. A simple digital model of cubical shape with a dimension 20*¥20*15
mm was designed by using the software Tinkercad (Autodesk, Inc) while the slicing was carried
out by CURA mod. 3.6.0 (Ultimaker, B.V., The Netherlands). Three layers of skirt have been
designed to trigger the filaments avoiding problems during 3D construction (Figure 1).

Skirt

External shell

(f

S\

ff
&,

Infill pattern: concentric

Fig. 1. 3D digital model used for 3D printing experiments.

The obtained G-codes were used to control the movements of the printer during layer-by-layer
process. The main printing conditions are reported in Table 2. These conditions were defined
on the basis of the results of previous papers (Severini et al., 2018b; Derossi et al., 2020a;
Derossi et al., 2020b) and other additional further preliminary experiments aimed to find the
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best balance between extrusion rate and printing movements. This digital model allowed
creating raw structures with a weight of 5+0.2 g for all food formulas. The 3D printed structures
were left to equilibrate at room temperature for 10 minutes before baking reaching an average
temperature of 25+3 °C. The cooking was performed by placing the 3D printed structure in a
squared metal mold as reported below.

Table 2 — Main printing conditions used for 3D printing experiments

Basic settings Value
Layer height 1.0 mm
Initial Layer height 0.3 mm
External shell 1
Nozzle size 1.2 mm
Infill density 100%
Infill pattern Concentric
Print speed 30 mm/s
Travel speed 100 mm/s
Retraction distance 0.5mm
Retraction speed 50 mm/s
Piston pressure 1 bar
Total time for printing ~ 12 min

To compare 3D printing against traditional process, a second series of samples was prepared
by employing a traditional hand-made process. In this case, after resting, the batters were cut
into small pieces of 5+0.2 g then modeled by hand in like-spherical shape and finally placed in
a square metal mold with length of 30*30 mm and 30 mm of height. Here the batters were left
to rest for 10 minutes of relaxation enabling it to adhere to mold. Then the samples were cooked
as reported below. For simplicity, in the next sections of the paper, 3D printed samples will be
labeled as ‘3D’ while the hand-made samples will be labeled as ‘H’.

2.3 Cooking process of cereal-based snack

The cooking was performed in an ordinary oven at 150°C by varying the baking time for each
food formula within a range of 16 min and 18 min, as defined by preliminary experiments (not
shown) aiming to get baked samples at the same moisture content. The baking was performed
by placing the samples on a metal tray at half of the internal height of the oven and 10 min after
reaching 150°C assuring a constant temperature inside the oven.

After baking the sample were cooled at room temperature till 2 h before used for analyses.

2.4 Dimensional discrepancies of printed samples

The main dimensions of 3D printed samples were measured by using ImageJ ver. 1.53 (NIH
Image) on photographic images acquired by using a cellular photo camera (iPhone, Apple
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brand) with a resolution of 12 Mega Pixels, /1.8, 1/3”, PDAF, OIS. For each samples two
images were acquired on top view and lateral view. From the top view the length of the samples
was measured in both x and y directions. From the lateral view, it was measured the height. At
least 10 replicates were performed for each dimension.

2.5 Moisture content of baked samples.

To measure moisture content at different layers of the samples, the upper, the lower and the
two laterals’ crusts were removed from the samples for thickness of approximately 0.2 mm.
Then the moisture content was measured by as described in AACC method 44-15.02 (AACC,
2010). The moisture content of both the crust and internal crumb was performed by analyzing
at least 10 repetitions for sample.

2.6 X-ray images scanning and microstructure characterization

2D X-ray cross-sectional images of the traditional and 3D printed samples were obtained by
using a Skyscan 1174 desktop [ICT system (Bruker, Kontich, Belgium). The following
conditions were used for the microtomography images acquisition: resolution of 28.5 and 11.7
um; step angle of 0.3°; exposure time of 1200 ms; 50 kV; averaging frame of 3; total scanning
time of 36 min. Image reconstruction was performed by using Nrecon 1.6.2.0 software (Bruker,
Kontich, Belgium). First, the entire stack of the images was cropped to get a volume of interest
(VOI) of 420° voxel by using the CTAn 1.12.0.0 (Bruker microCT, Belgium) presenting more
than the 70% of the total volume of the samples. Then, segmentation process was performed
with the aim to separate void phase (black pixel) with solid phase (white pixel). First, the gray-
scale histogram was studied to preliminary delineate general lower and upper threshold limits.
Next, these values were used as input values for binarization performed by using a global
approach as tool ImageJ ver 1.52v (National Institute of Health, USA). Finally, the main
microstructure descriptors such as aspect ratio (AR), circularity (CIRC), roundness (ROUND),
the area fraction of each pores, porosity fraction (%) were evaluated on a total of 2D images of
N=420 for each sample. More specifically, the following equation have been used to compute

Major Axis - CIRC = 41 * [Areal]

morphological properties of internal voids: AR = Terimeter e

Minor Axis ’

[Area]
mx[Major Axis]?

employing the tools ‘analyze particles’.

ROUND = 4 . All computations have been performed by using Imagel

2.7 Mechanical properties determination

To determine the main mechanical properties of the samples the top, bottom and lateral crusts
were removed by using a mini electric grinder rotary tool hand (Dremer, Multipro) till a
maximum thickness of 2 mm. Then the internal cubical-shape of crumb, with average side
dimension of 14.809+ 0.859 mm for both traditional and 3D printed samples, was submitted to
texture profile analysis (TPA) by performing a double compression test as reported by Derossi
et al. (2020b) with minor modification. A TA-XT plus texture analyzer (Stable Microsystems,
Surrey, UK) equipped with a 50 N load cell was used for measures. Two compression cycles
were performed for all samples by using a plate of 75 mm diameter (P/75, Stable
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MicroSystems, Surrey, UK), pre-test speed of 1.5 mm/s, test speed of 1 mm/s, post-speed of
10 mm/s, compression of 50% of the initial height of the samples. Time between two
compressions was set at 5 s. The stress-strain curves were detected and the obtained data were
used to compute the following mechanical properties: Hardness (N) as the peak of the first
compression; Cohesiveness obtained from area of work during of the second compression cycle
divided by the area of work during first compression; Springiness as ratio of the deformation
samples of the second compression to that at the first compression, at peak force; Chewiness
was obtained by multiplying Hardness, Cohesiveness and Springiness (Kiumarsi et al., 2018).
All results were analyzed adopting the software EXPONENT version 2.0.6.0 (Stable Micro
System, Surrey, UK). At least 10 replicates were performed for each sample.

3. Results and Discussion

3.1 Balance between printing movement and material deposition

Preliminary, we want to show and discuss on the balance between the printing movements and
the deposition of the food formula which is reported to be of primary importance for printing
quality (Yang et al., 2018; Guo et al., 2019; Derossi et al., 2020a). With this aim, we have
acquired a video during printing process for sample 3D RO (as representative of the material
deposition process). Only 90 s of such video may be observed in video, V1, during which the
first 3 layers of batter were deposited. By using the initial layer height of 0.3 mm, the filament
of food formula is squeezed on the bed of the printer creating a rectangular cross-sectional
shape with semicircular ends (Zhu et al, 2019; Slicr3, 2020) rather than a filament with
cylindrical shape. This is commonly considered a good practice to improve the adhesiveness
of the first layer on the print bed that, in turn, helps to improve the stability of the 3D printed
structures. Also, in this condition, adjacent filaments overlap each other’s without space
between two parallel depositions. Next, during printing of the second and third layers, it is
possible to appreciate some voids between the adjacent filaments. These are the results of the
increased layer height at 1.0 mm that reduced the squeezing of the food formula thereby leaving
space between parallel depositions (Slic3, 2020). These first considerations allow to state that,
although we designed a sample with an infill level of 100%, the printing process may induce
the creation of some unexpected and undesired voids that will be better discussed later in a
specific section of the paper.

3.2 Visual comparison between traditional and 3D printed sample and printing performance

To compare the overall visual aspect and the main morphological features, some photographic
images of the traditional, H, and printed, 3D, samples are shown in Figure 2.
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Fig. 2. Photographic images of samples obtained by traditional method and by 3D printing. First and
third column show the top view of the samples; second and fourth column show the lateral view.

3D printed samples satisfactorily replicated the overall shape of the digital model. The lateral
view allows appreciating the layers of food formula deposited during printing process.
Contrarily, the samples prepared by the traditional methods are smooth on the surface.
However, from the top view of 3D samples some defects occurring during food formula
deposition may be observed, with a like-round shape rather than the expected squared
concentric infill pattern of Figure 1. These defects mainly occurred on the top layers while at
the bottom of the structure the food formula was correctly deposited according to the squared-
shape path. To better illustrate this point Figure 3 shows the changes of the maximum length
for 3D_WB sample along its height. According to previous consideration the first 5 mm — from
the bottom of the sample — show a highest length of ~ 32 mm indicating the enlargement of the
structure caused by the crushing of the first layers under the total weight of the sample. Then
the length of the sample remains approximately constant at 30 mm till the height of 23 mm.
After that, the dimension of the samples suddenly decreases till a minimum of 5.98 mm at
height of 31 mm. Furthermore, the inner images illustrate the contour of some cross-sectional
X-ray images taken at different heights. These allow appreciating the modification of the shape
of samples from a like-squared structure (as designed in 3D virtual model of Figure 1) on the
bottom of the sample to a clear round-shape at the top of the structure. More precisely, we used
the parameter roundness, Round, to evaluate the morphological differences of the slices.
Results showed values of 0.353, 0.504, 0.809 and 0.811 respectively from the bottom to the
top of the sample proving that the roundness of the printed layers significantly increase toward
the top of the 3D printed structure.
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Fig. 3. Dimensional changes of 3D printed samples as a function of its height. Inner figures are the
binarized cross sectional X-ray images of 3D_WB samples.

The rising overlaying of layers during the printing process increased the pressure on the bottom
layers due to the weight of the sample, thereby generating the partial crushing of such layers
(Mantihal et al., 2017). This problem could be related to a low yield stress of the materials that
is recognized as an index of the ability of the materials to keep its shape under gravity or the
increased stress created by the overlap layers (Lille et al., 2018). As widely reported, an high
printability of food inks should admit not only an easy flow through the nozzle but also, it
should include the capability of self-supporting the materials which are tightly related with
rheological properties of the food-ink such as G’, G” and yield stress (Lille et al., 2018; Liu et
al., 2019a; Liu et al. 2019b). The aforementioned crushing of the bottom layers provokes a
critical imbalance between the actual layer height (against the defined values of 1.0 mm) and
the extrusion rate resulting in a dragging effect of filaments during the movement of the printer.
Such a situation significantly reduced printing precision (Khalil and Sun, 2007) of our samples
with the result of the observed round-shaped effect as well as the decrease of length of the layer
(Guo et al., 2019). Severini et al. (2016) explained how the changes of layer height may affect
the dimensional properties of 3D printed cylinder. They reported that for baked samples the
layer height exhibited a great effect on the diameter of hollow cylinder printed by using a
cereal-based food formula. Accordingly, other authors reported the great importance of the
layer height on the shape and dimension of 3D printed food structure (Yang et al., 2018; Wang
et al., 2018). Further data aiding this hypothesis are reported in Figure 4 in which some X-ray
images of the 3D WB sample from different heights of the sample are showed. The slice N.
80 (from the first 0.6 mm of the sample) not only shows a well squared external perimeter but
also the internal infill exhibits a squared path as effect of the high adhesion of the first layers
to the bed of the printer and the crushing of the filaments. Also, we can appreciate the angles
of the structure during the printing of infill with approximately 90 degrees. Diversely, the slices
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N.340 and N.560 display an internal path with a like-circular movements rather than the
designed squared ‘concentric’ infill pathway that is the result of the above discussed imbalance
between the actual layer height and the extrusion leading to the dragging effect during printing.

V“’“"“')/snce N=80

77

7

Slice N=340 Slice N=560

Fig. 4. Cross-sectional X-ray images of 3D printed samples. Different slices represent images taken at
different height of the sample.

The overall printing fidelity may be evaluated by the main dimensional properties of H and 3D
samples after baking (Table 3).

Table 3 — Main dimensional properties of samples

Type of samples L1 (mm) L2 (mm) H (mm) Layer height
(mm)

H WO 29.36+0.3497  2578+1.251°  32.53+2.465° -

H WB 26.54+2.96°  28.85+0.836°¢  32.91+2.495%¢ -

H RO 27.74+1.31%°  26.98+1.334%°  30.25+3.413"¢ -

H RB 29.14+0.287°  29.01+1.736°  32.29+2.218*P -
3D WO 29.02+2.52° 28.47+3.0°¢ 29.00+2.810¢ 1.52+0.27
3D_WB 28.17+3.32P 29.03+2.8°¢ 26.82+2.020° 1.25+0.47
3D RO 27.42+4.602P 25.37+5.65% 30.03+1.743¢ 1.87+0.27
3D_RB 26.44+2.11%°  28.66+2.201°¢  29.89+2.591¢ 2.27+0.48
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3D printed samples are significantly larger and taller than the digital model. Instead of 20 mm
of length for the 3D virtual model, baked samples exhibited a length in the ranges of 26.44 mm
and 29.02 mm. Again, the greater length of the samples is the result of crushing of the layers
during printing which was also exacerbated during the first steps of baking in which the yield
stress reduced in line with the increase of temperature (Calderon-Dominguez et al., 2007).
Contrarily, the greater height of 3D samples, with values between 26.82 and 30.03 mm is
caused by the vapor produced during baking which increased the size of the existing pores as
well as creating new one (Severini et al., 2016). This phenomenon also caused the increase of
the real layer height of the samples as measured from the photographic images of baked
samples. Values between 1.25 and 2.27 mm are significantly greater than the layer height of 1
mm defined during slicing. For regard the H samples the lengths are comparable with the 3D
printed structure due to the use of the metal mold during baking.

3.3 Microstructure characterization

A first visual comparison of the microstructure of H and 3D samples suggests a broad
difference for all food formulas (Figure 5). The pores of 3D printed structures appear larger
and situated with a like-roundness structure in line with the above discussed imbalance between
actual layer height and extrusion rate (Derossi et al., 2020a; Derossi et al., 2020b). Contrarily,
in traditional samples prevails pores randomly distributed with some fissure-like voids as a
result of connecting pores. This is also noticeable from the 3D images of H WO and 3D WO
samples reported in Figure 5 representing a volume of 420° pixels.
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Fig. 5. Cross sectional XCT images of samples obtained by 3D printing and traditional manufacturing
process. All the images are taken at the half height of each sample.

In order to get a better characterization of the morphological diversities of these samples a more
meaningful microstructure data was considered. Two of the most basic indexes for
microstructure characterization are porosity fraction and the total number of pores (Figure 6).
Apart from the sample 3D WO which shows the higher average porosity fraction of
47.40£10.74, the others sample did not show any substantial variations exhibiting values
between 33.26+7.80 (H_WB) and 40.20+£7.00 (3D_WB). When the rice was added in food
formula the porosity fraction reduced for 3D printed samples (p<0.05) while remaining
approximately constant for H sample. The addition of rice flour and the related reduction of
gluten has been reported to reduce the main mechanical properties of food formula (i.e.
hardness, chewiness) (Yilmaz et al., 2015) lowering its capacity to resist to the compression in
the piston chamber as well as in the extrusion system. Reasonably, for 3D printed samples the
higher compressed food formula contains fewer pores in the filament deposited during printing
leading to the observed porosity fraction. Contrarily, the reduced hardness of the food formula
may be responsible of a slight improvement of the dimension of pores during baking for H
samples formulated with olive oil. For the same reasons the 3D printed sampled formulated
with rice showed a significant reduced porosity fraction in comparison to the food formula
formulated only with wheat flour (47.40% and 40.20 % for 3D_WO and 3D WB against
35.64% and 37.21% for 3DR_RO and 3D _RB). These data generally recall the great effect of
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food-ink design on the quality of 3D printed structure through its effect on printability (Zhu et
al., 2019; Guo et al., 2019) but also, for the first time, suggest the effects on porosity fraction
of deposited food-ink.
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Fig. 6. Porosity fraction and total number of pores of samples obtained by traditional preparation
method and 3D printing technologies.

The total number of pores furnishes further information clearly showing that traditional
samples contain a significantly higher amount with a peak of 28,654 pores (H_WO0) within the
all 420 cross-sectional images analyzed. Contrarily, the 3D printed samples showed a peak
count of 13,245 pores for 3D RO. Again, the mechanical compression of the food formula that
occurs — for the 3D printer used in these experiments — both in the piston chamber and in the
screw-extrusion system could have reduced the number of pores. Furthermore, we want to
recall that whereas the compression of food formula in the piston may directly reduce the
number of internal pores of the food formula, the screw-extrusion system is equipped with
degasifying systems that reinforce the pores reduction during food formula deposition. Once
again, we want to recall that the commercial 3D printers used for scientific experiments are
still far from optimizing for the customized properties of food products (Derossi et al., 2020).
This is challenging for 3D food printing application that could receive several benefits from
systems able to modulate the compression force in line with the mechanical properties of food
ink (Zhu et al., 2019).

A higher level of microstructure characterization may be obtained by the assessment of pore’s
morphology by studying the relation between circularity and aspect ratio. Figure 7 reports these
morphological properties for sample H WO for which the following information may be
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obtained: 1) the majority of pores exhibited an aspect ratio up to 5; 2) The lack of circularity
with the majority of the pores with CIRC < 0.5; 3) the pores with CIRC > 0.7 are few while
those with CIRC > 0.9 are rare. To better elucidate the morphological differences among the
pores Figure 7 also shows the representing shape of five classes of pores defined on the basis
of CIRC and AR values: 1) Fissure-like, 0<CIRC<0.3 and 0<AR<4.5, (Blue); 2) elongated-
dissected, 0.3<CIRC<0.55 and 4.5<AR<1.6, (red); 3) Isometric dissected, 0.55<CIRC<0.75
and 1.6<AR<1.2, (green); 4) isometric slightly-dissected, 0.75<CIRC<0.9 and 1.2<AR<I
(yellow); 5) Round, 0.9<CIRC<1 and 1.2<AR<I1 (purple). A similar comparison was very
useful to classify the morphometric types of the pores space for different soil microstructure
(Karsanina et al., 2015; Skvortsova and Sanzharova, 2007) but, for our knowledge, never it has
been used for food microstructure

Circularity

0.0

Aspect ratio (um)

Fig. 7. Morphological properties of pores and main results for sample H WO.

Furthermore, to better compare the pore morphology of all samples, the fraction of the pores
having different circularity and aspect ratio values have been reported in Figure 8. More
specifically we used the above reported ranges of CIRC and AR values to classify the pores
morphology in 5 different classes. Each figure is obtained by analyzing all pores encountered
along the 420 cross sectional X-ray images of each food formula that means a number of data
not less than 30,000. First, the analysis of circularity shows that samples obtained by traditional
processing contains more pores with CIRC < 0.3 (i.e., fissure like morphology) for all food
formula analyzed while the 3D printed samples are better represented by pores with
0.75<CIRC<0.9 that means pores belonging in the class of isometric slightly dissected.
Secondly, pores with AR < 1.2 highly represented the 3D printed structures suggesting the
existence of pores with a shape more roundness in comparison to the traditional samples which,
on the other hand, showed a higher fraction for pores with 1.60<AR<2.5. This is also sustained
by the cross-sectional X-ray images in which the perimeter of the pores is highlighted. Another
important analysis of pores is the cumulative area distribution (Figure 9). The trend of data
clearly show a slower increase for 3D printed samples proving as such samples contain a
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significant fraction of pores - between 7% and 15% - with an area greater than 5 mm? while
only a fraction between 2 % and 4.5% of the pores exhibited an area > 5 mm? for samples
prepared by traditional process. Simply this proves the creation of bigger pores in 3D printed

samples probably as consequences of the imbalance between speed print and extrusion rate
reported and discussed in video, V1.
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Fig. 8. Relationship between pore's circularity and aspect ratio for samples obtained by traditional processing and
by 3D printing techniques. Inner contour images represent the contour of the pores for images taken at the same
height, i.e. cross-sectional image n. 304 in a total of 420.
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Fig. 9. Area distribution of pores for samples obtained by traditional processing and 3D printed samples.

3.4 Mechanical properties of samples

First, with the aim to analyze possible effect of moisture content on the mechanical properties
of samples, Figure 10 shows the moisture content for H and 3D samples. Although the samples
were obtained with different techniques, by modulating the baking time (as reported in Material
and Methods) the samples exhibited moisture content not statistically different (p>0.05) with
values of = 30 g H>0/ 100 g w.b. for the crumb and = 15 gH>0/100 g w.b. for the crust.
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Fig. 10. Moisture content of samples obtained by 3D printing and by traditional processing.

A representative difference of compression-deformation curves for H WO and 3D WO
samples is reported in Figure 11. The first compression — for both the samples - shows a typical
trend with an initial linear-elastic behavior representing the elastic compression of pores inside
structure. For sample H WO this region seems to occur till 2 mm of compression while for
3D_WO this region is prolonged till 4 mm of strain. Then, a plateau region is observed as
consequence of the initial formation of some internal damages of the solid phase. Finally, a
steeply rising portion of the curves, also called densification (Gibson et al., 1982a; Gibson et
al., 1982b), is observed for both samples corresponding to progressive increase of structure
density with the samples that behave like a compacted and cohesive mass that opposes high
resistance to further compression. On the other hand, the second compression-deformation
curve is characterized by the absence of the plateau region — or very slight and difficult to
reveal - but only a clear first linear-elastic compression and a sudden rising is observed. The
first peak is considered the hardness of the sample and shows a significantly higher value for
3D printed samples than the traditional processing with values respectively of 17.21£3.25 N
and 8.37+£1.587 N. Also, the second peaks were significantly higher than the first ones
suggesting a good adhesion of the crumb particularly for 3D printed sample which, after the
first compression, remained more densely packaged inducing a high resistance during the
second load. Another interesting mechanical difference is for cohesiveness that was lower for
H WO (0.925+0.089) than for 3D_WO (1.208+0.209).
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In Figure 12 the main values of mechanical properties of samples are reported while a color
map indicates the statistical differences among all samples. For hardness, cohesiveness and
chewiness the color map clearly indicates the existence of two statistically different groups: the
H samples prepared by traditional processing and the 3D printed samples.
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Fig. 12. Main mechanical properties of samples and color map of the significant differences.
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By grouping the samples in H and 3D, the hardness of printed structures resulted approximately
double that of traditional hand-made sample with values ranging between 16.845 N and 22.224
N. This, in addition, is also observed when we separately compared H and 3D samples for each
food formula proving that the layer-by-layer deposition definitely increased the hardness of the
samples. These results are nicely complemented with the 3D microstructure information. A
possible reason why 3D printed samples showed high hardness is the creation, during layer-
by-layer deposition, of few pores bigger in size which were inhomogeneously distributed inside
3D structure of sample (as previously discussed in the section of microstructure analysis).
Contrarily, the samples prepared by traditional hand-made process were characterized by a
larger number of pores (Figure 6) but small in dimension (Figure 7) which showed a higher
homogeneous distribution generating a structure with thinner solid elements that resulted in a
lower resistance during the compression test. Another possible rational cause is related to the
compression of the food formula occurring inside the piston chamber as well as in the extrusion
system — consisting in a screw embedded in extrusion chamber equipped with a degasifying
system. These two steps could have reduced the number of closed pores (i.e. isolated pores in
the solid phase) inside food formula thereby depositing a more dense food formula filament.
So, the majority of the pores detected in 3D samples would be created by printing movements
under the control of the G-codes created by slicing software used during slicing of the 3D
virtual model as previously observed from the like-roundness distribution of pores (Figure 3).
To sustain these hypothesis, we can observe that the higher hardness of 3D printed samples
was measured also for samples having high porosity fraction as in the instance of 3D WO
(47.40%) and H_ WO (36.89%) or, in addition, for samples 3D WB (40.20%) compared with
H WB (33.26) (p<0.05) (Figure 6). From these first results it can be affirmed that 3D printed
samples seem to deviate from the popular and highly useful approach of study that idealize
bakery products as repeated cellular solids (Gibson and Ashby 1988; Liu and Scanlon, 2003) —
i.e. voids surrounded by solid material in a certain spatial organized structure — that follow a
tight relationship between mechanical properties and relative density. This is because the
majority of the voids are not randomly distributed in the food formula, as commonly occur
during traditional processing, but the majority of them were created during the material
deposition in a way that is difficult to manage because resulting from the printing pathway and
from the aforementioned imbalance between printing speed and extrusion rate which need
further experiments and a better understanding. Furthermore, the experimental data of Figure
12 shows a high chewiness for 3D printed samples, for any food formula considered, with
values in the range of 15.696 and 18.575 against the values of traditional samples between
6.222 and 7.272. This is a clear indicator of the higher energy necessary to prepare food before
swallowing for 3D printed samples (Peng et al., 2017). Also, there are not statistical differences
among the four food formulas when analyzing them within the groups H or 3D (p>0.05). This,
again, sustains the great effect of 3D printing technology on the mechanical properties of the
samples. Further mechanical information is given by the comparison of springiness and
chewiness data. Springiness was statistically lower for 3D printed than for traditional samples,
independently from the food formula analyzed, stating a lower tendency to be broken during
mastication (p<0.05) expect for samples H RB and 3D_RB (p>0.05). This is in agreement with
the data of cohesiveness that were higher for 3D samples than for H samples. We want to recall
that a good printability of ink-food means, among many other aspects, a good adhesion of the

92



filaments deposited during printing. With the purpose of increasing the adhesion between layers
a common approach is to employ a layer height of = 80% of the nozzle size (Table 2) thereby
depositing filament with rectangular cross-sectional shape with semicircular ends rather than a
cylindrical filament (Zhu et al., 2019). Recalling Figure 2 the presence of filaments stuck each
other are easy to detect. Reasonably, the good adhesion of the filaments of food formula was
the main reasons for the higher cohesiveness and the lower springiness.

4. Conclusions

In this contribution we explored whether 3D printing process per se may induce modification
on the morphological, microstructure and mechanical properties of food products. Here we
show that 3D printed snacks well matched the virtual model but some discrepancies were
observed mainly in the top layers — with an undesired like-round deposition path - as a result
of the increased actual layer height, against the used values, that was given, in large part, from
the crushing of the layers at the bottom of the structure under the weight of overlying layers.
3D printed structures showed a limited number of pores in comparison to the common products
and such pores were significantly bigger in size. The inherent compression of the food formula
in the piston chamber as well as in the screw-extrusion system was responsible of the reduction
of the number of pores thereby depositing a denser food formula filament. However, the
aforementioned imbalance between the layer height and extrusion rate was responsible of the
creation of the majority of pores structure. Furthermore, the distribution of such pores in 3D
printed samples resulted from the defined infill pathway but also it was greatly affected by the
above imbalance of printing conditions. This, of course, greatly deviates from the commonly
observed random distribution of pores in the samples produced by traditional process. Finally,
these diversities in microstructures of samples greatly affected the mechanical properties with
3D printed samples showing a significantly higher hardness, chewiness and cohesiveness than
the traditional samples.
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Abstract

Discoveries and applications of 3D food printing (3DFP) keep growing with a large set of
outcomes, such as the development and optimization of novel edible inks and post-printing
processes. However, the main principle at the core of 3D printing, i.e., Rapid Prototyping hasn’t
received the deserved attention. Thus, beyond generating innovative food products, this study
emphasizes the opportunities and benefits of 3DFP for food prototyping. Several cereal-based
snacks were generated, and their corresponding baking kinetics were monitored considering
changes in the most important characteristics of the product, its impact on productivity and
potential safety concerns. The prototypes had two shapes * (cylindrical and cubical), three infill
levels (30, 60, and 100%) and two infill paths (grid and gyroid). Moisture content was
satisfactorily described by using a modified version of a logistic model (r >0.98), enabling to
estimate and then, successfully validating the baking time to get a moisture content lower than
0.1 g H,O/g dry basis (d.b.). 3D printed structures with 30% infill exhibited a significant
reduction in baking time (from 16.5 to 19.2 min) against not only those with 60% infill but also
the control, which needed 38.6 min of baking; this emphasizes the benefits of controlled pattern
designs on energy consumption and increasing hourly production. Furthermore, acrylamide
formation was estimated to be between 39 and 91% lower than in the control samples after
receiving comparative thermal treatments. 3DFP may be used as an important prototyping tool,
extending and accelerating the manufacturing of food products with economic,
nutritional/toxicological, societal, and environmental benefits.

Keywords: Food prototyping, 3D printing, process development, baking time, cost,
sustainability, food quality
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1. Introduction

The advent of additive manufacturing has changed the mindset of food science and technology
professionals, with an exponential increase in multidisciplinary experiments involving digital,
engineering, rheological, chemical, and physical aspects of foods (Attaran et al., 2020). As
reported in SCOPUS, 170 manuscripts authored by 582 professionals have been published on
3D food printing (3DFP) from 2007 to 2020 (Derossi et al., 2020). The interest in 3DFP has
been fueled by 1) the opportunity of converting a digital CAD model into a physical edible
structure and 2) the substantial degree of freedom that facilitates the creation of complex
structures unattainable by traditional manufacturing technologies. This enables market
innovation while also materializing new visionary concepts such as the creation of nutrition
and sensory personalized food products, the advancement of sustainable and healthy diets
(SHD), food waste reduction, and on-demand food production (Wong et al., 2022).
Furthermore, all these opportunities are strictly relevant to the Sustainable Development Goals
of the United Nations (SDGs), such as SDG 2 (Zero hunger), SDG3 (Good health and well-
being), SDG 9 (Industry, innovation and infrastructure), SDG12 (Responsible consumption and
production), as well as the principles of better healthy and sustainable diets (WHO, 2019,) and
food systems (Mattas et al., 2022).

Initially, 3DFP experiments have focused on the potential application of different
printing technologies to food products (Zhang et al., 2022; Ling et al., 2022; Pulatsu et al.,
2022a; Pulatsu et al., 2022b), the effect of printing variables (Derossi et al., 2019), and the
possibility of diversifying the food materials such as ink-gels, cereal-based dough, chocolate,
fruit and vegetables, etc. (Chen et al., 2021; Kim et al., 2021; Rando and Ramaioli, 2021;
Tomasevic et al., 2021; Pulatsu et al., 2021). Later, 3DFP research concentrated on the
description, optimization and selection of the best properties (e.g., rheological) to make food
materials highly printable. Food printability is a complex term, encompassing many aspects
such as easy and homogeneous flow through a nozzle, optimal adhesion of the food layers, and
the capacity of the printed structure to withstand the weight of overlying layers (Zhang et al.,
2022). Overall, the successive stages during the material deposition of an edible link can be
divided into the initiation of flow, continuous extrusion, recovery stage and final deposition.
The most relevant characteristics of the edible ink to optimize during these phases are its yield
stress, viscosity, shear-thinning and recovery behaviour (Siacor et al., 2021; Kim et al., 2019;
Qiu et al., 2022; Rahman et al., 2020). An ideal food-ink should be highly homogeneous so
that its rheological properties remain constant during its continuous deposition. Also, its yield
stress and viscosity should not be too high, which could hamper the deposition process or too
low, which would result in insufficient mechanical strength to bear the weight of successive
layers (Zhang et al., 2022; Cheng et al., 2022; Paolillo et al., 2021). In addition, high shear-
thinning and fast recovery behaviour ensure an easy flow during deposition and optimal
mechanical properties of the food filament after leaving the nozzle (Dick et al., 2019).
Dimensional stability, e.g., lack of spreading after printing, is essential to ensure the retention
of the shape of the printed food during manufacturing, post-printing processing, storage and
transportation (Nijdam et al., 2021). To facilitate flow and maintain structural stability several
structuring agents such as hydrocolloids, other carbohydrates and lipids have been used (Chen
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et al., 2022; Liu et al., 2021; Guo et al., 2021). More recently highly concentrated emulsions
(Zhang et al., 2022; Feng et al., 2022) and cellulose nanocrystals (Armstrong et al., 2022) have
been proposed as novel structuring agents in 3DFP.

Lately, this field has been enriched by intriguing approaches and applications mainly
focused on the expansion of food printing from 3D to 4D, 5D and 6D (Teng et al., 2021; Cheng
et al., 2021; Zhagal et al., 2022) and the possibility to get programmable texture properties
(Fahmy et al., 2021; Oral et al., 2021). Regarding 4DFP the research has centered on changing
the color, aroma, morphology (shape or specific dimensions), and even nutritional accessibility
of the printed structures in response to external stimuli such as high temperature (Guo et al.,
2021; Guo et al., 2021; Chen et al., 2021) or pH (Phuhongsung et al., 2020; Ghazal et al. 2021;
Chen et al., 2021; Liu et al., 20210ral et al., 2021). For instance, Chen et al. (2021) printed
edible inks consisting of lotus root powder, water and a curcumin emulsion that elicit different
colors, from yellow to red, depending on curcumin concentration and the extent of microwave
heating that it was exposed to. Also, He et al. (2020) modulated the color throughout a printed
food product composed of sweet potato puree rich in anthocyanins (SPS) and mashed potatoes
(MP) which exhibited layers at different pHs. After depositing layers of SPS on MP a color
change was observed as a function of time due to the diffusion of curcumin through the layers
and their progressive contact with layers at different pHs. Another external stimulus often used
in 4D printing applications is ionic strength (Champeau et al., 2020). Future applications will
involve additional dimensions and will imply the development of complex structures with
unique and currently unattainable properties by adding movement to the ‘traditional’ 3D
matrix. This could be achieved by printing while moving the printing head and the printing
beds at different angles. Using the numbers of peaks recorded during the compression was
reported as the Crispness of the products this set up, the curved deposition of the food ink will
allow for new benefits not only in terms of visual appeal but also structural strength and
stability, reduced number of layers of the deposited materials, etc.

Appropriate rheological properties of inks
l," benefit the 5D printing efficacy and printability
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Figure 1 shows the additional dimension of 5D printing as schematically reported by Cheng et al. (2022).

Despite the impressive advances in 3DFP, it is surprising that researchers have significantly
undervalued the original aim of additive manufacturing technology; Rapid prototyping (RP)
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and/or Rapid Tooling (RT). RP has been extensively employed by the plastic industry to
identify design defects, shortening prototype development time (from weeks to days/hours)
and cost for process building. RT, which involves the production of customized tools such as
jings, hardware and molds, has become essential in increasing the efficiency of the
manufacturing process in many industries. The cost and time benefits of RP/RT have been
exemplified by Zonder and Sella (2013) that lowered production times from 30 days to seven
hours and costs from 14008 to 785$ when using 3D printing instead of building traditional
aluminium molds. Also, RP and RT can facilitate product modification and customization for
market segments with specific requirements. Even a very limited number of items, e.g., less
than 10 pieces, might be produced by using 3D-printed molds without incurring prohibited
costs, thus satisfying several heterogeneous needs. Also, RP allows the exploration of the
design space, learning about design problems, the discovery of unexpected phenomena, and
solving mechanical and thermal problems, among others (Rayna and Striukova, 2016;
Camburn et al., 2017; Menold et al., 2017). For instance, Sun et al. (2021) used 3D printing to
prototype and study the thermal performance of concrete buildings. Interestingly, they observed
that the printing path and cross-section design of the internal structure determined the (in)
homogeneous temperature distribution in the buildings. Similarly, Prasittisopin et al. (2019)
have focused on the creation of building prototypes to optimize thermal insulation by changing
surface texture and mortar mixture composition, while Lowke et al. (2018) introduced cavities
in concrete building prototypes in regions where low thermal conductivity was needed to
improve insulating properties. From a business perspective, RP and RT positively affect value
creation, value proposition, and value delivery, contributing to the economic sustainability of
a company (Rayna and Striukova, 2016). Other interesting implementations of RP and RT have
been applied in tissue engineering (Liu et al., 2017), bone tissue prototypes (Farzadi et al.,
2015; Belloti et al., 2021), chitosan hydrogels (Gang et al., 2022), orthodontic models (Venezia
et al., 2022), and 3D micromixer-based microfluidic devices (Vasilescu et al., 2020). However,
based on our knowledge no systematic analysis dedicated to the rapid prototyping of food
products has been reported yet despite the many evident benefits of this approach, including
but not limited to market innovation, increased food acceptance, customization of food
properties, reduced production cost per piece, reduced processing times and energy
requirements.

This study explores food prototyping by 3D printing technology. More specifically, prototypes
of biscuits were produced by modulating their shape and internal morphology to assess their
effects on the baking kinetics and identify the optimal structural layout capable of reducing
baking time and formation of a potential process-induced toxicant, i.e., acrylamide.

2. Material and methods

2.1.  Cereal-based printable food ink

A cereal-based dough consisting of wheat flour type 00 (Casillo, Italy) (120 g), semolina
(Casillo, Italy) (120 g), extra virgin olive oil (Farchioni, Italy) (20g), sunflower oil (Coop, Italy)
(24g), salt (2g), water (85g), baking powder (Paneangeli, Italy) (4g) and white wine
(Tavernello, Italy) (30g) was prepared. Detailed information regarding the chemical
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composition of each ingredient may be found on the following links: 1. Wheat flour

(https://shop.molinocasillo.com/it/farine-e-semole/le-essenziali/tipo-00); 2. Semolina
(https://shop.molinocasillo.com/it/farine-e-semole/le-essenziali/semola-rimacinata  ); 3.
Sunflower oil (https://www.e-coop.it/il-prodotto-coop/coop/olio-e-aceto/alimentari-

confezionati/olio-di-semi/olio-di-semi-di-girasole-1); 4. White wine (www.tavernello.it); 5.
Extra virgin olive oil (https://farchionil 780.com/olio-extra-vergine-oliva-classico/); 6. Baking
powder (https://paneangeli.it/prodotti/lieviti-e-ingredienti-base/lieviti-dolci/lievito-pane-
degli-angeli).

The ingredients in powder form were first combined and mixed for 2 min in a planetary kneader
(Cooking Chef, Kenwood, UK) at a speed level of 2; then, the vegetable oils were added while
continuously mixing for 2 min at a speed level of 2 and, finally, the water and wine were added
and mixed for 1 min at a speed level of 1 allowing to obtain a dough, which was rested at room
temperature for 10 min before 3D printing it.

2.2. Digital models, printing variables and G-codes

A total of 8 digital biscuits were designed by modulating their external and internal
morphologies using the software Tinkercad (Autodesk, https://www.tinkercad.com/) and
CURA ver 3.6.0 (Ultimaker, https://ultimaker.com/it/software/ultimaker-cura). The digital
models were first designed in Tinkercad that allows generating STL files readable by CURA,
which proceeded with the slicing of the digital models, the optimization of the printing
variables and the generation of the G-codes containing the information for the printer head/bed
movements and material depositions in the 3D space. More specifically, two external shapes -
square and cylinder -, two infill levels - 30 and 60% - and two infill paths - grid and gyroid -
were combined to create the eight digital models as reported in Figure 2. The choice of these

printing conditions was based on our previous experience on the effects of infill level (from 0
to 100%) on several quality parameters of printed biscuits. Additionally, the selected infill
paths, i.e., grid and gyroid, were chosen based on preliminary experiments aimed to test the
printability and the structural differences obtained using different paths. Considering the
different infill levels of the digital models, a preliminary series of printing experiments were
performed, aiming to define the sample’s dimensions to ensure comparable weights. All
experiments were performed using a Delta printer (Mod. 2040, Wasproject, Italy). Table 1
shows the main dimensions of each printed sample and their corresponding weights. These
preliminary experiments allowed identifying the best printing conditions (e.g., layer height,
printing speed, travel speed, retraction distance, retraction speed, etc.) capable of replicating
the digital models with high accuracy. However, since assessing the effect of the printing
variables selection on printing fidelity is not the main purpose of this study, this section only
contains the values of the printing conditions relevant to each final sample.
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Figure 2: 3D digital models generated based on the combinations of the external shapes (cylinder and square), the
infill levels (30% and 60%) and the infill paths (grid and gyroid) proposed.

In addition, we want to note that the control sample (i.e. no-printed) was manually shaped by

using the same food formula as reported in section 2.1 obtaining samples cylinder of
dimensions reported in Table 1.

Table 1 - Main morphological properties of 3D printed samples and corresponding weights

Sample’s morphologies Main dimension of the raw Weight (g)
(shape_infill-path_infill-level) 3D printed biscuits (width *
length * height, mm)

Cylider_grid_30% 56 %56 * 12 16.08 +1.13
Cylinder_grid_60% 45 * 45 * 12 16.97 £0.54
Square_grid_60% 45*45* 12 16.32 +£0.28
Square_grid_30% 50 *50 * 12 17.17+0.51
Cylinder_gyroid_30% 60 * 60 * 12 16.91 £0.36
Cylinder_gyroid_60 45*45* 12 17.23 £0.55
Square_gyroid_60% 40 * 40 * 12 17.90 £0.75
Square_gyroid_30% S51*51 %12 17.14 £0.44
Control (no Printed) 45 * 45 * 12 17.37+£0.33
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2.3. Baking process and temperature data-acquisition

The 3D-printed biscuits were baked in a commercial oven (G10075, Ferrari, Italy) at 190°C
for a total of 50 min. The biscuits were sampled at selected time intervals, namely after 1, 2, 3,
4,5,7,10, 13, 16, 20, 25, 30, 35, 40, and 50 min of baking. The temperature of the biscuits
was monitored, at least, at three different locations on the sample’s surface using an infrared
thermometer (Mod. 800C, Mestek, China). Also, at least three replicates were performed for
each experiment.

2.4. Physico-chemical analyses

Moisture content was determined in triplicate according to the gravimetric method described
in AOAC-925.10 (AOAC, 2005). The weight loss of the samples’ during baking was
determined using an analytical scale (Mod. Crystal 200, Gibertini, Italy). The water activity of
the samples was estimated using the model reported by Arepally et al. (2022) who demonstrated
the ability to accurately estimate water activity based on the moisture content of the biscuits.

2.5. Assessment of printing fidelity and color using image analysis

The printing fidelity was analyzed by comparing the main morphological properties of the 3D
digital models and the printed samples. To this end, the images of the raw and baked 3D printed
samples were acquired using a camera Canon, EOS 1200D and saved as jpeg files. After
calibrating the image’s dimension, the main external (length and width) and internal
morphological characteristics (pore’s dimension, distance between the crests of the filaments
and their size) were calculated using ImageJ (https://imagej.nih.gov/ij/). Similar procedures
have been used to measure such features for the 3D digital models in this study, which were
directly captured on CURA and saved as jpeg files also. The color parameters, on the

CIEL*a*b* scale, were extracted from the jpeg images using the embedded protocols for color
determination in ImageJ. The color parameters were measured, at least, on 15 points of the
sample after dividing the image into three main sections; external, medium and internal ring.
Furthermore, the Browning index (BI) was computed by using the equation reported by
Isleroglu et al., (2012):

BI =[100*((ar+1.79L4)/(5.645*Li+at-3.102by))-0.311/0.17 (1)
Where a, b and L are red index, yellow index, and the lightness of the samples, respectively, at
definite time (¢) of baking.
2.6. Dehydration kinetics of the samples during baking

The dehydration kinetics during baking, expressed as moisture content as a function of time,
was described using a logistic model (Corradini and Peleg (2006)):

Y(t) = YO - [A/1+exp(k*(te-t))] (2)

where YO (gH20/g d.b.) is the initial moisture content; A corresponds to the range of moisture
content observed (YO - Yend); k (1/min) is the dehydration rate; Yend (gH20/d.b.) is the
moisture content at equilibrium; and t. (min) is the time at which dehydration intensifies.

In addition, the temperature profile during baking was described using a power law equation
after slight modifications (Corradini and Peleg, 2004a; 2004b; 2005; 2007):
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T(t) = Tot(Tena-To)*(1-exp(-k*t") (3)

where To and Teng refer to the beginning of baking and at equilibrium, £ is the heating rate
(1/min), n a dimensionless shape parameter.

The experimental temperature profiles were fitted using the nonlinear regression routine of the
software STATISTICA ver. 10 (Statsoft, USA). The correlation coefficient (r) and the
confidence interval (95%) associated with each estimation were used to evaluate the goodness
of fit. In terms of the dehydration kinetics, the model parameters of Equation 1 were initially
obtained using a global estimation procedure (including all data in a single batch), and then,
the data were also adjusted after grouping them based on a single morphological feature (i.e.,
external shape, infill level, infill path).

2.7. Estimations of acrylamide formation during baking of the 3D printed samples

Data on acrylamide generation kinetics, previously obtained for a similar baked good (Chen,
et al. 2022), were used to extract the kinetic parameters assuming that the process could be
described by the following empirical model (Equation. 4):

AAD= (AATT(H)] /(1 + Exp[K[TOT*(HT(®)]-1)) - (1/(1 + Exp[k{T()* tT(1)])) (4)

where AATf is the maximum level of acrylamide attainable (ng of acrylamide/g of biscuit), kf
is the formation rate (1/min), and tf is the time required for effective formation (min). The
temperature dependence of the respective kinetic parameters was described as:

AAf[T]= 684+Log[ 1+Exp[2.4*(T-207)] (5)
k[T]= log[ 1+Exp[0.05*(T-184)] (6)
t[T]=8.6-0.024*T (7)

The rate model of Equation 4 was solved in Mathematica 12 (Wolfram Corporation,
Champaign, IL, USA) for the temperature profiles reported for all samples, i.e., control and 3D
printed biscuits, after characterizing them with Equation 3. The rate equation was evaluated
from t=0 min until the time corresponding to the target endpoint of baking, when the product's
final moisture content of 0.1 g/100 g d.b. was reached. Although other models have been
previously used to describe the formation and degradation of acrylamide in several products
(Corradini and Peleg, 2006, Knol et al., 2006), Equation 4 provided a good characterization of
the acrylamide content over time for this product, while also requiring fewer parameters.
Hence, Equation 4 was preferred to obtain the estimations over more complex models.
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3. Results and Discussion

3.1. Replicability of the 3D digital models and color changes during baking

The images of the 3D printed samples allowed evaluating the quality of printing in the context
of overall visual appearance and the absence of major defects (Figure 3). The results of the
image analysis are summarized in Table 2. The close correspondence between the actual and
the digital designs is observed, even before and after baking.

External shape: square External shape: cylinder

Infill path: grid Infill path: gyroid

Infill level:60%

Infill level:30%

Infill level:60%
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Control sample

Infill level:30%

Infill level:60%

Figure 3 - Digital designs (top) and photographic images of the raw (middle), and baked (bottom) 3D printed
biscuits. The images of the control samples are also reported.

Table 2 - Main morphological features of the 3D digital models and raw 3D printed samples

Sample 3D digital model 3D printed samples

average Dev.st average Dev.st
Cylinder_grid_30%

External length (mm) 56.07 0.16 53.95 0.28
Pore dimension (mm) 9.542 0.249 8.469 0.630
Filament size (mm) 1.200 0.001 1.190 0.076

Cylinder_grid_60%

External length (mm) 44.85 0.26 53.95 0.28
Pore dimension (mm) 3.992 0.035 8.469 0.630
Filament size (mm) 1.200 0.001 1.190 0.076

Square_grid_30%

External length (mm) 50.01 0.14 50.05 0.61
Pore dimension (mm) 2.905 0.063 6.082 0.354
Filament size (mm) 1.200 0.001 1311 0.093

Square_grid_60%

External length (mm) 45.07 0.30 44.42 031
Pore dimension (mm) 2.905 0.061 2.719 0.130
Filament size (mm) 1.200 0.001 1.214 0.120

Cylinder_gyroid_30%

External length (mm) 60.36 0.08 57.89 0.56

Distance between throughs of two sinusoidal 10.267 0.282 8.743 0.399

waves (mm)
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Distance between crests of two sinusoidal 3.489 0.805 3.280 0.190
waves (mm)

Filament size (mm) 1.200 0.001 1.704 0.108
Cylinder_gyroid_60%

External length (mm) 44.76 0.10 43.53 0.47

Distance between throughs of two sinusoidal 5.222 0.068 4.835 0.163
waves (mm)

Distance between crests of two sinusoidal 1.74 0.12 1.298 0.130
waves (mm)

Filament size (mm) 1.200 0.001 1.345 0.160

Square_gyroid_30%

External length (mm) 51.06 0.05 51.38 0.16

Distance between throughs of two sinusoidal 9.964 0.180 10.145 0.271
waves (mm)

Distance between crests of two sinusoidal 3.625 0.901 3.208 0.255
waves (mm)

Filament size (mm) 1.200 0.001 1.600 0.150

Square_gyroid_60%

External length (mm) 38.90 0.10 38.63 0.38

Distance between throughs of two sinusoidal 5.102 0.231 4.571 0.152
waves (mm)

Distance between crests of two sinusoidal 1.878 0.034 1.043 0.084
waves (mm)

Filament size (mm) 1.200 0.001 1.219 0.145

The results confirm the high printing fidelity obtained in this study, with the external length of
the biscuits showing less than 2.5 mm difference from their digital counterparts (total length =
40-60 mm depending on the selected layout). Similarly, the internal pores were precisely
replicated with differences lower than 1 mm (largest pore size =9 mm for the
cylinder grid 30% samples). Furthermore, for the gyroid path, the distance between the
troughs of two sinusoidal waves differed from the digital models by 0.181 mm and 1.524 mm
(‘square_gyroid 30%’ and ‘cylinder gyroid 30%’), while the distance between the crests of
two waves was between 0.209 mm and 0.835 mm (‘cylinder gyroid 30%’ and
‘square_gyroid 60%"’). Finally, the thickness of the deposited filaments spread beyond the
opening of the nozzle (size = 1.2 mm); this is in accordance with the observations of several
authors (Derossi et al., 2020; Paolillo et al., 2021). Although this spread was not surprising, the
values observed exceeded those expected. A layer height of approximately 80% of the nozzle
size (from 0.9 to 0.96 mm depending on the digital models) was selected to deposit food
filaments with a rectangular cross-sectional shape instead of a cylinder so that the overall
structural stability of the overlying layers significantly increased. Under these circumstances,
it was reasonable to observe a filament size greater than 1.2 mm, as reported in Table 1.

The overall color of the biscuits during baking was analyzed as the evolution of BI as a function
of baking time in three different regions of the samples, i.e. external, medium and internal ring.
The results agree with previous experiments (Isleroglu, 2012) which showed a slight increase
in the biscuit’s color during the first minutes of baking (Shibukawa, 1989) after which the
samples exhibited a sudden increase of BI due to a significant reduction of the lightness
(Shibikawa, 1989) in line with the increase of surface temperature (Arepally, 2020). Also, once
a maximum was reached, approximately at 30 min, BI started to decrease.
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3.2. Dehydration Kinetics - description and validation experiments

The moisture content of the biscuits during baking was effectively described by Equation. 1.
The non-linear regression was performed first using a global estimation procedure, i.¢., all data
in a single batch. Then, the data was grouped based on the external shape, infill level and infill
path, which required applying the fitting routine 8 times and comparing the parameters of the
model to determine which morphological feature had the largest impact on the dehydration
kinetics (Figure 4). The baking time required to achieve a final moisture content equal to or
below 0.1 g/g d.b. varied from 14 to 40 min, revealing a large difference in the behavior of the
samples depending on their main morphological features (Figure 4a). Indeed, when the fitting
was performed on all the data as a single batch, a lower correlation coefficient (r = 0.950) was
obtained than when the model was applied to all the 3DP samples (r = 0.963). This discrepancy
provides evidence of the significant differences in the dehydration kinetics between 3DP and
traditional (non-3D printed) biscuits. Furthermore, the goodness of fit measures of the
nonlinear regression indicates that infill level was a better criterion to group the samples than
the other selected characteristics (correlation coefficients of 0.987 and 0.986 for infill levels of
60% and 30%, respectively). It should also be noted that, when the data were grouped by infill
path, a higher correlation coefficient was obtained for the gyroid path (r = 0.972) while when
considering the external shape, the cylindrical samples showed a higher correlation coefficient
than the square samples (0.969 vs. 0.957). These results emphasize a large divergence in the
baking behavior of the traditional and 3DP samples and, the importance of the infill level
followed by the infill path, in particular, for the gyroid set-up in obtaining consistent results.
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Figure 4: Dehydration kinetics of biscuits during baking. A) Moisture content of all samples as a function of
time. B) Correlation coefficients, 7, of the fits for the experimental data grouped by shape, infill level and infill
path.

A second iteration of the fitting procedure was performed by grouping the data individually by
morphology, as reported in Figure 4b. In this case, the kinetic parameters - the dehydration rate,
k, and the critical time, t. - were estimated and compared to determine the contributions of the
external and internal structure to the dehydration kinetics of the samples. The experimental
data and the fits of the cylindrical 3D-printed biscuits with different infill levels are reported in
Figure 5 to exemplify the results obtained. Based on the visual verification and the correlation
coefficients which were consistently between 0.987 and 0.994, it can be concluded that
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Equation. 1 effectively described the dehydration of such samples during baking at 190°C (data
not shown).

06 , . ! : : . . . 08

05 05
3 9, g
o o
o 04 D 04
® )
2 ° <
=

c

8 g
c 03 5 03
8 8
e g
.E 02 ‘E 0.2
° o
= =

0.1 0.1

)
0.0 . . | L L I L | 0.0 . | L L ] | l I
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Baking time (min) A Baking time (min) B

Figure 5: Moisture content of cylindrical 3D printed biscuits as a function of time. A) infill level = 30%,
infill path: grid; B) infill level = 60%, infill path: grid.

An additional analysis was performed to compare the dehydration process in samples with
different morphology based on the parameters of Equation. 1. Figure 6 shows the estimated
dehydration, k, and the critical time, tc, for each sample.
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Figure 6: Estimated dehydration kinetics parameters, & and #c, including the CI (0.95) of the 3D printed
samples with different morphological characteristics baked at 190 °C.

The control samples baked slower than any other of the 3D printed samples (i.e., it exhibited
the lowest dehydration rate constant, 0.152 g/g d.b. * min, and required the longest time to
achieve the target final moisture content, 16.3 min). Also, for both parameters, the limited or
lack of overlapping of confidence intervals (95%) confirms that the control behaved
significantly different than the 3D printed samples. From Figure 7, it can also be inferred the
substantial effect of the infill level on baking time, based on the significantly higher
dehydration rates for biscuits with 30% of infill, regardless of their external shape or internal
path. Indeed, estimated k values for the ‘cylinder grid 30%’, ‘square grid 30%’,
‘cylinder gyroid 30%’ and ‘square_gyroid 30%’ samples were 0.224, 0.280, 0.212 and 0.210
g/g*min, respectively. On the other hand, the samples with higher infill levels (i.e., 60%)
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exhibited lower k values such as 0.165, 0.205, 0.187, and 0.158 g/g*min that corresponded to
the ‘cylinder grid 60%’, ‘square_grid 60%’, ‘cylinder gyroid 60%’ and
‘square_gyroid_60%’ samples. The opposite behavior was observed for the other parameter of
Equation. 2; tc, with lower values (8.74 to 11.4 min) for samples with an infill level of 30%
than those with 60% infill (13.3 to 15.0 min). This suggests that, for 3D printed samples with
an infill of 30%, the baking became more effective than samples with an infill of 60%.
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Figure 7: Moisture content vs time relationships generated using the estimated kinetic parameters from
Equation. 1.

Further valuable information was obtained by grouping the samples based on the infill paths;
indeed, ‘grid’ samples (green circles) showed large variability in their dehydration rates
(between 0.165 and 0.280 g/g*min). This observation suggests that the rational design of the
infill level (and the morphological features of a food matrix) provides an opportunity to better
modulate the baking process depending on what the user would like to obtain, e.g. reduced
baking time, controlled formation of undesirable chemical compounds, preservation of heat-
sensitive nutrients, etc. Conversely, in the high-filled samples when using the path ‘gyroid’ (red
circles), the dehydration rates concentrated around a narrower range (k values from 0.158
g/g*min to 0.212 g/g*min). In addition, considering the confidence intervals (95%) associated
with these estimates only statistical differences were observed in the case of
‘gyroid_square 30%’ and ‘gyroid_square 60%’ samples.

Also, it is worth noting that among the printed samples having 60% infill, the shape that better
enabled speeding up baking was the square with a grid infill path. To facilitate comparing how
the morphological features can modify the baking process, all the moisture content vs time
relationships were estimated using Equation. 1 is reported in Figure 7. According to these
results, the control achieved a moisture content of 0.1 g/g d.b. after about 40 min of baking,
much slower than any of the 3D printed samples. Conversely, the 3D printed samples, and
especially those with an infill level of 30% (dotted lines) attained the targeted moisture content
much faster, 1.e., between 15- and 32-min. Intermediate velocities were observed for samples
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printed with 60% infill. Interestingly, the samples with the fastest baking for both infill levels
(30 and 60%) corresponded to the samples with a squared geometry and a grid path.

Finally, considering that this study focused on using 3DFP to create food prototypes with
different geometrical features and evaluating their effects and potential benefits, the time
needed to reach a final moisture content of 0.1 g/ d.b. was estimated. This target value was
chosen considering an estimated water activity lower than 0.4 and the range of moisture content
observed in other oven-baked commercial biscuits (Mundt and Wedzicha, 2007). Figure 8
shows the estimated baking time of all external and internal geometry combinations of the 3D

printed samples and the control. The measured moisture content of the samples in the validation
experiments is also shown in Figure 8.
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Figure 8: Estimated baking time to obtain a moisture content of 0.1 g/g d.b (right) and experimental
data (left) measured on biscuits obtained from the validation experiments.

The data confirm the large differences between the samples, especially the longer baking time
of the control (i.e., 38.60 min). All the 3D printed samples showed a shorter baking time with
a minimum of 16.50 min for ‘square grid 30%’ and a maximum of 30.05 min for the
‘square_gyroid 60%’. Again, according to the estimated k and zc values, for all samples with
30% infill, shorter baking times were estimated - 19.19, 16.50, 18.60 and 19.00 min - while a
60% infill resulted in an increase in baking time between 22.63 and 30.05 min. A good
correlation between estimated and experimental moisture content was verified through
validation (Figure 8). For example, for the shortest baking time of 16.50 min for samples
‘square_grid 60%’, the experimental moisture content values were between 0.1130 g/g d.b.
(25%) and 0.1150 g/g d.b. (75%). The highest variability was obtained for the sample
‘cyliinder_grid 30%’ for which experimental moisture content ranged from 0.091 g/g d.b.
(25%) to 0.1245 g/g d.b. (75%). In all cases, the measured moisture content was very close to
the desired value of 0.1 g/g d.b. These results largely support the importance and opportunity
of using 3D food printing to generate food prototypes that could be used and tested to modulate
the dehydration kinetics of a baked product, for instance, to reduce the baking time, energy
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consumption, the overall cost of production while potentially increasing the amount of baked
product per unit of time. Besides increasing the economic sustainability of the production
process, the improvement of the baking process by modulating the structural characteristics of
a product can also achieve other benefits such as limiting or favoring chemical reactions that
can lead to nutrient degradation, toxicants formation, color changes, etc., to mention only a
few. This opportunity will be further explored in the next section.

3.3. Estimating acrylamide formation during baking

Acrylamide is a processing-induced contaminant found in a wide selection of foods.
Consumption of cereal-based food products, such as biscuits, can play a significant role in
dietary acrylamide exposure (Rifai and Saleh, 2020). Due to acrylamide’s classification as a
potential carcinogen, acrylamide reduction in baked goods has become a growing interest in
the food industry. Acrylamide is a by-product of the Maillard reaction, and it is formed when
food products are processed at temperatures above 120°C. Mitigation strategies to reduce
acrylamide content in cereal-based food products include preheating treatments of the raw
materials, incorporation of additives, enzymatic removal of reagents (e.g., asparagine by
asparaginase). Optimizing processing parameters has also been proposed as an effective
strategy to reduce acrylamide content in a product. Within this context, 3DFP can play an
effective role in identifying food product’s characteristics (shape, infill level, infill path) that
minimize acrylamide formation. To this end, the rate model of Equation. 3 was solved for the
temperature profiles of all the samples. Figure 9 shows the temperature profiles evaluated after
characterizing them with Equation. 3. Figure 10 provides a comparison of the temperature
profiles and their respective acrylamide formation curves for the control and two examples of
the 3D-printed biscuits. As shown in the figure, selecting different infills reduced the baking
requirements (time and temperature) to reach the target moisture content, which in turn had
significant effects on the potential safety of the biscuit. Table 3 summarizes the overall
acrylamide formation in ng/g and the percentage reduction of all the samples towards the
control. All the 3D-printed samples showed a significant reduction in acrylamide content when
compared to the control. It should be noted that all the estimated acrylamide values but the
control, are below the benchmark for biscuits established by the EU Commision, Regulation
2017/2158,1.e.,350 ng/g. Among the 3D printed samples, the square with 30% infill, regardless
of the infill path, exhibited the lowest acrylamide content. Hence, prototyping by using 3DFP
could enhance the chemical safety of a food product by elucidating ways to mitigate the
formation of potentially toxic substances without the need of additives or changes in
composition. It should be noted that the reported values are estimations, not predictions since
the purpose of this section was to advance the understanding of 3DP prototyping for food safety
applications. Thus, the results have not been independently validated, which will be the subject
of future work. Also, the acrylamide content estimations were conducted based on a model that
takes into consideration the most predominant contributions to its formation and degradation
process, 1.e., availability of main reagent and temperature. Although the contribution of the
structural components of a food to acrylamide kinetics might play a role, it has not been
systematically studied or expressed into a validated model. Limited information is available on
this contribution (e.g., Pulatsu, et al. 2022). This is an area of active research and future studies
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will potentially elucidate the extent of this contribution to the overall acrylamide content in a
baked good.
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Figure 9: Temperature profiles of all samples during baking and estimated parameters of the Equation 3.
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Figure 10: - Top- Temperature profiles for the differently shaped biscuits, Bottom — Acrylamide content in ng/g
in selected biscuits. Black —control, red — Square _gyroid 30%, blue — Square gyroid 60%. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3 - Estimated acrylamide content and its reduction towards the control of all the biscuit prototypes
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Sample Acrylamide content (ng/g) Reduction in acrylamide content

(%)

Control 495+ 6 -
Cylinder_grid_30 142 + 65 71+13
Cylinder_grid_60 301+ 74 39+15
Square_grid_30 47+ 2 91+1
Square_grid_60 168 + 52 66 £ 11
Cylinder_gyroid_30 91+9 82+2
Cylinder_gyroid_60 210+ 12 58+ 3
Square_gyroid_30 85+ 11 83+2
Square_gyroid_60 220+ 24 56 £5

4. Conclusions

Despite the recent interest and developments in 3D food printing applications, its adoption as
a prototyping tool, capable of identifying the optimal shapes and internal structures to attain
desired functionalities has been limited. This study has shown that 3D printing technology can
be successfully used to experiment and define optimal 3D food architectures capable of
minimizing the baking time of biscuits. All 3D printed samples baked significantly faster (from
16.50 to 30.05 min) than the control (38.60 min). Infill level influenced the baking kinetics the
most, with faster dehydration rates and shorter critical times for samples with lower fills (30%).
When the printing movements drew a ‘grid’ path, the samples exhibited wider variability in
terms of their dehydration kinetics, depending on infill levels and external shapes; this could
be used as an extended experimental space to modulate baking conditions and related effects,
e.g. baking time, formation of chemical compounds, color/aroma development, etc. The
logistic model adequately described the baking kinetics for all 3D printed samples and the
control, allowing to accurately estimate the baking time to attain a moisture content of 0.1 g/g
d.b. In addition, a second series of experiments accurately validated these estimates,
corroborating the possibility of designing biscuits with different desired properties. For the first
time, the feasibility of modulating chemical reactions in foods by exploiting the unique
properties of 3D food printing technology was explored. For the 3D-printed biscuits, a
significant reduction (39-91%) in the acrylamide content was obtained, corresponding to values
lower than the recognized EU Commission limit of 350 ng/g. Conversely, control samples
exhibited an estimated value of 495 ng/g. This could open the applicability of 3D printing to
the improvement of chemical safety of food products by designing the shape and internal
structure - thanks to the rapid food prototyping obtained by 3D printing technology. It is worth
noting the possibility of extending this concept by prototyping food structures to design desired
color, aroma compounds, texture, mass/heat transfer rates during dehydration/rehydration, etc.
All these aspects will be the core of novel experiments in the future.
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Abstract

We present the results on the use of the innovative FullControl GCode designer to improve the
quality and efficiency of the 3D food printing process. A dough was used to create three-
dimensional structures with increased morphological complexities. The novel method was
compared with the conventional approach consisting of the use of CAD and slicing softwares.
Being needed to combine multiple geometric structural elements the conventional approach
required 6-8 h to create the digital models instead of 30-90 min for the FullControl Gcode
designer. In addition, the conventional approach generates two printing movements for each
segment of the structures reducing the printing quality and the efficiency of the process. The
novel method reduced the printing time by 18-36% and reduced the number of non-printing
movements limiting the structural defects and the amount of food materials deposited for each
segment with additional advantages on the sustainability of 3D food printing process.

Keywords: 3D printed food; printing path; CAD models; slicing, GCodes; unconstrained
structures; printing efficiency.
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1. Introduction

In recent years the academia and food industries have shown an extraordinary interest in the
adoption of Additive Manufacturing. For the years 2023 and 2022, a total of 19 and 330
scientific documents have been retrieved by using the keywords [3D Printing] AND [Food] on
the database SCOPUS on date 1 Dec 2022. 3D Food printing (3DFP) is a disruptive technology
which, for the first time, enables the transition of any digital design to a physical and edible
object through a layer-by-layer deposition process of food materials; also, these food materials
require specific rheological properties, globally referred as ‘the printability of food’ (

; ) to be successfully printed. A growing body of 3DFP experiments
demonstrate the potential applications of 3D printing in the food sector by deeply studying the

printability of food formula ( ),
the creation of personalized food ( ), the new application
of 4D and 5D food printing ( , modulation of calories intake ( ),
reuse of nutrients from food waste and by-products (Wong et al., 2022, ) as

well as the design of sensory perceptions by controlling the infill level and infill path of material
deposition ( ). Other interesting readings may be found in

while industrial applications have been developed by
BluRhapsody (https://blurhapsody.com/), Nourishment (https://get-
nourished.com/blogs/nourished/3d-printing), etc. However, the current technological
development level is limited to the following aspects: 1. Improvement of the printability of
food formula; 2. Optimization of printing variables; 3. 3D printing of different kinds of food
materials (fish, vegetables, cereals, etc.). However, it is growing interest in creating ambitious
and complex 3D printed food structures delivering desired/personalized sensory perception and
functionalities ( ) as well as the recent discovery in the new field of
gastrophysics ( ) which demonstrated the potential benefits of designing specific
food texture, visual aspects, sound, and also inhomogeneous morphology (Juravle, 2022) on
the improvement of the diet habits and in reducing the intakes of salt and sugar (

). Given the linkage between these physico-chemical-sensory attributes,
the question regarding the possibility of unconstrained freedom of design food structures is
becoming a technological challenge with disruptive potential. In this context, there is a need
for novel approaches to better replicate the shape and internal structure of digital food projects.
The 3D printing is a multi-phase methodology consisting of some digital steps involving
computer-aided design, from CAD to STL file conversion, a slicing step responsible for
designing the paths for manufacturing, i.e. the path planning of 3DP, and finally the GCode
generation ( ). Such digital steps are widely considered essentials for the quality
of the 3D printed objects ( ; ; ) being
responsible for the balance between printing movements and materials deposition, and several
papers have been focused, in the non-food sector, on different algorithms used to define and
optimize the printing path, ( ). Unfortunately, the food sector
has completely undervalued these aspects and the majority of the experiments use conventional
approaches and softwares showing several limitations and many errors (
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); in addition, sometimes information regarding the digital design and path planning are
only limitedly reported ) or completely
neglected ( ). In this context, suitable new methodologies should be studied
and established to fully exploit the great potential of additive manufacturing ( ).

( ) developed a new generic approach for unconstrained design printing paths and
associated printing parameters. The approach is a FullControl GCode designer which allows to
directly generate the GCode of the print-path for each segment including all printing parameters
such as direction, print speed, extrusion rate, acceleration, jerk, nozzle temperature, etc. The
approach extends the possibilities to design complex structures by using novel mathematically
defined lattice structures, and previously inconceivable 3D geometries and functionalities for
traditional slicing software to achieve ( ). Considering the above-mentioned
research on gastrophysics and the multisensory perception (Spence, 2020) of taste, visual
aspect, texture, sounds, etc., this novel design method could represent a disruptive turning point
for the creation of innovative food with features never thought before, with several social and
economic benefits such as food waste reduction, sustainable diet, reduced energy intakes, etc.
The focus of the present study is to investigate the potential of the novel FullControl GCode
method in the food sector, in terms of improving printing fidelity (e.g. morphological features,
etc.) and the efficiency of the printing process (i.e. printing time, the total number of non-
printing movements, etc.) compared to the conventional approach of CAD and slicing
softwares.

2. Material and methods

2.1. Preparation of the edible-ink
Wheat flour of type ‘00 was used for the edible-ink preparations. The flour was mixed with
water in a ratio of 85 g and 100 g of water and then mixed for 7 min in a planetary kneader
(model cooking chef, Kenwood Ltd. UK) at a speed level of 2. Then the dough was left to rest
for 15 min at room temperature.

2.2. Digital models, GCodes development and printing experiments
Two different approaches were used to create GCodes for printing: the conventional approach
of CAD and slicer software, and the newly developed approach of FullControl GCode
Designer. The conventional approach consisted of two. First, a 3D digital model was designed
by using popular free CAD software, Tinkercad, Autodesk Inc 2022
(https://www.tinkercad.com/) by which a STL file was created. We choose to use such software
considering it enables complete beginners to create 3D digital models on the base of
Constructive Solid Geometry (CSG) which enable to combine in the 3D space, single basic
solid geometries to create the desired 3D structures. More specifically, during the creation
process, one can add ‘solid objects’ and ‘transparent objects’ where the latter are used to remove

undesired parts of the construct somewhat similar to digital subtracting manufacturing.

The STL file was sliced by wusing the slicing software CURA ver 3.6.0
(https://ultimaker.com/it/software/ultimaker-cura). The following printing conditions were
used for all the experiments: nozzle diameter, D=0.84 mm; printing speed: 9.8 mm/s; layer
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height, LH= 0.67 mm; non-printing/travel speed, TS = 10 mm/s. Also, the firmware Marlin
(https://marlinfw.org/) was used to drive the 3D printer by managing all the activities and
coordinating stepper motors, display, sensors, etc.

In the innovative approach, i.e. FullControl GCode designer (Gleadall, 2021), the printing path
was directly defined along all printing parameters such as printing speed, layer height,
extrusion rate, jerk/acceleration, etc. All printing parameters can be precisely defined, i.e.
customized for each segment of the printing-path, allowing significantly improve the
optimization of the printing process. The designer defines a sequence of 3D lines specifying
all printing variables. mathematical equations can be used to design complex printing paths
with high efficiency and non-geometric Gecode commands can be designed to control other
aspects of the printing process.

A i Gonmc process Geometric errors  Geometric errors  Geometric and process Feedback indirectly implemented
limitations considered  introduced introduced errors introduced through limited parameters
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. print-path Manufacturing
Model sliced
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Figure 1 shows the schematic representation of the FullControl GCode Designer.
More specifically Figure 1b shows an example of the creation of the printing-path by using
specific features such as ‘circle/arc’ and the corresponding values defining the dimension of
such circles. Interestingly the feature ‘Cartesian repeat’ enables to replicate aforementioned
features in different directions or positions significantly reducing the time for designing
complex 3D digital models.
In the field of food manufacturing, this approach widely extends the opportunity of creating
foods with innovative, never thought, and personalized food products due to the possibility to
precisely defining the printing paths in the internal part of the object, instead of using few and
constrained printing path, i.e. the ‘infill paths’, available on commercial slicing software. The
software Repetier-Host (https://www.repetier.com/) was used to visualize the 3D digital models
based on the obtained Gcodes.
To analyze the potential differences when using both approaches, we compared 3D structures
designed by increasing the level of structural complexities such as: simple (S), medium (M)
and complex (C) 3D structures. Samples S, M and C were designed with the following
dimensions (figures 2 and 4): structure S, 40.00 mm x 72.50 mm; structure M, 40.00 mm x
65.00 mm; structure C, 65.00 mm x 65.00 mm.
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All printing experiments were performed by using a FOODBOT 3D printer (A FOODBOT-MF
3D food printer (Hangzhou Shiyin Technology Co., Ltd., Zhejiang, China). Finally, the specific
properties of the computer used for digital design, the slicing and the GCode creation are
reported as follows: digital model design and slicing programs are, RAM: 32GB, CPU: Intel(R)
Core (TM) 17-10750H CPU @ 2.60GHz (12 CPUs), 2.6GHz, GPU: NVIDIA GeForce RTX
2070 Super 8GB.

2.3. 3D printing quality and printing efficiency

A preliminary visual analysis of the printing quality was performed highlighting the existence
of undesired lines of the food ink on the designed structures as a result of oozing problems
during non-printing movements. The weight of the printed samples was also compared for each
structure. Furthermore, the efficiency of the 3D printing process was evaluated by comparing
the following main parameters: 1. working time (h) necessary to create the 3D digital models;
2. printing time per layer, PT L; 3. the total Gcode lines per layer, GCode L; 4. the non-
printing (GO) lines of the Geode per layer, GO _L; 5. the printing movements per layer, PM_L;
6. the travel movements per layer, TM_L; 7. the size (kb) of the Gecodes. More specifically, for
GO_L, both the total number of GO lines per layer and the fraction of GO lines per layer, were
analyzed. The latter was computed by the following equation:

GO _L(%) = [Z GO lines per layer

/Z(GO + G1 lines per layer)]>l< 100 (Eq.1)

Similarly, for PM_L both the global length of printing movements and the fraction of length
were analyzed. The latter, was computed as follow:

o/\_[> printing movement per layer
PM_L(%) [ Y.(printing + nonprinting movemmets per layer)] *

100 (Eq.2)
Finally, the same approach was used to compute the parameter TM_L per layer:

T™M L(% ):[Z travel movement per layer

(Eq.3)

Y.(printing + travel movemmets per layer)] *100

In addition, the printing fidelity was evaluated by comparing the 3D digital model and the 3D
printed structure for some morphological features as reported in Figure 2.
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Figure 2 — Main morphological features measured on the 3D printed samples.
Image] software (https://imagej.nih.gov/ij/download.html) was used to calibrate the
photographic images of the samples and to measure the above features. At least three replicates
were always performed.

3. Results and Discussion

Initially, we analyzed the printing paths generated by using the two approaches used to design
the GCodes. Although starting by analyzing the simple structure, S, the conventional approach
created a printing path consisting of two lines (Fig 3¢) for each segment characterizing the 3D
digital structure, S (Fig 3a). Also, some non-printing movements were exhibited after the
slicing step, as visualized by the blue lines in Figure 3b.
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Figure 3. Schematic representation of the differences in printing paths of the simple structure (S) obtained by

using the conventional approach and the FullControl Geode designer. A) designed structure by Tinkercad; B)

Sliced structure and non-printing movements; C) particular of the sliced structure showing the double printing
movements per segment; D) printing path obtained by the novel approach.

These and other errors and limitations have been previously reported when utilizing the
conventional approach (Tronvol et al., 2018). The observed discrepancy between the digital
model and the printing path can be attributed to some procedures which are out of the control
of the user: first, the conversion of the digital model into a STL file by dividing all the object
surfaces into a set of triangular facets (Asianbanpour et al., 2004;  Manmadhacharay et al_,
2016) each of which is described by one vector and three vertices with corresponding X, Y, Z
coordinates. Then, the slicing step creates a slicing plane parallel to X, Y plane that splits the
STL file into several layers while such a slicing plane is moving within a specified range of Z-
coordinates (Adnan et al., 2018). Finally, the coordinates of the intersecting points between the
slicing plane and each facet are recorded and used to generate the printing paths (Jiang et al.,
2021) based on different kinds of slicing algorithms.
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Figure 4. Creation of 3D digital model by Tinkercad. Example of combining 3D cylinders to build the digital
structure, S. A) whole structure; B) Cylindrical elements combined to create the structure S; C) Schematic
representation of the double printing path generated by conventional approach.

The structure S was digitally created by combining several cylinders of diameter of 0.84 mm
and different lengths in the X, Y, Z plane (figure 4a and 4b). Each cylinder may be considered
a solid object with many surfaces which were tessellated for generating the STL file and, later,
such objects were sliced in the Z axis. In this context, the slicing step created a printing path
consisting of two movements in opposite directions - i.e. forward and backward movements —
for any segment of the structure S (figure 4c). The video showing such double-printing
movements is reported in Supplementary materials, S1. Notice that by using parallelepipeds
instead of cylinders as 3D digital elements to design the structure S, we obtained similar results
with two printing movements in opposite directions for each segment (data not shown).
Furthermore, the printing path depends on many variables related to the tessellation
methodologies (Hallgren et al., 2016; Yang et al., 2021; Manmadhacharay et al., 2016) and
slicing algorithm as well as on the use of different optimization approaches for the path-
planning (Volpato et al. 2013, Yang et al., 2021). However, due to the paucity of 3D food
printing experiments on these aspects, in this paper, we explored the salient differences
occurring when the conventional approach and the innovative FullControl GCode designer
were used. Next, by using a novel GCode designer it was possible to define the printing path
of' each 3D line of the structure S sequentially (figure 3D) and to define any specific information
such as direction, printing speed, extrusion rate, and many other relevant properties (e.g.
acceleration, jerk, etc.). This procedure facilitated the improvement of the quality and the
efficiency of the process (Table 1) given by the following primary advantages: 1. to eliminate
the phase of 3D digital design; 2. to keep only one printing movement for each segment of the
structure; 3. to significantly reduce the non-printing movements. The video showing the 3D
printing movements of the structure S generated by the innovative approach is shown in the
Supplementary material (S1).
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Such augmented printing efficiency is of extreme importance, especially in the food
sector, considering the global challenges for limiting food waste and the linkages with the
Sustainable Development Goals (SDGs) of the United Nations (UN, 2015). With the purpose
of better demonstrating how it could be discouraging to digitally design intricate structures and,
after creating the GCodes by the conventional approach, discover that the printing paths could
contain significant limitations and could produce several printing errors, Figure 5 shows the
digital models and some representative slices of the structures M and C.

Typical approach: CAD - Slicing software I FullControl Gcode designer

Figure 5 - 3D digital models and representation of the corresponding printing path of the structures M and C
obtained by using the conventional approach and the FullControl Geode designer.

The complexity of these structures is clearly visible. In these cases, such models were
obtained by combining 3D circles with a diameter of 0.84 mm which were precisely allocated
in X, Y, Z space; also, several transparent 3D circles were used as cutting tools to remove
undesired parts. First, we want to answer the question of how long it took to generate the
GCode. For the structures M and C respectively 6h and 8h were needed by using the
conventional approach while only 30 and 90 minutes were necessary by using the Full Control
designer; also, the use of the novel approach does not require programming skills (Moetazedian
et al, 2020). As in the previous sample, the conventional approach produced a double printing
line - i.e. forward and backward movements - for each segment of the structure. The videos of
the corresponding 3D printing processes are shown in supplementary material, S1. In addition,
dozens of non-printing/travel movements have been generated in the printing-path, especially
for structure C as highlighted by the blue lines in figure 5. Furthermore, it is worth noting that
for the complex structures M and C the time for the slicing steps increased exponentially due
to the time needed to calculate all the intersections for one slice and then sort them into a
continuous contours method. King et al. (2021) reported that this conventional procedure
becomes less efficient as the complexity of the structure increases. In this condition, we decided
to slice half of the height of the 3D digital model with the purpose to complete the slicing
process for at least one layer and maintain the opportunity to study the potential limitations and
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errors generated by the printing path. On the other hand, when using the innovative approach
only a single printing line was obtained for each segment of the structures M and C
(Supplementary materials S1). Interestingly, the overall number of GO commands per layer, i.e.
the non-printing/travel movements, for the structure S, M and C were respectively N. 1, 8 and
8 for the FullControl GCode designer and N. 50, 15, and 887 for the conventional approach.
More specifically, the fraction of travel movements per layer on the total amount of printing
movements were 1.47, 0.386 and 0.386% for the FullControl GCode designer and 8.91%,
1.48% and 13.71% for the conventional approach (Table 1). Notice, however, that the data for
the structures M and C regards only one layer for the conventional approach, by sustaining the
greater efficiency of the innovative method.

Few non-printing movements increased the overall quality of the printed samples by reducing
the risk of the structural defects often observed in 3D printed food due to the oozing of the food
formula or the nozzle touching the other parts of the printed structure during the travel
movements (Severini et al., 2018; Liu et al., 2018) and, in addition, as a consequence the
touching of the previous layers considering the setting the layer height at 80% of the nozzle
size to increase the adhesion of overlaying layers (Lee et al., 2019; Severini et al., 2018; Dick
et al., 2019). Figure 6 displays the photographic images of the three different 3D printed
samples obtained by using the different approaches to create the GCodes. Although for
structure S only minor differences can be observed, for structures M and C significant structural
errors were observed when the conventional approach was utilized. More specifically, the
figure shows as two unexpected diagonal lines were deposited for the structure M caused by
the oozing of the food-ink during non-printing/travel movements. Differently, structure C was
characterized by several and large defects such as crossing lines, increased thickness of the
circles, fractures, etc. There are no doubts about the low printing fidelity when the conventional
approach was used to build structure C (Figure 6c¢).
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Figure 6. Photographic images of the 3D printed structures. S, M and C represent the samples obtained by using
the conventional approach; S1, M1 and C1 represent the samples obtained utilizing the FullControl GCode
method.
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Considering the printing fidelity, the use of the FullControl designer better replicated

the main dimensions of the digital models. For instance, the structures S and M showed average
dimensions of 78.04+0.40, 40.76+0.36, 2.66:0.07, 59.60+0.30, 45.78+0.19, 2.84+0.19 and
2.79+0.31 mm respectively for the features n.1, 2, 3 and 4 when the conventional approach was
used to generate the Gecodes. The use of FullControl Geode designer enabled to obtain average
values of 74.42+0.46, 41.61+0.28, 1.32+0.07, 1.45+1.28 mm and 67.25+0.20, 42.86+0.08,
169+0.39 and 1.747+0.134 mm were measured for the structure S and M, respectively for the
features n.1, 2, 3 and 4 (data not shown). Furthermore, when considering structure C average
values of 62.6441.56 and 62.85+1.58 mm and 66.58+.45 and 65.64+0.15 mm were respectively
measured for the samples obtained by utilizing the conventional and the Full Control Gcode
designer, respectively. Considering the dimensions of the designed 3D digital models, The
greater discrepancies obtained by using the conventional approach were the results of the
above-discussed non-printing movements, nozzle touching other printed lines, and oozing
effects, all of these generated dimensional changes such as stretches and compression of the
printed structure.
Table 1 shows the data regarding the main properties of the 3D printed food and the primary
indexes describing the process’s efficiency. The measured weights were always greater for the
samples obtained by using the conventional approach; for example, average values of 1.67 and
2.67 g were measured respectively for the samples created by using the FullControl Gecode
designer and the conventional approach. This result supports the aforementioned benefits of
the novel approach on the sustainability of the 3D printing process, proving the opportunity to
deposit less food while assuring a high printing fidelity, as a result of the greater efficiency of
the printing path. Despite not showing relevant differences in weight for the structures M and
C between the two approaches (Table 1), results similar to the structure S may be envisioned
considering that, for the conventional approach, the data refers to the weight of only one layer.
So, by computing the weight of the whole structure consisting of two layers, a weight of 2.72
and 4.76 g would be expected for the structures M and C respectively which is much greater
than the measured weight of samples obtained by using FullControl GCode designer.
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Table 1 — Main quality and efficiency parameters of the 3D printed structures obtained by the
conventional approach and FullControl Gcode method. Average values of and corresponding standard
deviation.

Samples Weight PT L* GCode L GO L? PM L® TM L*¥ File

(9) (min) X (N;%) (m;%) (m; %) dimension
(kb)
FullControl Gcode
Designer
1; 0.92m; 0.08 m;
StructureS  1.67+0.06  1.75+0.2 34 1.47% 45.6% 4.20% 3.00
8; 0.71m; 0.07 m;
Structure M 1.90+0.11 1.37+0.2 1032 0.39% 49.5% 0.45% 55
8; 0,785m; 0.08 m;
StructureC  2.34+0.04 1.50+0.15 1032 0.38% 49.5% 0.5% 53
Conventional
approach
50; 1.51m; 0.21m;
StructureS  2.67+0.17 2.75+0.1 283 8.9% 43.8% 6.15% 28.50
1.15m; 0.30m;
Structure M 1.36+0.17  2.20+0.2 1014 15;1.5%  76.9% 23.10% 42.30
887; 2.36m; 1m;
StructureC  2.43+0.04 3.50+0.5 6471 13.71% 70.2% 29.80 % 360

In the last section of the paper, we want to discuss more in detail the efficiency of the
printing process. So, the printing time per layer was considered at first given its primary
importance in 3D food printing (Derossi et al., 2020). Average printing times of 2.75 and 1.75
minutes were measured when the simpler structure S was printed respectively using the
conventional and the FullControl Gcode method: this delivers evidence of a reduction of 36%
of the printing time for the novel approach. Similarly, printing times of 1.37 and 2.20 minutes
were measured for structure M, and 1.5 and 3.5 minutes for structure C, respectively when the
innovative and the traditional approach were used. In the end, we want to consider the lower
number of the GCode lines per layer which were of a total of N. 34, 1032 and 1032 and of 283,
1014 and 6471 for the structures S, M and C, respectively for the printing paths generated by
using the conventional and the FullControl GCode approach.

4. Conclusion

We applied and tested an innovative approach for creating GCodes in the field of 3D Food
Printing to explore new avenues to improve the quality of 3D printed food as well as to increase
the efficiency of the process. Also, the experiments were carried out to improve our
understanding of the digital phases of the 3D food printing process which, more than often, are
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undervalued. Our study provides evidence of the improvement of the printing fidelity of the
structures when the FullControl GCode designer was utilized while highlighting the limits and
the errors occurring by using the conventional approach consisting of two common steps: 1.
Creation of a digital model by using CAD software; 2. Slicing the STL and generating the
GCode. Three main problems were encountered by using the conventional approach, especially
for the more complex structures M and C: 1. It took many hours to digitally design the
structures and to create the STL file; 2. The failure of completing the slicing step in the
appropriate time; 3. The slicing generated dozens of undesired travel moments with negative
effects on the printing time and the worst printing quality. The use of novel approaches could
be a good candidate to improve the overall printing fidelity and the efficiency of the process
both in terms of printing time and fidelity. Furthermore, the proposed approach could open
innovative food products, never thought before, with inhomogeneous structures capable to
convey new sensory perceptions to facilitate mastication for elderly people, also in line with
the idea of personalized food structure.
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Chapter 6 Utilising Mediterranean food waste and by-
products in 3D Food Printing
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Abstract

This study explores the transformative potential of 3D Food Printing (3DFP) in utilizing food
waste and non-edible by-products for the creation of personalized food products. The research
highlights the process of drying and grinding these by-products into powder form, enabling
their reintegration into the food supply chain, thus contributing to a circular economy. The
study further underscores the capacity of 3DFP to manipulate the texture and flavour of food,
opening new possibilities for personalized nutrition. The research also suggests that the use of
food by-products in 3DFP could enhance food diversity and security by reducing reliance on a
limited number of staple crops. However, the study identifies the need for further research to
optimize the particle size and concentration of different food by-products, ensure the
printability and sensory acceptability of the printed food, and explore the nutritional
implications of using food by-products in 3DFP. The findings of this study underscore the
potential of 3DFP as a tool for sustainable and personalized food production, paving the way
for a future where food waste is minimized, dietary needs are met with precision, and the
enjoyment of food consumption is enhanced through innovative and appealing designs.

Keywords: 3D Food Printing, Personalized Nutrition, Sustainability, Food Waste, Non-
Edible By-Products
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1. INTRODUCTION

The imperative to mitigate food loss and waste across all stages of the food supply chain is a
pressing concern for the European Union. This urgency is underscored by the most recent and
pertinent data, which reveals that billions of tons of food, equating to approximately one-third
of all food produced annually for human consumption, are wasted yearly (FAO, 2011; Girotto
et al., 2015). Food wastage is a pervasive issue that permeates every step of the food chain,
from agricultural production (Johnson et al., 2019) to processing (Redlingshofer et al., 2017;
Garcia-Herrero et al., 2019), retail (Lebersorger et al., 2014), and household consumption (van
Dooren et al., 2019; Revilla et al., 2018; Philippidis et al., 2019). For instance, food loss at the
agricultural level manifests when edible products remain unharvested or are harvested but not
sold or donated, leading to surplus crops. A more granular analysis reveals that approximately
45% of roots and tubers, 45% of fruits and vegetables, and 35% of fish and seafood are lost in
North America (Levis et al., 2010; FAO, 2011; Johnson et al., 2019). When translated into
nutritional terms, this equates to a daily loss of 40-47% of the calories and protein from seafood
products (Love et al., 2015), along with significant quantities of vitamin C, iron, dietary fiber,
amino acids, and fatty acids in the EU (Fusion project, www.eu-fusions.org). Beyond the direct
loss of food, food waste also represents a significant resource and sustainability challenge. The

processes involved in food production consume substantial resources, including land, water,
energy, and fertilizers, while simultaneously engendering environmental adversities such as
biodiversity and habitat loss, soil and water degradation, and greenhouse gas emissions.
Therefore, addressing food waste is a matter of food security and a crucial component of
sustainable resource management.

3D Food Printing, 3DFP, is the only technique capable to translate digital images into tangible
food products and this opens the way for innovative and intricated shapes and dimensions
maximizing food’s eye appeal, helping in differentiating or identifying food products, and
improving the overall enjoyment of food consumption. However, 3DFP is well beyond the
creation of food with fascinating visual aspects, with many additional benefits on the food
chain, nutritional/healthy and sensory properties, satiety, consumer’s behavior, and
sustainability (German et al., 2011; Oral et al., 2021). For instance, personalized 3D printed
food considers the production of foods with desired sensorial and nutritional properties offering
many solutions to contribute to the better health status of consumers. In addition, at its core
3DFP has the process of dispensing/depositing small amounts of food material per unit of time
offering the opportunity of dosing each ingredient with high accuracy to modulate the content
of macro- and micronutrients according to the needs of each individual or small group of
consumers. Finally, though, 3DP supports the decentralization of food manufacturing and the
consumer-centric system of production allowing the manufacture of products close to the final
customer (Chan et al., 2018). By reducing the tight dependence on the supply chain, it would
be possible to increase the overall sustainability of the food system with a significant reduction
in energy consumption and gas emission generated by transportation, and the amount of food
waste or food loss at industrial or home level (Derossi et al. 2021).
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This study seeks to broaden the conventional application of 3D Food Printing Technology,
venturing into the emerging domains of sustainable food systems and bespoke food
manufacturing. Specifically, the research aims to repurpose surplus crops and by-products from
Mediterranean food production, leveraging their rich nutrient and bioactive compound content
to create innovative personalized food products. This endeavor will be achieved by exploiting
the vast potential of 3D Food Printing, both in terms of nutritional and sensory properties.

A distinctive feature of this study lies in its approach to raw material utilization. Instead of
relying on extracted phytochemicals, the research will employ whole raw materials abundant
in bioactive compounds. This innovative method, combined with the transformative potential
of 3D Food Printing, aims to contribute significantly to personalized nutrition and sustainable
food production.

2. Material & Methods

2.1. Determination of the Raw Material

Artichokes, eggplants, and tomatoes have been purchased locally and the external leaves (for
artichokes) or the skin (for eggplant and tomato) usually treated as food waste were reserved
for the drying process. A commercial air-drier (Klarstein-Arizona Jerky food dehydrator) was
used for drying experiment at temperatures of 30°C, 40°C, and 50°C. During the drying
process, the samples were analysed every 30 min for weight and moisture content (AOAC,
2005). Water activity was measured by water activity meter (Decagon device).

The initial phase of the experiment, spanning the first 30 minutes, was characterized by a higher
frequency of data collection, with three replicate samples being taken at 15-minute intervals.
This approach was designed to capture the rapid changes in moisture content that typically
occur in the early stages of the drying process.

Following the initial phase, the sampling frequency was reduced to every 30 minutes, with
three replicates taken at each time point. This adjustment in sampling frequency was predicated
on the understanding that the rate of change in moisture content tends to decrease as the drying
process progresses, thus necessitating less frequent measurements. The data collected from
these measurements were instrumental in establishing the drying curves for each vegetable at
each temperature condition. This rigorous and systematic approach obtained a comprehensive
dataset, capturing the dynamic changes in moisture content throughout the drying process. This
dataset provides a robust foundation for analyzing drying kinetics in these vegetables and
developing predictive models for moisture loss under different temperature conditions. This
research contributes to the broader understanding of food preservation techniques, with
potential implications for improving the efficiency and sustainability of food processing
operations.
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2.2. Description of dehydration Kinetics

The drying curves were obtained by plotting the moisture ratio (MR) as a function of time as
reported by (Jangam et al., 2010). The moisture ratio was computed by using Eq. 1;

M -M,
My = ———< = exp(—Ki)

Where Mr is the dimensionless moisture ratio, M; is the moisture content at any time of drying
(kg water/kg dry matter), M; is the initial moisture content (kg water/kg dry matter) and M. is
the equilibrium moisture content (kg water/ kg dry matter).

The Mr values as a function of time were modelled by using the Page’s model:

MR=exp (-kt") (Eq.2)

Where k (1/min) is the rate constant, ¢ (min) and #» are a fitting parameter (dimensionless). The
fitting was performed by using the packages of STATISTICA.

Furthermore, the moisture content as a function of water activity was modelled by using the
GAB equation:

> = LR i
X TC"K i,

(I-k*a,)*(Q+(c—1)*k*a, (Eq3)

EMC = Xo: Moisture content in the monolayer

C: Guggenheim constant
K: Related to the heat of adsorption in the multilayer

where EMC is the equilibrium moisture content of the material, Xo is the monolayer moisture
content, which is the amount of water that can be adsorbed in a single layer on the surface of
the material, C and K are constants that depend on the nature of the material and the
temperature, aw is the water activity.

2.3. Ink-Gel Preparation and 3D Printing Process
2.3.1 Ink-gel preparation

The starch gel was formulated utilizing wheat starch sourced from Sigma-Aldrich, USA. An
exact quantity of 12 grams of wheat starch was meticulously measured using an Accuris
Analytical Balance. This starch was amalgamated with 88 grams of distilled water in a beaker.
Throughout this process, continuous stirring was employed to guarantee the attainment of a
homogeneous mixture.

Utilizing a Velp Scientifica brand ARE Heating Magnetic Stirrer, a mixture of pure water, and
wheat starch was subjected to a carefully controlled thermal and mechanical treatment. The
stirrer was set to a precise temperature of 90°C, and the mixture was agitated at 400 rpm for 15
minutes. This meticulous process facilitated the formation of a homogeneous starch gel. Upon
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completion of the stirring process, the gel was promptly removed from the stirrer, and its
temperature was reduced to 55°C. To preserve the uniformity of the gel, it was promptly
transferred into 3D printer syringes while still at this temperature. Subsequently, the gel-filled
syringes were allowed to equilibrate to ambient temperature.

Throughout this procedure, the temperature and duration of heating were meticulously
monitored to circumvent any potential thermal degradation of the starch. The cooling of the
starch gel to room temperature prior to its utilization in the 3D printing process was a critical
step to ensure the preservation of its structural integrity and homogeneity.

2.3.2 Digital Model Design

A three-dimensional digital model of a square was meticulously crafted using Tinkercad
(Autodesk, USA), a user-friendly, web-based 3D modelling platform. The model was designed
with precise dimensions of 30mm x 30mm x 10mm. The design process entailed the creation
of a fundamental square shape, followed by carefully adjusting its dimensions to meet the
desired specifications.

After the design phase, the model was exported as an STL file, a standard file format in 3D
printing and an acronym for Stereolithography, from Tinkercad to the CURA slicing software.
Within the CURA interface, an array of printer settings was meticulously calibrated, including
parameters such as print speed, set at 8 mm/s, flow rate, adjusted to 6 mm/s, and layer height,
established at 0.84 mm. Furthermore, two distinct model versions were generated, each with a
different infill level: one with a 10% infill and the other with a 40% infill. The adjustment of
the infill level was executed within the Tinkercad settings prior to the exportation of the model
for printing.

Upon the completion of these adjustments, the file was exported in the gcode format, a widely
utilized numerical control programming language, to the 3D printer, thereby commencing the
printing process.

2.3.3 3D Printing Experiments

The 3D printing process was carried out using the prepared starch gel as the printing material.
The 3D printer (FoodBot 3D printer) was set up with the following printing conditions: a
printing speed of 10 mm/s, a flow speed of 8 mm/s, and a layer height and width of 0.8 mm.
These settings were chosen to ensure a high-quality print while minimizing the risk of print
failure.
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3. Results and Discussion
3.1. Dehydration of the Vegetable and Obtain the Deyhdration Curves

The experimental procedure was meticulously conducted across four distinct vegetable types,
i.e., the not edible parts of artichokes, eggplants, lemons and tomatoes. These were subjected
to varying temperature conditions, specifically at 30°C, 40°C, and 50°C, to investigate the
impact of temperature on the kinetic of drying. The initial phase of the experiment, spanning
the first 30 minutes, was characterized by a higher frequency of data collection, with three
replicate samples being taken at 15-minute intervals. This approach was designed to capture
the rapid changes in moisture content that typically occur in the early stages of the drying
process.

Following the initial phase, the sampling frequency was reduced to every 30 minutes, with
three replicates taken at each time point. This adjustment in sampling frequency was predicated
on the understanding that the rate of change in moisture content tends to decrease as the drying
process progresses, thus necessitating less frequent measurements. The data collected from
these measurements were instrumental in establishing the drying curves for each vegetable at
each temperature condition. This rigorous and systematic approach obtained a comprehensive
dataset, capturing the dynamic changes in moisture content throughout the drying process. This
dataset provides a robust foundation for analyzing drying kinetics in these vegetables and
developing predictive models for moisture loss under different temperature conditions. This
research contributes to the broader understanding of food preservation techniques, with
potential implications for improving the efficiency and sustainability of food processing
operations.
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Figure 2: Dehydration curve of lemon by-products
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Figure 4: Dehydration curve of tomato by-products

The dehydration curves generated from the experimental data were effectively characterized
using Page's model. This model demonstrated a high degree of fit, as evidenced by the
correlation coefficients, 12, exceeding 0.98 across all temperature conditions and for each type
of vegetable. This high correlation coefficient signifies a strong linear relationship between the
observed and predicted values, underscoring the model's robustness and ability to represent the
drying kinetics of the vegetables accurately.
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Table 1 — Estimated parameters regarding the dehydration treatment of external leaves, no edible, of artichokes.

Parameters | Estimates | Standard error | p-value [
Dehydration temperature = 40°C 0.985
k (min™) 0.000588 0.00028 <0.01
n (dimensionless) 1.41 0.0916 <0.01
Dehydration temperature = 50°C 0.992
k (min™) 0.000587 0.000270 <0.01
n(dimensionless) 1.63 0.1014 <0.01
Dehydration temperature = 60°C 0.992
k (min) 0.000551 0.000356 <0.01
n(dimensionless) 1.83 0.161 <0.01

Table 2 — Estimated parameters regarding the dehydration treatment of external leaves, no edible, of eggplants.

Parameters ] Estimates | Standard error | p-value "
v Dehydration temperature = 40°C 0.987
k (min’) 0.000023 0.00001 <0.01
n (dimensionless) 2.39 0.2725 <0.01
Dehydration temperature = 50°C 0.991
k (min) 0.000338 0.000270 <0.01
n(dimensionless) 1.74 0.1014 <0.01
Dehydration temperature = 60°C 0.998
k (min’) 0.000004 0.000 <0.01
n(dimensionless) 3.165 0.2586 <0.01

Table 3 — Estimated parameters regarding the dehydration treatment of external leaves, no edible, of lemons.

Parameters I Estimates | Standard error | p-value r
Dehydration temperature = 40°C 0.989
k (min’) 0.03853 0.006497 <0.01
n (dimensionless) | 0.6599 0.03529 <0.01
Dehydration temperature = 50°C 0.992
k (min’') 0.034 0.006403 <0.01
n(dimensionless) 0.753830 0.04153 <0.01
Dehydration temperature = 60°C 0.9995
k (min”) 0.04054 0.00739 <0.01
n(dimensionless) 0.8145 0.04418 <0.01

Table 4 — Estimated parameters regarding the dehydration treatment of external leaves, no edible, of tomatoes.

Parameters | Estimates | Standard error | p-value ”
Dehydration temperature = 40°C 0.991
k (min™) 0.1199 0.01636 <0.01
n (dimensionless) 0.614948 0.036725 <0.01
Dehydration temperature = 50°C 0.993
k (min’) 0.1277 0.01697 <0.01
n(dimensionless) 0.581469 0.034707 <0.01
Dehydration temperature = 60°C 0.9992
k (min') 0.130931 0.01832 <0.01
n(dimensionless) 0.5613 0.035762 <0.01
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Figure 5 visually represents the dehydration curve and the desorption isotherm for the outer
leaves of artichokes subjected to air-drying at 50°C for 7 hours.

Artichoke Eggplant

"
B

40°C

Lemon

Tomato

50°C |-

60°C ! 7
] o

Figure 5: Dehydration and isotherm curves for external not-edible artichokes leaves.

The successful application of Page's model to the experimental data, coupled with the high
correlation coefficients obtained, underscores the Page model's efficacy in describing the
dehydration process of artichokes, eggplants, lemons, and tomatoes.

Following the mathematical characterization of the drying process, subsequent experiments
were conducted to validate the estimated results derived from the Page's model. This validation
process was designed to ascertain the model's predictive accuracy. These validation
experiments focused on determining the drying times required to achieve a target moisture
content of 5% and a water activity below 0.4. These targets were chosen based on standard
industry benchmarks for safe and effective food preservation.
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Table 5 — Estimated parameters of lemon samples regarding the GAB equation.

Parameters l Time (minute) l m I C K
Dehydration temperature = 40°C
Estimated 121.795 0.08087 21.71266 0.90636
Actual 120
Dehydration temperature = 50°C
Estimated 78.9964 0.106293 5.683932 0.884748
Actual 80
Dehydration temperature = 60°C
Estimated 45.974 0.7807 13.76783 0.91572
Actual 45

Table 6 — Estimated parameters of tomato samples regarding the GAB equation.

Parameters ] Time (minute) | m | C K
Dehydration temperature = 40°C
Estimated 32.0147 3.335902 0.106221 0.525559
Actual 31
Dehydration temperature = 50°C
Estimated 29.6080 0.117188 1.417087 0.885706
Actual 28
Dehydration temperature = 60°C
Estimated 23.2852 0.437504 1.766968 0.563633
Actual 21

Table 7 — Estimated parameters of eggplant samples regarding the GAB equation.

Parameters l Time (minute) l m I C K
Dehydration temperature = 40°C
Estimated 181.06 2.088959 0.008917 0.885226
Actual 185
Dehydration temperature = 50°C
Estimated 128.875 2.95722 0.11567 0.58223
Actual 125
Dehydration temperature = 60°C
Estimated 98.7020 0.229672 1.574782 0.778402
Actual 95

Table 8 — Estimated parameters of artichoke samples regarding the GAB equation.

Parameters I Time (minute) l m | (& K
Dehydration temperature = 40°C
Estimated 178.4354 2.449740 0.005561 0.902097
Actual 180
Dehydration temperature = 50°C
Estimated 91.495 3.466957 0.035534 0.705283
Actual 90
Dehydration temperature = 60°C
Estimated 66.687 0.109082 0.360787 0.902046
Actual 65

The outcomes of these validation experiments demonstrated the robustness and reliability of
the mathematical modeling approach employed in this study. The discrepancies observed
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between the estimated and experimental data were minimal, indicating the Page's model's
high degree of predictive accuracy.

Mathematical modeling has elucidated that the discrepancies between the forecasted and
computed durations are remarkably minimal.

An examination of the mean difference across all temperature times can be conducted to
succinctly comprehend the variations between the predicted and calculated times. This mean
difference is 2 min 5 sec for lemon, 2 min 40 sec for tomato, 3 min 40 sec for eggplant, and 2
min 30 sec for artichoke. Considering the duration required to attain an identical water
activity at disparate temperatures, the time differences procured testify to the mathematical
computation's precision and accuracy. These differences underscore the satisfactory nature of
the mathematical model in accurately predicting the time required to reach a specific water
activity level for different food items.

3.2 Food powders and food-ink preparation

After dehydration, the by-products from artichokes, eggplant and tomatoes have been
submitted to the grinding process by using a semi-professional grinder that allows modulating
the particle size. More specifically three different levels of grinding have been used — fine
(<200pum), medium (<400pm) and ground (<600um) — and the obtained powders have been
studied by analyzing the granulometric curve (Analysette, 22, Fritsch).

Eggplant Lemon

e

Artichoke Tomato

Figure 2: Eggplant, lemon, artichoke and tomato powder samples sieved from left to right as fine (<200pum), medium
(<400um) and ground (<600pm).
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Food-inks have been intended as new food formulas obtained in different modalities and served
as two different levels of complexity which is food-inks based on hydrocolloids enriched with

innovative food powders.

The following figures show the results of the granulometric analysis of different particle sizes

distribution of the powders.
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Figure 3a: Cumulative volume distribution function graphics.
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Figure 3b: Differential volume distribution function.

The granulometric analysis of Artichoke, Eggplant, Tomato, and Lemon samples at three
different sizes (200 pm, 400 um, and 600 um) provides valuable insights into the particle size
distribution within these materials. The data indicate a general trend of increasing particle size
distribution from the 200um to the 600um samples across all materials, suggesting that the
materials' preparation method or inherent properties may influence the particle size range.

The analysis also reveals that the distribution of particle sizes within each sample is unique,
with each material showing different patterns of differential and cumulative volume
percentages.

3.2. 3D Printing Experiments with vegetable and fruit Powder

A study investigated the potential of incorporating dried tomato and lemon peel powders into
a gel matrix prepared from wheat starch for 3D food printing applications. The powders derived
from these food by-products were categorized into three distinct sizes: fine (<200um), medium
(<400um), and ground (<600um). Each size was separately mixed with the gel matrix at two
different concentrations, 2% and 5%, to examine the effect of particle size and concentration
on the printability of the gel.
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Subsequently, 3D models were printed using these gel mixtures at two different infill levels,
10% and 40%. The results showed that the gels prepared with 2% and 5% of fine (<200um)
and medium (<400um) powders were successfully printed without any issues (Figure 4). This
successful printing was attributed to the nozzle size being larger than the particle size, allowing
for a smooth flow of the gel mixture through the nozzle.

However, the printing process did not yield satisfactory results when the ground (<600pm)
powder was used for gel preparation. The larger particle size led to particles clumping together
within the nozzle, causing blockages (Figure 4). This resulted in excessive or insufficient flow,
leading to significant discrepancies between the digital design and the printed product.

As demonstrated in this study, the utilization of food waste and non-edible by-products in 3D
food printing offers a promising avenue for developing personalized food solutions. This
innovative approach promotes sustainability through waste reduction and provides a unique
opportunityto tailor food products to individual dietary needs and preferences.

FINE MEDIUM GROUND

2% powder RS

5% powder

2% powder &

5% powder

10% infill level 40% infill level 10% infill level 40% infill level 10% infill level 40% infill level

Figure 4: 3D food printer printing results of rectangular shapes with 10% and 40% infill levels with gels prepared from
lemon and tomato powders in sizes (<200pum), medium (<400pm), and ground (<600um).
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4. Conclusion

This study comprehensively examines the drying kinetics of non-edible parts of artichokes,
eggplants, lemons, and tomatoes under varying temperature conditions. The meticulous
experimental procedure and rigorous data collection strategy have yielded a robust dataset,
effectively characterised using Page's model. The high correlation coefficients obtained across
all temperature conditions and vegetable types underscore the model's robustness and ability
to represent the drying kinetics of the vegetables accurately. The validation experiments further
attest to the model's high predictive accuracy, with minimal discrepancies between the
estimated and experimental data.

The subsequent processing of the dehydrated by-products into food powders and their
incorporation into food inks for 3D food printing applications represents an innovative
approach to food waste utilisation. The granulometric analysis of the powders and the
successful 3D printing of gels prepared with fine and medium powders demonstrate the
potential of this approach in developing personalised food solutions. However, the challenges
encountered with the ground powder highlight the need for further particle size optimisation
for successful 3D printing.

Overall, this research contributes significantly to the broader understanding of food
preservation techniques and the potential of food waste utilisation in 3D printing. It provides a
robust foundation for future studies to improve the efficiency and sustainability of food
processing operations and develop personalised food solutions.
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Chapter 7 Conclusion

This doctoral research journey has ventured into the uncharted territories of 3D Food Printing
(3DFP), a transformative technology with the potential to redefine the food industry. The
primary objective was to investigate the potential of 3DFP in creating personalized foods
with unique sensorial and nutritional properties and to identify the current challenges and
opportunities in this field.

The research has unequivocally demonstrated that 3DFP is not merely a tool for producing
intricate geometries but a technology capable of reducing food waste and creating customized
food products. Exploring recent advancements in this field, such as 4D Food Printing and
programmable food texture, has broadened the horizons for creating food products with a
wide range of quality parameters and addressing mastication and swallowing difficulties in
vulnerable consumers.

The global production of scientific documents on 3DFP was analyzed in depth, revealing that
while China and New zealand are leading in this field, there needs to be more international
collaborations. This research underscores the need for fostering global partnerships to
expedite the implementation of 3D printing in the food sector. The need for further
experiments on alternative printing methods like Selective Laser Sintering (SLS) and Hot Air
Sintering (HAS) was also highlighted, which could introduce novelties such as fast printing
and dehydrated food-ink with extended shelf life.

The empirical investigations have provided valuable insights into the impact of the 3D
printing process on the morphological, microstructural, and mechanical properties of food
products. The discrepancies between 3D printed snacks and the virtual model, mainly in the
top layers, were attributed to the imbalance between the layer height and extrusion rate,
affecting the distribution of pores in the 3D printed samples.

Furthermore, the research has demonstrated the potential of 3D printing technology in
defining optimal 3D food architectures to minimize the baking time of biscuits. A significant
reduction in the acrylamide content in the 3D-printed biscuits was also found, indicating the
potential of 3D printing to improve the chemical safety of food products.

During this research, an innovative approach for creating GCodes in 3DFP was tested, which
improved the quality of 3D-printed food and increased the efficiency of the process. This
novel approach could lead to innovative food products with inhomogeneous structures
capable of conveying new sensory perceptions and facilitating mastication for elderly people.

In conclusion, integrating food waste and non-edible by-products into 3DFP presents a
transformative approach to food production and consumption. This innovative methodology
addresses food waste and provides a unique platform for creating personalized food products
tailored to individual dietary needs and preferences. As we look to the future, optimizing the

167



particle size and concentration of different food by-products will be crucial to ensure the
printability and sensory acceptability of the printed food. This research underscores the
potential of 3DFP as a tool for sustainable and personalized food production, paving the way
for a future where food waste is minimized, dietary needs are met with precision, and the
enjoyment of food consumption is enhanced through innovative and appealing designs.
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