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Abstract

Abstract

The introduction of 3D printing in the structuring of starch-based foams is based on its
accuracy, precision, reproducibility, and control over layer-based properties. From an
application perspective and due to its principle of operation, 3D printing of starch-based
materials is implemented for processing of novel textures, for designing of sensory
perception and for personalizing nutrition. Regarding research purposes, 3D printing
can be implemented to enhance processing reproducibility and to eliminate textural
variability and inherited defects associated with traditional texturing processes. Typical
structural imperfections are associated with the traditional structuring processes of
starch-based foams such as non-periodic ordering of gas cells, defects, and non-
uniformity of gas cell walls. Such inherited structural heterogeneity obstructs the
elucidation of structure, texture, and sensory perception due to the lack of
reproducibility. As most studies found in literature focus either on printability of
materials or texture variation through arbitrary methods, there is a gap in knowledge
and comprehensive methodologies in the texture design/modelling and the elucidation
of texture-taste interactions using 3D printing. The objective of this thesis was to
develop 3D printing methodologies for material printability characterization, taste
localization, and targeted texture creation for starch-based foams. Through this
method-driven approach, printing quality dependencies and structure-deformation

relations were determined.

A camera-based morphological method was developed to assess the printing quality
and accuracy of starch-based materials through in-line image acquisition and
processing. Furthermore, this method elucidates the behavior of the printed materials
in terms of their rheological response and therefore, establishing key quality and defect
parameters for material selection. The developed method was used to characterize the
relation between the rheological properties of two starch-based materials with varying
hydration levels and their behavior during and after printing. The printing quality
assessment was performed where the geometric features of the printed structures
were measured and compared to the design parameters and the materials’ rheological
behavior. Serving as a key methodology, the developed method facilitates material

selection based on the fundamental viscoelastic behavior.
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Development and validation of an innovative 3D structuring and localization method
was achieved. This method was designed to accommodate texturing, in-line thermal
treatment, and flavor/aroma localization for enabling the elucidation of mechanistic
texture-taste interactions. The approach used focused thermal stabilization technique
and dynamic attenuation of printing settings to achieve constant textural properties
independent of the localized taste concentration or configuration. Furthermore, the 3D
structuring and localization method serves as a new framework for obtaining complete

behavioral understanding to create custom flavor profiles.

A 3D printing method was developed for the design of textural properties in the elastic
regime instead of only texture modulation. The main aim was to enable the design of
3D printed structures based on specific values of textural properties. A hardness
targeted phenomenological foam model HT-PFM was derived, which is a model
describing the empirical relationship between the foam properties and the resultant
hardness which is based on observations of the system behavior and not directly
derived from theory. The derived phenomenological model enables the design of 3D
printed structures depending on the selected or required textural properties. The model
was developed and validated using a complete 3D printing method allowing for
targeted heat induced material transitions to actively modulate the material’s
mechanical properties. At the same time, fundamental textural relations in the elastic
regime were elucidated for 3D printed closed-cell foams using analytical methods and
transient mechanical FEM simulations. After achieving a textural design model in the
elastic regime, further nonlinear large-strain behavior was elucidated. The overall
deformation behavior, strain rate-dependent and viscoelastic responses of 3D printed
closed-cell foams were characterized. At different strain conditions, the deformation,
structural stresses, densification behavior, and failure criteria were investigated and
characterized depending on the foam design characteristics. This method and
characterization enable the complete mapping of deformation and textural behavior of
3D printed closed-cell foams which facilitates, for the first time, the production of

cellular food structures with specifically targeted textural behavior.

Finally, this thesis focuses on establishing the foundation for 3D printing of starch-
based textures by the development of generalized methodologies in 3D texturing, in-
line monitoring and thermal stabilization as well as techniques for the design of textural

properties and spatial localization of flavors. Additionally, characterization of
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fundamental material-process interactions and textural relations of 3D printed starch-
based cellular foams is performed.
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Zusammenfassung

Die Methodik des 3D Druckes eignet sich durch die im hohen Malke gegebene
Genauigkeit, Prazision und Reproduzierbarkeit, sowie der Kontrollierbarkeit der
schichtbasierten Eigenschaften fur die Herstellung von starkebasierten Schaumen.
Werden solche Produkte mittels traditioneller Methoden hergestellt, sind undefinierte
texutrelle Eigenschaften unumganglich. Die Etablierung der hochprazisen 3D-Druck-
Methodik im Bereich starkebasierter Schaume wurde eine Mdglichkeit zur definierten
Strukturierung und Texturierung schaffen. Im herkdmmlichen Strukturierungsprozess
ist die Entstehung von undefinierten Texturen auf eine aperiodische Anordnung der
Gasblasen, Defekte und unregelmalige Zellwande zuruckzufuhren. Die
Unkontrollierbarkeit und damit schlechte Reproduzierbarkeit dieser strukturellen
Heterogenitat erschwert die Aufklarung der Zusammenhange zwischen Struktur,
Textur und sensorischer Wahrnehmung. In bisherigen Veroffentlichungen im Bereich
des 3D Drucks lag der Fokus entweder auf der Druckbarkeit (Printablity) von
Materialien oder der Variation von Texturen durch die Anwendung verschiedenster
Druckmethoden, wohingegen ein Mangel an Wissen und Methodik zur gezielten
Aufklarung von Textur-Geschmacksinteraktionen durch die Anwendung von
Texturierungs- und Modellierungsansatze im 3D Druck besteht. Das Ziel dieser Arbeit
war daher die Entwicklung von Methoden fur den 3D Druck zur Charakterisierung der
Printability, gezielten Texturierung von starkebasierten Schaumen sowie zur
Geschmackslokalisierung. Durch die Nutzung dieses methodisch getriebenen
Ansatzes sollen Abhangigkeiten der Druckqualitat und des Texturverhaltens zellularer

Strukturen unter Deformation aufgeklart werden.

In einem ersten Schritt wurde eine kamerabasierte, morphologische Methodik
entwickelt, um die Printability von starkebasierten Materialien durch eine in-line
Bildaufnahme und —auswertung zu ermdéglichen. Durch die Anwendung der Methodik
konnte dartber hinaus das Verhalten der gedruckten Materialien bezuglich ihrer
rheologischen Antwort aufgeklart werden. Die darauf definierten Schlusselparameter
zur Qualitatsbeurteilung, erlauben eine Auswahl geeigneter Druckmaterialien. Durch
die Anwendung dieser Methodik wurde der Zusammenhang zwischen dem
rheologischen  Verhalten von verschiedenen starkebasierten  Materialien

unterschiedlichen Wassergehalts und deren Verhalten wahrend und nach dem
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Druckprozess ermittelt. Weiterhin wurde die Druckqualitat durch den Vergleich der
geometrischen Formen der gedruckten Strukturen und den zugrundeliegenden
Designvorgaben evaluiert und diese mit dem rheologischen Verhalten in
Zusammenhang gesetzt. Die somit entwickelte Methodik dient als Grundlage fur die

Auswahl von Druckmaterialien basierend auf ihrem viskoelastischen Verhalten.

Weiterhin wurde eine innovative 3D Strukturierungs- und Lokalisierungsmethode
entwickelt und validiert. Hintergrund dieser Entwicklung war die Zusammenflhrung
von Texturierungsvorgangen, einer in-line thermischen Behandlung und einer
modulierenden Geschmacks- und Aromalokalisierung fur die Aufklarung der
mechanistischen Zusammenhange zwischen Textur- und Geschmackswahrnehmung.
Durch die Nutzung fokussierter thermischer Stabilisierungstechniken und einer
dynamischen Anpassung der Druckeinstellungen, wurden konstante
Textureigenschaften erreicht, welche unabhangig von der Lokalisation von
Geschmacksstoffen waren. Daruber hinaus kann basierend auf dieser entwickelten 3D
Strukturierungs- und Lokalisierungsmethode ein umfassendes Verstandnis Uber den
sensorischen Eindruck in Abhangigkeit der Lokalisierung und Konzentration von

Geschmacksstoffen erreicht werden.

Im Weiteren wurde eine 3D-Druck Methode fur das gezielte Design von
Textureigenschaften im elastischen Regime entwickelt, welche sich vom bisher
gangigen Ansatz der reinen texturellen Modulation abhebt. Hauptziel dieser Methodik
war die Gestaltung von 3D-gedruckten Strukturen zur Erzielung definierter textureller
Eigenschaften. Das hierbei entwickelte Hardness Targeted Phenomenological Foam
Model (HT-PFM) erlaubt die Gestaltung von 3D-gedruckten Strukturen ausgehend von
definierten texturellen Eingabegréfien. Das HT-PF Modell wurde hierbei entwickelt und
validiert, um durch gezielte hitzeinduzierte Ubergadnge die mechanischen
Eigenschaften von Materialien zu modulieren. Gleichzeitig wurden durch die
gemeinsame Anwendung von analytischen Methoden und transient mechanischen
FEM Simulationen fundamentale texturelle Zusammenhange fir 3D-gedruckte
Schaume mit geschlossener Zellstruktur aufgeklart. Auf Grundlage dieses
Texturdesignmodelles, welches im elastischen Bereich Gultigkeit besitzt, wurden auch
im nichtlinearen Bereich das belastungsabhangige Verhalten dieser Strukturen
aufgeklart. Hierzu wurde das Deformationsverhalten, die Abhangigkeit von der

Deformationsrate und das viskoelastische Verhalten von 3D-gedruckten Schaumen

5
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mit geschlossener Zellstruktur quantifiziert. Fur unterschiedliche Belastungsarten
wurden hierbei das Deformations-, strukturelle Spannungs- und
Verdichtungsverhalten, sowie die Grenzbedingungen flr Materialzuverlassigkeit
untersucht und in Abhangigkeit des Schaumdesigns betrachtet. Die entwickelte
Methodik und Charakterisierung ermoglicht somit eine vollstandige Aufklarung des
Deformationsverhaltens und der Textur von 3D-gedruckten Schaumen mit
geschlossener Zellstruktur, wodurch erstmalig die gezielte Herstellung von zellular
geschaumten Lebensmitteln mit maldigeschneidertem texturellen Verhalten ermdglicht

wird.

Die vorliegende Arbeit konzentriet sich diese Arbeit auf die Schaffung der Grundlage
fur den 3D-Druck von starkebasierten Texturen durch die Entwicklung allgemeiner
Methoden in der 3D-Texturierung, in-line monitoring und thermischen Stabilisierung
sowie Methoden fur das Design von Textureigenschaften und die raumliche
Lokalisierung von Geschmacksstoffen. Daruber hinaus wird die Charakterisierung
grundlegender Material-Prozess-Wechselwirkungen und Texturbeziehungen von 3D-

gedruckten starkebasierten Texturen durchgefihrt.
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1 Introduction

As the use of additive manufacturing AM or 3D printing technologies in the texturing of
foods and starch-based material systems is relatively newly adopted, several
advantages as well as challenges exist. Complex food structures can be produced
incorporating customized textures, functional ingredients, and personalized nutrition
which is enabled by the geometrical accuracy and precision of 3D printing (Nachal et
al., 2019; J. Sun et al., 2018; J. Sun, Peng, et al., 2015; Wegrzyn et al., 2012). From a
scientific perspective, 3D printing can also be used for obtaining and elucidating
complex material, textural, and sensorial relationships (Fahmy et al., 2021). This is
performed by the manipulation of material’s constituents and structural properties as

well as by the targeted incorporation of aroma and flavor active compounds.

In this chapter, 3D texturing approaches are highlighted as well as key technological
adaptation challenges and requirements for the texturing of food and starch-based
material systems. In section 1.1, state of the art 3D food printing techniques is
presented. This section also gives an overview on the printing behavior of food
materials. Section 1.2 presents the theory and application of texture modulation using
3D printing as well as the knowledge gap in the applied research. Moreover, section
1.3 introduces the post-processing techniques used after 3D texturing. At the end of
this chapter, the objectives and the framework of the thesis are presented in section
1.4.

Following the outline of section 1.4, chapter 0 presents the developed methods,
conducted research and obtained results for 3D printing and texturing of starch-based
materials. Subsequently, a critical discussion of the applied methods, approaches and

results is highlighted in chapter 3.
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1.1 3D printing of food material systems

Originally, AM was invented for the fabrication of complex structures in a single step
to eliminate processing on multiple stages. The development of 3D printing
technologies was first introduced in the fabrication of engineering materials such as
polymers, metals, and ceramics (Hull & Arcadia, 1984; Kodama, 1981). For the same
operation concept, 3D printing has evolved over the years to transform logistics and
manufacturing processes to include multiple methods, materials, and technological
equipment (Jordahl et al., 2018; Otcu et al., 2019). Due to its continuous development,
3D printing technologies are being integrated in various industrial and research sectors
like construction, biomedical and most recently the food sector. The adoption of the
technology in different industries is attributed to the approach’s associated advantages
including personal customization, material saving, high precision and design flexibility
(Mitchell et al., 2018).

3D printing is an automated electro-mechanical manufacturing approach. It is a rapid
prototyping RP technique where 3D geometries are planarly structured from point to
point and built in a layer-by-layer approach from 3D CAD models (Godoi et al., 2016).
The operation of 3D printing technologies is applied on multiple stages (Pereira et al.,
2021). The first stage is the design and modeling of the constructs using a CAD
software. After the design is completed, STL file of the model is generated. The second
stage is uploading of the design on the printing or slicing software where the material-
dependent printing settings are defined. Such settings include the layer thickness,
printing temperature, and speed. In this stage, the model is converted into individual
layers and the printing settings are applied. The slicing of the bulk models into layers
is essential to perform the layer-based fabrication through 3D printing. Finally, through
the printing software, a G-code (machine instruction programming language) is
generated and communicated to the printer’'s hardware to perform the manufacturing

process.

Food production and processing using 3D printing is called food layered manufacturing
FLM where structures are built layer-by-layer (ASTM-International, 2012). In the food
sector, structuring of viscous food materials was first introduced through a modified
open source 3D printer design (Malone & Lipson, 2007). In general, the purpose of
applying 3D printing in food structuring is associated with the personalization, new

textures, and enhanced nutritional aspects (Keunings et al., 2016; Lipton et al., 2010;

8
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Periard et al., 2007; Vesco & Lipson, 2009). Finally, the adoption of 3D printing
technologies in the structuring of food materials is challenging due to the wide variation

of physiochemical properties of food materials.

1.1.1 3D food printing techniques

Different types of 3D printing technologies are applied and studied for food fabrication.
The adopted process are categorized depending on the state or type of used material
as 2 main categories exist (Godoi et al., 2016; J. Sun, Peng, et al., 2015). The first
category is extrusion and deposition technologies, shown in Figure 1-1. This approach
relies on extrusion and deposition of viscous and liquid-based food materials.
Moreover, this category includes FDM or material extrusion and Ink-jet printing. The
second category is powder-based technologies. As shown in Figure 1-2, these AM
technologies are applied on powder-based materials where structures are bound
together using a binding mechanism such as liquid binders, hot air, and lasers. Powder
based technologies include Binder Jetting BJ, Hot air sintering, and Selective Laser
Sintering SLS (Fan Yang et al., 2017). All 3D printing techniques either modified or not,
rely on the mentioned techniques for the design and processing of food structures.

a) b)

Dlspensmg Array |

4
="

X-¥
Ink 1 ‘7L’

—_—~

Figure 1-1: Extrusion and deposition 3D printing technologies (J. Sun, Zhou, et al., 2015): a) FDM 3D
printing; b) Ink-Jet 3D printing.

FDM or material extrusion 3D printing is the main technique used in texturing of foods
and starch-based material systems. It is used due to its ability to handle high viscosity
and viscoelastic systems like dough (Fahmy et al., 2020). FDM 3D printing uses an
extrusion system to deposit the material through a fine nozzle (M. Zhang et al., 2017).
There are three extrusion principals applied for food materials which are screw-based

extrusion, syringe-based extrusion, and air pressure extrusion (Guo et al., 2019;
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Makino et al., 2017). In screw-based extrusion, the materials are transported to the
nozzle through a moving screw. Direct force through a motor or a piston is used to
transport the materials through the nozzle in syringe-based extrusion. For FDM 3D
printing, the applied extrusion principle influences the printing behavior and
geometrical quality depending on the viscoelastic behavior of the printed food material.
a) b)

532
| Hot Air Sintering
| Powder Bed | © - l
z
c)
Dispensing Array
Liquid Binder
| Powder Bed | y

Figure 1-2: Powder-based 3D printing technologies (J. Sun, Zhou, et al., 2015): a) Hot air sintering; b)

Selective laser sintering SLS; c) Binder jetting BJ.

1.1.2 Printing behavior and printing quality assessment

Material-process interactions define the geometrical quality of the printed structures.
The printing quality of food and starch-based materials is assessed for optimizing the
printing process and material selection (Lanaro et al., 2017). Different studies were
conducted concerning the applicability of using different food formulations with material
extrusion 3D printing. Concerning the assessment of printing quality, studies used a
range of food and starch-based materials to correlate geometrical attributes with the
rheological behavior and viscoelastic response of the materials. The studied
formulations included hydrocolloid and starchy gels, cereal-based matrices, potato and

wheat starch-based formulations, cheese, chocolates, and a combination of fruits and

10
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vegetables (Alvarez-Castillo et al., 2021; Feng et al., 2020; Keerthana et al., 2020; Y.
Liu et al., 2019; Z. Liu et al., 2019; Paolillo et al., 2021; Phuhongsung et al., 2020; E.
T. Pulatsu et al., 2020; Sager et al., 2021; Y. Sun et al., 2020; Theagarajan et al., 2020;
Varghese et al., 2020). This section of the thesis focuses on the printing quality
assessment parameters and factors affecting the printing accuracy of FDM or material

extrusion printing.

Several factors were identified that influence the printing precision and accuracy of
food and starch-based systems (M. Zhang et al., 2017): a) extrusion principle, b)
processing parameters or printing settings, c) rheological response of the materials.
Considering the rheological properties of the printed materials, the viscosity should
satisfy 2 conditions. The viscosity of the material should be low enough to allow the
successful extrusion of the material. Also, it should be high enough in combination with
the elastic component of the material to hold subsequent deposited layers and to
eliminate structural collapse or slumping (Kim et al., 2017; Godoi et al., 2016; M. Zhang
et al., 2017). Also, shear-thinning behavior and post-printing structural regeneration is

required for the reason mentioned previously.

As an example of a printability study focusing on the material’s rheological response,
Lui et al. investigated the influence of rheological properties on 3D printing quality of
mashed potato formulation with different concentrations of potato starch (Z. Liu et al.,
2017). The authors concluded that, concerning rheological-based material selection,
the starch-based material should possess a suitable elastic modulus G* and yield
stress oy for maintaining printed shapes. Also, a relative low consistency index k and
flow behavior index n is required for successful extrusion. For the study’s process
dependent approach, the authors showed that through the increase of starch
concentration (at 2% on weight bases) to obtain specific rheological levels, sufficient
extrudability and printability can be obtained. The study concluded that a k of 118.44
[Pa.s"] and a mechanical strength through a oy of 312.2 [Pa] leads to stable structures
while printing at a feature resolution of 2 mm (Z. Liu et al., 2017). Also, the lack of
addition of starch to the formulation induced a decrease in the G frequency response
and in the yield stress with a oy of 195.9 [Pa] which led to structural collapse and
slumping behavior. On the other hand, increasing the starch concentration above a
certain level (at 4% on weight bases) led to poor extrudability. This occurred at a high
k of 214.3 [Pa.s"] and at a high oy of 370.3 [Pa]. Although the authors investigate the

11
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influence of the material’s rheological response on 3D printing, the analysis of the
printed structures were not done quantitatively using precise analytical methods. Also,
the printability evaluation was done on complex structures where structural
simplification could be useful in obtaining direct correlations between the rheological

response and geometrical parameters as well as viscoelastic induced defects.

The processing parameters are also crucial in the resultant quality of the printed food
structures. Such processing parameters include the nozzle diameter, height, extrusion
rate, and printing speed. Hao et al. obtained a model defining the critical nozzle height

for food deposition using chocolate as a reference material (Hao et al., 2010):

h, = 24 (1.1)

vnDp

Where, h, is the critical or optimal nozzle height [mm], V; is the extruded volume per
unit time [mm?3/s], v, is the printing speed [mm/s], and D,, is the nozzle diameter [mm].

The authors showed that at a height lower that the calculated h. protrusion occurs in

the direction perpendicular to the deposition directions. This occurs as the extruded
volume at the selected printing speed is higher than the available space under the
nozzle. Conversely, at heights higher than the calculated critical height, the printing
accuracy decreases as the material does not reach the printing platform in the required
time. Another example of processing setting is the nozzle diameter. The study by Wang
et al. showed that the use of nozzle diameter (0.8 mm and 1.5 mm) not compatible
with the material-dependent flow rate led to printing inconsistencies and affected the
printing precision and surface quality of fish-based gels (L. Wang et al., 2018).
Furthermore, the printing speed and extrusion rate are also a main determinant in the
resultant quality. A study by Khalil and Sun proposed an equation for determining the
printing speed (Khalil & Sun, 2007). The nozzle movement rate can be determined
using the selected nozzle diameter as well as the material-dependent flow rate (Khalil
& Sun, 2007):

v, = -2 (1.2

D2
Where v, is the critical or optimal movement speed [mm/s], Q is the material flow rate

[mm3/s] and D,, is the nozzle diameter [mm]. Results showed that a velocity greater

than the calculated critical value led to an overall lower extruded volume while a lower
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velocity led to an overall higher extruded volume which resulted in geometrical
inaccuracies in the printed structures (Khalil & Sun, 2007).

1.2 Textural modulation using 3D printing

The texture of foods is scientifically explained as the interaction of the resultant
structural, mechanical and surface properties (A. S. Szczesniak, 2002). Highly
dependent on the type of food, texture plays an important role in the food process
engineering field (Bourne, 2002; Monaco et al., 2008). Concerning starch-based food
products such as bread, the texture is a fundamental component in influencing the
sensory perception and consumer’s acceptance (S. Wang et al.,, 2013). Having a
significant impact on consumer perception, the texture of starch-based products is
dictated by its pore structure, overall porosity and pore distribution (Scanlon & Zghal,
2001; Zghal et al., 2002). Most importantly, the structure of starch-based foams defines
the products’ handling as well as it affects the product’s mastication performance (Gao
et al., 2018; S. Wang et al., 2011). Furthermore, the mastication process which is
dictated by the textural behavior can be related to the nutritional characteristics
(Takahashi et al., 2009). This is highly dependent on the formation process of cellular

starch-based foams.

Structure-texture of cellular food foams

Macroscopic Microscopic
Q,\ foam structure foam structure
-Pore size & distribution -Matrix & structure
-Properties of cell walls -Interactions
\'d v

§.§/ D
Structure under compression —
\Q\ P

Structure )) Molecular, chemical, physical and geometrical configuration of the cellular food foam

Texture )) The manifestation of the mechanical behavior which is dictated by the foam's structure

Figure 1-3: Relation between structure and texture of cellular food foams.

The processing and formation of cereal- and starch-based foams such as the bread

crumb involves a superposition of physical and chemical processes. The processing is
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performed on 3 stages which are mixing and development of the dough, formation of
the foam structure, and stabilization of the porous structure (Kent & Evers, 1994).
During the mixing and development of the dough, 3 processes occur which are
hydration, development of a protein network, and occlusion of air. At the time of
hydration, a large amount of water is absorbed by the biopolymers in particular by the
hydrophilic groups on the protein molecules (Farrand, 1969). The extent of water
uptake by starch is altered by the amount of crystallite shearing the occurs during the
milling process (Evers et al., 1984; Scanlon et al., 1988). For the development of the
gluten network, the mechanical kneading input converts the flour and water mixture
into a cohesive dough mass through the insoluble flour proteins (Bloksma & Bushuk,
1988; Weegels et al., 1996). The proteins form complexes with lipids and some
carbohydrate components like the starch granules and other filler materials to form a
coherent viscoelastic structure encapsulating the air cells (Bloksma, 1990b, 1990a).
This is apparent when the dough is optimally developed. Acting as the cell wall material
in the transitioned crumb, optimal development of the protein network is essential for

the structuring of the crumb (Zghal et al., 1999).

Occluded air is one significant component of the developed dough. The occlusion of
air occurs during the mixing process and also from the air trapped in the bulk volume
of the flour mass (Campbell et al., 1991; Chamberlain & Collins, 1979; Shimiya & Yano,
1987, 1988). In subsequent operations and processes, no generation of new cells
occur despite the action of leavening agents (Baker & Mize, 1941). Considering the
formation of the foam structure inside the dough, CO2 gas is generated within the liquid
phase through the action of the used leavening agent. Due to a concentration gradient,
the gas diffuses in solution to the air nuclei. Then, the density of the dough decreases
as the nuclei expand into gas cells (Chamberlain & Collins, 1979; Shah et al., 1998).
The final proofing stage is the determinant of the bread crumb regardless form the
mixing action or the subdivision of cells in the sheeting and molding processes (Shah
et al., 1998).

For the stabilization of the cellular structure, the crumb structure is set by the
conversion of the liquid phase to a solid phase during thermal stabilization or baking.
A dominant class of polymers in the cellular cell walls is transitioned by the moisture-
heat regime during the baking process. Partial melting of the hydrated starch granules

occurs as well as the aggregation of a polymer class with the gluten proteins

14



Introduction

(Blanshard, 1986; Donovan, 1979; Weegels et al., 1994). The cell wall material of the
stabilized crumb structure is a proven complex composite as also molecules
manifested form the starch granules contribute to the molecular associations
(Biliaderis, 1991; Martin et al., 1991). During baking, further expansion of the gas cells
occur which is controlled by the viscosity and mechanical properties of the cell walls
(Fan et al., 1999).

Figure 1-4: 2D image analysis of the crumb structure and pore labelling for wheat bread.

The deviations in air occlusion during the mixing of different doughs give rise to cellular
solids with different structures. Also, the expansion and distribution of gas cells are
highly dependent on the non-independent nature of gas cell growth and the
subsequent processing operations such as punching, sheeting, and molding.
Moreover, the macroscopic physical properties of the crumb is affected by the
concentration of starch in the cell walls and by the degree of melting (Evans & Lips,
1992; Luyten & van Vliet, 1995; Soulaka & Morrison, 1985). Therefore, this in turn
induces deviations in the resultant mechanical properties of the developed foams
(Benning, 1969; Brezny & Green, 1990; Chaffanjon & Verhelst, 1992).

1.2.1 Mechanical behavior of starch-based foams

During handling and mastication, the physical texture of cereal- and starch-based
foams such as bread is characterized by the mechanical behavior. Referring to the

loading response of the whole foam structure, the mechanical behavior is in defined
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by a combination of the solid matrix properties, relative density, and pore distribution
(Cauvain & Young, 2006; S. Wang et al., 2013). The material constituents which
controls the solid matrix properties explains the loading response of structural
elements of the cellular structure on a material level (Ashby, 2001; Avalle et al., 2007;
Roylance, 2008; Sharma, 2010).

Starch-based foams are two-phase cellular composite solids with high porosity
(Scanlon & Zghal, 2001; Zghal et al., 2002). A starch-based cellular solid is a structure
composed of an interconnected network of struts or plates with a dispersed fluid or gas
phase. There are two main types of cellular solids, open- and closed-cell foams (L. J.
Gibson, 1989; Lorna J. Gibson & Ashby, 1999). Cellular materials of open-cell nature
are characterized by an interconnected internal structure and gas cells. On the other
hand, cellular materials of closed-cell nature are defined by a solid membrane covering
and isolating individual gas cells. The structure of cereal- and starch-based foams are
considered to be of open-cell nature where the cells are mainly of polyhedral design
which can be contributed to the forming process (Gao et al., 2018; Jang et al., 2008;
Landers et al., 2008).

Starch-based cellular materials are categorized as elastomeric open-cell foams based
on their quasi-static compressive behavior (Gao et al., 2018; L. J. Gibson, 1989). The
large deformation stress-strain behavior follows 3 distinct regimes: a) an elastic
regime, b) a yielding and stress plateau regime, and c) a strain locking or densification
regime. Each deformation phase or regime defines a particular mechanism of
deformation. First, the elastic regime is defined by the bending of cell walls or by the
elastic compression of the cell struts. Second, the stress plateau deformation can be
described depending on the constitutive material of the cell walls as plastic yielding,
elastic buckling or brittle fracture. Third, strain locking or densification occurs when the
cells have completely collapsed due to the meeting of opposing cell walls. As shown
in Figure 1-5, this region is distinguished by the non-linear increase behavior of stress.
However, the tensile behavior of elastomeric open-cell foams is slightly different (L. J.
Gibson, 1989). The stress plateau does not occur where it is truncated by tensional
cell alignment. Furthermore, the textural properties of starch-based foams are directly
related to the described deformation behavior and the response of the structure to

mechanical loading.
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Figure 1-5: (Left) stress-strain behavior of elastomeric foams under quasi-static compression; (Right) TPA

force-time characterization through a double compression test.

The textural properties are described scientifically as the manifestation of the
interactions between material, structural, and surface properties (Corp & Plains, 1973;
A. S. Szczesniak, 1963; Trinh & Glasgow, 2012). The textural behavior of starch-based
foams is elucidated using a double compression test through texture profile analysis
TPA. Also, other analytical and sensorial methods exist in literature. For simplification,
the textural properties are categorized in 2 groups. The first group (called initial) which
are obtained from the first compression cycle include the hardness and fracturability of
the tested structure. The hardness is the obtained peak force for a pre-defined level of
deformation while the fracturability is the force where structural collapse or failure first
occurs (Micha Peleg, 2019). The second group of textural properties are described as
masticatory as the tend to approximate the chewing behavior of structures. This group
includes the structural cohesiveness, the adhesiveness, the gumminess, the
springiness, and the chewiness. The cohesiveness is correlated to the strength of the
material’s internal bonds; the adhesiveness denotes the work required to overcome
adhesion while the gumminess is the energy required to disintegrate the cellular
structure. Moreover, the springiness or elasticity is defined as the rate at which a
deformed structure returns to its original state while the chewiness is described as the
mechanical energy required to chew a solid food structure. The mechanical behavior
and textural properties of starch-based foams influences the functional, mastication
and sensory characteristics (A. S. Szczesniak, 2002). Therefore, the introduction of 3D
printing approaches is promising for the control and customization of starch-based

textures.
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1.2.2 3D printing and fabrication of starch-based textures

The modulation and variation of textures using 3D printing is performed through the
selection of ingredients and through the manipulation of the microstructural
interactions, material properties, and morphology of the cellular structure (Pereira et
al., 2021). Recently, several studies found in literature showed successful modulation
of textural properties of printed structures using different starch-based materials (A.
Derossi, Caporizzi, Oral, et al., 2020; A. Derossi, Caporizzi, Paolillo, et al., 2020;
Jonkers et al., 2020; Z. Liu, Bhandari, et al., 2018; Z. Liu & Zhang, 2021; Noort,
Vancauwenberghe, et al., 2017; Piovesan et al., 2020; E. Pulatsu et al., 2020; Severini
et al., 2016; Varghese et al., 2020; Fan Yang et al., 2019; L. Zhang et al., 2018).
Moreover, most studies concentrate on elucidating the influence of the printed internal
cellular structure on the textural properties. On the other hand, only few studies focus

on the targeted design of textural properties using 3D printing.

One of the earlier studies to demonstrate variable starch-based textures through
morphological manipulation using 3D printing, Noort et al. showed a texture modulation
approach using different cellular configurations and material micro-porosity (Noort, Van
Bommel, et al., 2017; Noort, Vancauwenberghe, et al., 2017). In this study, the authors
FDM printed 3D honeycomb structures using wheat flour dough. The authors produced
a linear decrease in rupture strength by printing structures with variable macro- and
micro-porosities ranging 27% to 60%. The authors also presented an approach for
introducing micro-porosity using coaxial extrusion nozzle to create air bubbles down to
100 um in diameter. On another note, Derossi et al. elucidated the effect of relative
density on the structural hardness using 3D FDM printing (A. Derossi, Caporizzi,
Paolillo, et al., 2020). For this study, a wheat flour dough formulation was used which
was composed of wheat flour (62 g/100 g on weight bases w.b.), olive oil (6 171 g/100
g w.b.), sodium chloride (1 g/100 g w.b.) and distilled water (31 g/100 g w.b.). The
structures were printed using an internal cube-shaped pores enclosed in a
parallelepiped structure at 6 different structures with varying porosity fraction from 18
to 54%. Using compression analysis, results showed a reduction in hardness of the 3D
printed structures where the hardness was reduced from 289 N to 84 N for the relative

densities of 0.569 and 0.401, respectively.

For the design of mechanical properties, Piovesan et al. presented a combined 3D
printing and FEM approach to texture wheat flour dough (Piovesan et al., 2020). The

18



Introduction

authors elucidated the correlation between the Young’s modulus of the cellular
structure (as a proxy for textural properties) and the structural properties. In this study,
a comparison was conducted between data obtained from compression tests and
predicted textural properties from FEM simulations. This comparison was performed
to enable the future design of structures with desired textural properties. The authors
used a cookie dough recipe composed of wheat flour (48.43%), sugar (9.69%),
polydextrose (9.69%), margarine (24.21%), egg protein powder (2.42%), water
(4.84%), emulsifier panodan (0.48%), and vanilla sugar (0.24%). 3D printing and FEM
simulations were performed on 3D open-cell honeycomb periodic structures with
variable cell sizes, wall thicknesses, and number of cells. Most importantly, the results
showed an independency of the structure’s Young’s modulus on the wall thickness and
cell size where a linear decrease occurred with respect to the increase in sample
porosity (Piovesan et al., 2020). This suggests that the targeted design of structures
to achieve desired levels of Young’'s modulus can be achieved only through the
modulation of material properties and porosity. Also, the authors showed that the final
porosity of the printed structures must be considered during simulation to achieve high

precision in the prediction of the textural properties.

1.3 Post-processing and thermal stabilization

FDM or material extrusion 3D printing is the most used technique in the texturing of
food or starch-based structures. However, it is mostly used in the food sector as a cold
extrusion technique. Consequently, process compatible post-processing methods are
required to induce the necessary physiochemical changes for production level
integration. With regards to texture development and consumption of starch-based
foams, physiochemical changes including dehydration, starch gelatinization, and
recrystallization are essential (Lagrain et al., 2012; Ratnayake & Jackson, 2008). In
addition, low water activity and microbial growth are important for storage stability of
starch-based products. Thus, post-processing and thermal stabilization techniques are
often used for starch-based materials subsequent to 3D printing.

The use of post-processing methods for starch-based structures in conjunction with
3D printing is challenging as they can induce structural deformations and can change
the 3D printed features (He et al., 2020; Keerthana et al., 2020; Pereira et al., 2021;
Fan Yang et al., 2019). Still a limited quantity, studies are incorporating various post-

processing techniques in their approach for 3D printing of starch-based structures. The

19



Introduction

studies mainly focus on textural development while investigating the structural and
geometrical induced effects in relation to the material’'s composition. The used post-
processing methods include frying, steaming, and baking as well as freeze- and
microwave-drying (Antonio Derossi et al., 2018; Feng et al., 2020; Z. Liu, Zhang, et al.,
2018; Z. Liu & Zhang, 2021; Martinez-Monz¢6 et al., 2019; E. Pulatsu et al., 2020;
Severini et al., 2016; Fan Yang, Zhang, & Liu, 2018; Zhao et al., 2021). The mentioned
approaches are primarily used after printing where the development of in-line

controlled thermal stabilization is still limited.

Oven-drying or baking of 3D printed starch-based structures is the most investigated
post-processing method found in literature. For this post-processing technique, the
output results are defined by the material constituents, physiochemical transitions,
hydration level, structural configuration, and processing conditions (Feng et al., 2020).
For 3D printing, the structures should geometrically resist post-processing induced
deformations. Thus, most studies focus on resolving shape and structural stability
through formulation control and by the inclusion of additives in the form of stabilizing
agents (He et al., 2020; Kim et al., 2019). Concerning the effect of material constituents
on printing quality after post-processing, Kim et al. characterized the influence of
increasing hydrocolloid concentration in a wheat flour-based dough formulation (Kim
etal., 2019). 4 different MC and XG concentrations of 0.5, 1, 2, and 3 g/100 g on dough
basis were used. The hydrocolloid containing formulations were compared to the
control formulation in terms of geometrical stability after baking at 170 °C for 15 min.
During baking, results showed that the exclusion of hydrocolloids led to structural
collapse of the printed structures during thermal stabilization. Besides, the
incorporation of MC did not improve the structural stability after baking. Contrarily, the
addition of XG improved the shape retention after baking. The study highlighted the
influence of formulation control on printing quality with the integration of post-
processing and thermal stabilization after 3D printing.

Also, different studies focus on elucidating the relationship between the baking
performance of 3D printed starch-based structures with printing parameters. Serevini
et al. investigated the evolution of the output geometry and relative density of printed
wheat flour dough after baking (Severini et al., 2016). The authors printed simple
cylindrical structures of 177mm diameter and 25mm height while varying the relative

density and layer thickness of the printed structures. The structures were FDM 3D

20



Introduction

printed using a dough of 100% wheat flour with a hydration level of 54 g/100 g of dry
materials. In this study, the printed structures were baked at 200 °C. The study showed
that, for all printed starch-based structures, the overall morphological and geometrical
attributes remained after baking while various deformations occurred during thermal
physiochemical transitions. A decrease in the designed geometrical dimensions of the
printed structures occurred due to mass transfer during drying. Furthermore, the study
showed that an increase in the targeted relative density occurred. The results obtained
from several studies showed that post-processing induced discrepancies of
geometrical and structural parameters must be considered during the design process

of the cellular structures.

1.4 Thesis objectives and outline

Starch-based products like bread are cellular solids which are produced through a
series of random physical and chemical processes (Zghal et al., 2002). Thus, the
process-induced structure is generally heterogeneous (Silva et al., 1995). Due to lower
sensitivity during mastication compared to analytical characterization, structural
heterogeneity presents no deterministic concerns in terms of consumption. On the
other hand, the complete determination and elucidation of correlations and causality
between sensory, structure, and texture is still a challenge facing researchers in both
theoretical and applied area of texture studies (Gao et al., 2018; Alina Surmacka
Szczesniak, 1986; Scheuer et al., 2016). FDM 3D printing is introduced as a tool for
standardization of textures and for localization of flavor/aroma active compounds.
Considering its operational fundamentals, 3D printing can provide new insights in the
elucidation of texture and sensory perception relationships. Consequently, new 3D
printing texture processing methods are required.

First step in the adoption of 3D printing for the texturing of foods and starch-based
materials is evaluating the material-process interaction. Printing quality or printability
analysis is based on elucidating the geometrical behavior of printed structures with
respect to the material constituents and viscoelastic rheological behavior. Much
research was performed on characterizing the printing quality of different food systems
with material extrusion 3D printing. However, various research limitations as well as
knowledge and development gaps were identified. First, most research is performed
on complex material systems which limits the correlation between the printing quality

and the material constituents contributing to the flow and rheological behavior of the
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printed food systems (Alvarez-Castillo et al., 2021; Chen et al., 2019; Keerthana et al.,
2020; Y. Liu et al., 2019; Z. Liu et al., 2019; Phuhongsung et al., 2020; Sager et al.,
2021; Severini et al., 2018; Theagarajan et al., 2020). As a consequence, obtaining
general causality of printing quality attributes on material constituents or rheological

behavior often fails.

Also, limitations regarding the approach for evaluating the printing quality are evident
in previous research. Studies have carried out comprehensive characterization of the
relation between the material composition and printing quality while neglecting the
quantitative identification of morphological features and induced defects. As an
example, several studies have used visual assessment to discuss the printing stability
and resolution of 3D printed food structures (Z. Liu et al., 2017; Fanli Yang et al., 2018;
M. Zhang et al., 2017) while other studies use mechanical instruments (Fan Yang,
Zhang, Prakash, et al., 2018). The use of imaging was introduced in prior investigations
where off line and non-automated techniques based on 3D scanning and camera
imaging for geometry identification were used (Kim et al., 2017; Z. Liu, Bhandari, et al.,
2018).

Both, dual extrusion and thermal stabilization techniques combined with FDM 3D
printing were introduced for food texturing in published literature. Dual extrusion and
deposition is mainly used for the creation of multi-material food structures
(Gholamipour-Shirazi et al., 2020; Nachal et al., 2019; Periard et al., 2007; J. Sun,
Peng, et al., 2015; Tan et al., 2018). This approach is useful for switching materials to
fabricate specific features. For example, Liu et al. presented a dual extrusion 3D food
printing method for the creation of complex food structures from starch- and fruit-based
material systems (Z. Liu, Zhang, et al., 2018). As mentioned, this technique is
frequently used for multi-material integration where flavor or taste design aspects are
not considered. On another note, thermal stabilization techniques are used in the form
of post-processing of 3D printed structures. Different post-processing techniques
applied in literature include freeze and microwave drying, frying, steaming, and heating
(Z. Liu, Bhandari, et al., 2018; Z. Liu & Zhang, 2021; E. Pulatsu et al., 2020; Severini
et al., 2016; Fan Yang et al., 2019; L. Zhang et al., 2018; Zhao et al., 2021). Post-
processing is used in literature for texture development where the in-line integration of
thermal stabilization during 3D printing is not considered. Also, targeting specific

material transitions, controlling of mass transfer and of base material properties was
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not performed in literature. Therefore, FDM 3D printing is yet to be used for the
combined control of structure and flavor design through an integrated texturing,

flavor/aroma localization, and thermal stabilization approach.

The adaptation of 3D printing in texture modulation is newly applied and is not yet
comprehensively researched. This adaptation is founded on the understanding of
micro- and macro-structural behavior and mechanical properties of cellular food foams
(Attenburrow et al., 1989; Guessasma et al., 2008, 2011; Jang et al., 2008; Robin et
al., 2011; Zghal et al., 2002). 3D printing studies found in literature on the modulation
of food textures relies on the manipulation of textures using structures with 2D periodic
open cells. In addition, the texture modulation is often performed by the variation of
material compositions, internal structure patterns, and post-processing techniques (A.
Derossi, Caporizzi, Oral, et al., 2020; Kim et al., 2019; Lille et al., 2020; L. Liu et al.,
2019; Y. Liu et al., 2019; Z. Liu & Zhang, 2021; Pereira et al., 2021; Varghese et al.,
2020; Fan Yang et al., 2019). Only few and very recent studies characterizes the
relationship between textural properties and structural parameters such as the pore
geometry, cell wall sizes and cell count (A. Derossi, Caporizzi, Paolillo, et al., 2020;
Piovesan et al., 2020; Vancauwenberghe et al., 2018). Furthermore, all studies focus
on modulation aspect regardless to the development of an approach for designing food
structures to target specific textural properties. Finally, through all technological
advances and obtained knowledge, all studies are generally focused on the modulation
of the textural properties in the elastic regime only without characterizing the large

deformation stress-strain behavior.
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Figure 1-6: lllustration of the different levels of cellular food foam structures and its modulation using 3D

printing.

Based on the identified research and development gaps concerning 3D printing and

texture modulation of starch-based matrices, the following methodology-driven thesis

was conceptualized and developed. The thesis is structured as follows:

Development of an in-line camera-based methodology for the assessment of
printing quality during 3D printing. Using a morphological image processing
approach, post-printing geometrical attributes as well as viscoelastic induced
defects are quantitatively identified and studied on starch-based morphologies.
Establishment of a 3D printing methodology for the combined design of textures
and localization of taste distributions in starch-based structures. This 3D printing
method is developed as the controlled structuring of food textures incorporating
precise local aroma or taste distributions will enable the elucidation of texture-
flavor interactions as well as the control of the sensory perception of foods. In-
line NIR thermal stabilization technique are introduced for printability
improvement, geometrical stabilization, and moisture control. The presented
method is utilized in a sensory contrast study where defined concentration

gradients of sodium chloride are spatially printed in food textures.
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lll.  Applied texture design and modulation of starch-based textures using 3D
printing and in-line thermal stabilization.

a. Formulation of a generalized hardness design formula for the 3D printing
closed-cell starch-based foams using analytical texture analysis and
FEM simulations. For thermal stabilization and moisture control during
printing, in-line attenuation of base material's properties is developed
based on NIR thermal stabilization. The developed texturing approach
will enable the evolution of texture modulation to texture design where
the production of cellular food structures with specifically targeted
textural properties can be performed.

b. Extension of modulation applications using 3D printing in the large-strain
deformation regime. Characterization of relations between structure and
stress-strain behavior of closed-cell starch-based foams are presented.
A 3D printing-stabilization method is applied and optimized for targeting
heat induced physiochemical material transitions.

1.5 Methods

This section of the PhD dissertation contains the methods and approaches used for
characterizing the raw materials as well as for elucidating the behavior of the 3D printed
starch-based structures. Also, modifications of the printer through in-line monitoring

and thermal stabilization are described in this section.

Raw materials characterization

The protein and moisture contents of the raw ingredients were characterized following
the American Association of Cereal Chemistry international standards (AACCi) 46-16
and 44-01, respectively. The detailed description is mentioned in sections 2.2, 2.3, 2.4,
and 2.5.

3D printing setup and modifications

All printing trials and experiments were performed using a modified X400 V3 (German
RepRap GmbH, Feldkirchen, Germany). The printer modifications were performed for
the printing plate, extruders and for the integration the in-line NIR thermal stabilization
systems. The commonly used build plate’s polyetherimide (PEI) sheet was replaced
by a Build Tak 3D printing surface (Build Tak, New Jersey, USA) for increased material
adhesion. The original plastic extruder of the printer was replaced by 2 progressive
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cavity pumps (PCP) deposition systems (Vipro-head3 and Vipro-head5) purchased
from ViscoTec (ViscoTec GmbH, Toging, Germany). The Vipro-head3 and Vipro-
head5 pumps have theoretical flow rates of 0.3 to 3.3 mL/min and 0.5 to 6 mL/min,
respectively. The discrepancy in the flow rates between both used pumps were

accounted for in the printer’s firmware.

Printing models were modeled using SolidWorks (Dassault Systemes, Vélizy-
Villacoublay, France). Regarding the slicing software, simplfy3D (simplify3D, Ohio,

USA) was used to generate the machine G-code files.

A NIR spot heater was mechanically integrated on the print head. The 150 W NIR spot
heater was purchased from Optron (Optron GmbH, Garbsen, Germany) with a variable
output power. The used NIR-emitter has a peak wavelength of approximately ~0.98
pm. The attached lens has a 6 mm spot diameter at a focal length of 17 mm.
Considering the interface, a control unit was used as a link between the heater and the
3D printer which directly controls the heating power through the printer's
firmware/software communication. The specific heating approach, selected power and
movement speed of the heater are described in detail in sections 2.3, 2.4 and 2.5 of

the dissertation.

Image processing

For the analysis of the printing behavior of starch-based systems, two Basler cameras
acA1920-155uc (Basler AG, Ahrensburg, Germany) were used. The cameras have a
megapixel resolution of 1920 x 1200 and equipped with identical Kowa LM16HC lenses
with fixed focal lengths of 16 mm and a focus range of 300 mm. Both cameras were
mounted directly on the printer, one on the extruder head (for the top view) while the
other on the periphery of the build plate (for the side view). Separate scripts were used
for analyzing the top and side view of the printed structures. MATLAB was used to
develop the analysis scripts using its pre-existing imaging libraries and functions. The
full description of the developed imaging algorithms is mentioned in section 2.2.

FEM modelling and simulations
ANSYS Workbench 2020 R1 (ANSYS, Inc., Pennsylvania, USA) was used for all
simulations performed in this dissertation (sections 2.4 and 2.5). All developed models

were discretized using a maximum mesh size of 800 ym that gave more than 130000

tetrahedron elements for a designed unit cell volume of 8 cm3. For all simulations, a
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transient structural analysis was used. Double compression simulations were
performed at 10% deformation and 0.5 mm/s vertical velocity which corresponds to the
TPA analysis settings. All models were solved using a time step of 0.5 s for a total
double compression time of 20 s. For defining the material properties (density and
Young’'s modulus) in the material model, TPA test were performed on printed bulk
structures (0% porosity) of the used materials under quasi-static conditions at room
temperature and a low-strain rate of 0.025 1/s.

Rheological analysis

To determine the rheological and viscoelastic behavior of the 3D printing inks, an AR-
G2 rheometer (TA instruments, West Sussex, UK) was used. Wheat flour dough
samples were characterized using a parallel crosshatched plate geometry with a
diameter of 4 cm with a gap of 1 mm. For the gluten-free 3D printing inks, a DIN single
-gap concentric cylinders geometry was used with a conical rotor of 14 mm radius and
a 1 mm clearance to the wall and bottom. The rheological approaches, settings and
variables are presented in all of the articles presented in this dissertation (sections 2.2,
2.3,2.4 and 2.5).

Texture profile analysis

To characterize the textural properties as well as the stress-strain behavior of the 3D
printed structures, a Texture Analyzer type TA.TX. plus (Stable Micro Systems Ltd.,
Godalming, UK) was used. A 50 Kg measuring cell was used for all TPA experiments.
In addition, all compression trials were performed at a trigger force of 0.05N and at a
test speed of 0.5 mm/s. Measurements were conducted at a room temperature of 18
+ 2 °C. Moreover, the compression trials were performed using an uncoated 25 mm
cylindrical probe. For 3D printed samples with a surface area larger than 400 mm?, a
50 mm circular platen was used. Finally, further testing details and settings are

explained in sections 2.3, 2.4 and 2.5 of the dissertation
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2 Results

2.1 Summary of peer-reviewed articles

Within the results section, a summary of each thesis peer-reviewed article is provided.

Afterwards, full copies of the articles are presented.

3D printing and additive manufacturing of cereal-based materials: Quality analysis of

starch-based systems using a camera-based morphological approach

Adapting 3D printing for structuring of starch and cereal-based systems is ambitious
due to the materials' thixotropic and pseudoplastic behavior during extrusion and
viscoelastic post-printing response leading to structural collapse and various defects.
Therefore, to ensure printing precision, the material-process interactions were
investigated. An in-line camera-based image processing method was developed to
characterize the geometrical quality, structural stability and defects during printing to
be used for material selection. This developed method was used to evaluate output
width, length, height, area fraction, delay indices and drag/oozing artifacts of the
printed geometries. Also, structural collapse and slumping behavior were
characterized. Moreover, the printability method was used to monitor and elucidate the
printability of two starch-based material systems (gluten-containing and gluten free) at
various hydration levels. Relations between the geometrical and rheological
parameters were elucidated. For printing gluten-containing systems, the formation of
the complex gluten network act as structural stabilization element. On the other hand,
the connected protein network induces adhesive discrepancies and drag effects during
3D printing with respect to the used hydration level. Furthermore, over-extrusion
occurs due to structural deformation and yield hysteresis behavior during extrusion.
Finally, geometrical attributes and viscoelastic defects were established for the first
time. A better understanding of the material’s compatibility and limitations with 3D
printing was obtained.
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Figure 2-1: Quality analysis of 3D printed starch-based geometries through in-line camera

acquisition/processing and shear-rheometry

Sensory design in food 3D printing — Structuring, texture modulation, taste localization,

and thermal stabilization

Using 3D printing as a processing method for designing and modulating of food
sensory profiles and as a tool for elucidating texture-taste release interactions is
possible through precise texture creation and taste localization. A 3D printing method
was developed for achieving a combined control over texture modulation and taste
distribution of starch-based textures. This was achieved through the integration of dual
extrusion/deposition and in-line NIR thermal stabilization. Dual extrusion was used as
one nozzle deposits the base material while the other localizes the local taste
distributions. An automatically tunable in-line NIR heating system was used for
printability improvement, geometrical stabilization, and moisture control. This
presented method was applied and characterized in a saltiness contrast study. To
illustrate, the contrast study was performed using the developed 3D printing approach
to systematically study the influence of inhomogeneous taste distribution on sensory
perception. Defined concentration gradients of sodium chloride were site-specifically
incorporated and locally resolved in 3D printed starch-based food textures. Ultimately,
the study showed that through a sufficiently strong sensory contrast, the
inhomogeneous spatial distribution of sodium chloride caused saltiness enhancement
using 3D printing.
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Figure 2-2: A combined texture modulation and taste localization 3D printing method for sensory control

and for elucidation texture-taste interactions

Hardness targeted design and modulation of food textures in the elastic-regime using

3D printing of closed-cell foams in point lattice systems

Structuring of starch-based textures using 3D printing technology allows for the native
control over layer-based properties instead of bulk structural properties. Thus, the
control of pore size, distribution and percentage inside food material systems is
attainable due to the dimensional precision and accuracy of the technology.
Consequently, the design of specific textural perceptions is viable by the appropriate
choice of mechanical properties and the manipulation of porosity, cell structure, and
cell configuration of the 3D printed foams. A HT-PFM was developed to extend the
texture modulation using 3D printing for the production of structures with specifically
targeted textural properties. The hardness formula was developed using 3 closed-cell
starch-based configurations. A 3D printing-thermal stabilization method was
developed using an integrated layer-based NIR stabilization method for actively
modulating the base material’s properties. FEM transient mechanical simulations and
analytical compressive analysis were used to characterize the dependency of the
printed foam’s hardness and Young’'s modulus on the close-cell configuration, porosity,
and base material’s properties. The hardness design formula was developed for the
elastic-regime in relation to the chosen Young's modulus, porosity, and designed
geometry. Finally, by assessing the obtained hardness design formula, measurements

showed comparable results to the FEM simulations and the 3D printed structures.
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Texture modulation of starch-based closed-cell foams using 3D printing: deformation

behavior beyond the elastic regime

Through the characterization and understanding of the comprehensive deformation
behavior, controlling the textural perception of starch-based cellular foams is possible.
Considering the macro-structure of cellular foams, the base material, cellular
configuration, relative density, and pore distribution influences the mechanical
characteristics and deformation behavior. Moreover, the mechanical properties and
deformation behavior defines the mastication performance and thus, influencing the
textural perception. Regarding the micro-structure of starch-based materials, inducing
of physiochemical transitions such as protein denaturation and starch gelatinization is
required for functionality. The developed HT-PFM was used to 3D print closed-cell
cellular configurations with specific hardness levels. For the modulation of starch-
based textures, the macro-structure was varied using 3D printing and the large-
deformation stress-strain profiles were analyzed. Furthermore, the strain rate and
viscoelastic response of printed cellular structures were analyzed. Results showed that
the compressive yield strength can be modulated using the in-line NIR thermal
stabilization. In addition, the compressive yield strength can be further altered by
porosity incorporation. Also, the location, size, and number of air bubbles influences
the response of the cellular structures in the plateau and strain locking regimes.
Modulation of the micro-structure was achieved during 3D printing by inducing starch
gelatinization using a time-temperature approach through in-line NIR stabilization.
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ARTICLE INFO ABSTRACT

Structural control over cereals' crumb matrix is achievable using 3D printing. The manipulation of the cellular
structure including void fraction, pore size, geometry, and distribution is achievable by resolving large structures
into finite layers. However, investigating the applicability of material extrusion for printing starch and cereal-
based systems is of great interest due to the behavior of the thixotropic and pseudoplastic materials during

Keywords:

3D cereal printing

Viscoelastic materials
Morphological image processing
Bread

3 : extrusion and their viscoelastic post-printing geometric response. In this study, we use an on-board camera
Material extrusion

system composed of top- and side-view cameras to characterize the post-printing geometrical attributes of two
cereal-based systems, which comprise of wheat flour dough and wheat starch-egg white protein blends. This
quantitative method uses image processing techniques to obtain morphological dimensional parameters.
Furthermore, the induced defects involving printing delays and under-extrusion are influenced by the material's
yielding behavior. Over-extrusion defects are dominant in printing wheat flour dough due to the network for-
mation of gluten which caused the collapse of the uppermost layer. Moreover, the structural collapse behavior
for the printing ink systems is obtained concerning the hydration level of the dry components. For the first time,
the quality behaviors and dimensional attributes were quantitatively studied using on-board imaging and

analysis of 3D printed cereal-based morphologies.

1. Introduction

Additive manufacturing (AM) is a term used to identify the manu-
facturing processes performed by 3 dimensional (3D) printing through
layer-by-layer construction. 3D printing is an AM technique used for the
fabrication of a wide range of structures and complex geometries from
3D model data. AM offers the fabrication of intended designs and
constructions in consecutive layers to form a 3 dimensional (3D)
structure (Gibson, Rosen, & Stucker, 2010; Ruan et al., 2008; Wegrzyn,
Golding, & Archer, 2012). The 3D printing working principle is ex-
tremely important as it enables the high precision fabrication of com-
plex customized geometries, reduction of waste, and personalization of
the process (Dankar, Haddarah, Omar, Sepulcre, & Pujola, 2018;
Kamran & Saxena, 2016; Ngo, Kashani, Imbalzano, Nguyen, & Hui,
2018; Sun, Zhou, Yan, Huang, & Lin, 2016). The use of 3D printing
technology in food fabrication allows for custom tailoring of nutrition,
flavor manipulation as well as texture control; where the other tradi-
tional processing techniques fail to achieve (Sun et al., 2015, 2016;
Zhang, Liu, Bhandari, & Wang, 2017). Despite the great number of

* Corresponding author.
E-mail address: mjekle@tum.de (M. Jekle).

https://doi.org/10.1016/].ifset.2020.102384

researches carried out on food 3D printing applications, no quantitative
data has been shown regarding the printing defects. Also, no quanti-
tative methods have been proposed to investigate the interactions of
viscoelastic food materials with the fabrication process and their vis-
coelastic induced defects.

Different researches were conducted regarding the applicability of
using different food formulations with material extrusion 3D printing.
The different food formulations are smoothie combination of fruits and
vegetables, fish surimi gel, processed cheese, encapsulated plant cells
into pectin-based inks, and cereal-based matrices containing probiotics
(Le Tohic et al., 2016; Severini, Derossi, Ricci, Caporizzi, & Fiore, 2018;
Vancauwenberghe et al., 2017; Wang, Zhang, Bhandari, & Yang, 2017;
Zhang, Lou, & Schutyser, 2018). However, these systems are mainly
viscous, and it is questionable if food matrices with medium elastic
properties can be used to print structures which require high precision
such as 3D periodic cellular structures. In material extrusion 3D
printing of thermoplastics, the viscoelastic material properties are in-
fluenced by various nozzle temperatures to obtain quality prints for
printable materials such as polylactic acid (PLA), nylon (PA) or
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acrylonitrile butadiene styrene (ABS). On the other hand, these tem-
perature settings are not applicable for printing cereal-based materials.
Also, 3D printing software offers different routines to overcome
printing defects such as over-extrusion (stringing or oozing) by extruder
retraction, wipe, and coasting settings. Often, the settings are calibrated
according to the filament extruding principles such as Direct or Bowden
designs. Accordingly, good knowledge of the induced defects of printing
viscoelastic materials needs to be established for different extruding
principles (syringe- or screw-based). This enhances the proper adapta-
tion of such 3D printing routines for improved printing quality of real
texture models of cereal-based materials. In contrast, for 3D printing of
structured fluids such as cereal-based materials or (other food con-
stituents), the effects of the fluid-flow behavior, the pre- and post-ex-
trusion material properties, and the material-process interaction on the
printing quality are inadequately investigated. Consequently, the eva-
luation of the material's printability and the optimization of the printing
process often fail.

Different researches have carried out comprehensive studies about
the relation between the material composition and printing quality
neglecting the morphological identification and printing quality stan-
dardization. For example, Liu, Zhang, Bhandari, and Yang (2016) use
visual assessment of printed potatoes structures to discuss the printing
stability and resolution. Moreover, Yang, Zhang, Prakash, and Liu
(2018) uses mechanical instrument such as Vernier caliper. Further-
more, Derossi, Caporizzi, Azzollini, and Severini (2016), Kim, Bae, and
Park (2017) and Severini, Derossi, and Azzollini (2016) directly use 3D
structures involving gravity and other secondary effects to obtain the
relationship between the geometrical stability, viscoelastic properties,
and the printing parameters, which initially should have been in-
vestigated on planar designs. Finally, Liu, Bhandari, Prakash, Mantihal,
and Zhang (2019) study the evaluation of the printability of multi-
component gel system of carrageenan-xanthan-starch using material
extrusion printing, where the authors present a non-automated geo-
metrical evaluation technique based on camera systems. Though, they
did not consider all geometrical aspects of the printed designs such as
the length/width stability and the induced defects.

Consequently, there is no research presenting quantitative data or
morphological identification methods used for assessing geometrical
aspects and printing defects after printing. In this paper, we present an
on-board camera-based method for quantitative geometry and defects
evaluation for 3D printing of food material systems which hasn't been
proposed before. We also assess the geometrical attributes and printing
defects of two cereal-based material systems comprising of wheat flour
and wheat starch/egg-white protein with varying water contents. The
aim of using such quantitative approach is to identify important geo-
metrical parameters and viscoelastic induced defects during 3D
printing. The primary aim of using two different cereal systems, is to
simulate a high range of material properties and their interaction with
the printing process, thus affecting the geometrical and structural sta-
bility of the printed designs. The important geometrical aspects, which
are essential for understanding the behavior of structured fluids and the
contribution of viscoelastic properties during material extrusion 3D
printing were established. Here, we are using two cameras to capture
the side and top views of the build plate. We used this method on single
lines to evaluate output width, length, height, extruded area fraction,
delay indices and drag/oozing artifacts. Moreover, the stacks of lines
with different heights (number of layers) are used to characterize the
slumping behavior and overall structural stability. The intention behind
this study is to combine it with the full fluid-flow behavior and material
properties characterization of pre- and post-extrusion states, to serve as
a foundation for obtaining printability prediction models for 3D
printing of viscoelastic food materials and textures. In addition to ob-
taining quantitative information about the geometry and defects, this
camera-based method can be used to identify and characterize the lo-
calization and geometrical aspects of primary and secondary materials
in dual-extrusion applications. This can be done by adding color-based
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segmentation techniques. For future investigations, the presented
method can be modified and incorporated in online detection systems
for closed loop control of the printer settings during 3D printing op-
erations.

2. Materials and methods
2.1. Raw materials

We used two different material systems to investigate the geome-
trical aspects of the printed geometries. German commercial wheat
flour Type 550 (Rosenmiihle, Landshut, Germany) was used to prepare
high elasticity food material systems with varying water content. For
the low elasticity material systems, wheat starch was provided by
Kroner Stirke, Ibbenbiiren, Germany. And egg-white protein was pur-
chased from Bulk Powders online, Germany. The flour had a moisture
content of 11.7 #+ 0.10% (n = 3) with a protein content of 10.62%
(n = 1) in the dry mass. The moisture content of the starch was
13.17 + 0.16% (n = 3) with a protein content of 0.27% (n = 1) in the
dry mass. The egg-white protein had a moisture content of
6.96 *+ 0.04% (n = 3) and a protein content of 83.42% (n = 1) in the
dry mass. The moisture and protein contents were determined fol-
lowing the American Association of Cereal Chemistry international
standards (AACCI) 44-01 and 46-16, respectively. The material analyses
were performed in triplicates.

2.2. Preparation of cereal-based inks

A total of 10 mixtures, with 50 g each, were prepared. The prepared
mixtures consist of five hydrated flour dough systems (F) and five hy-
drated wheat starch-egg white protein paste systems (SE). For the SE
materials, the ratio of starch to protein is 85:15 to show a reasonable
composition compared to wheat flour constituents (Goesaert et al.,
2005; Jekle, Mithlberger, & Becker, 2016). For the hydration of the dry
components, distilled water was used with five different concentrations
of 50, 55, 60, 70, and 80 g/100 g of the total sample weight for both the
F and SE material systems. To prepare the mixture, a Z-type kneader
was used at 63 rpm. Considering the SE systemns, 1 min pre-mixing step
was used to mix the dry components before adding water. For both
material systems, water with the corresponding concentration was
added and the material was kneaded for 10 min. Afterward, the ma-
terial was removed from the kneading bowl, placed in a plastic beaker
and covered using PARAFILM (Bemis Company Inc., Wisconsin, USA).
Then, it was left to rest at room temperature for 15 min until the pre-
paration of the paste extruder is completed. All materials were pre-
pared, printed, and measured in triplicates and repeated three times. In
this paper, SE and F denote the mixture type and the numbers 50, 55,
etc. denote the water content. For example, the F50 corresponds to the
wheat flour mixed with water content of 50 g/100 g of the dry material.

2.3. Material characterization

Oscillatory measurements were used to characterize the viscoelastic
properties of the cereal-based inks using an AR-G2 rheometer (TA in-
struments, New Castle, USA). For the F mixtures, a parallel cross-hat-
ched plate geometry (@ 4.0 cm) was used with a 1 mm gap. For the SE
mixtures, a DIN concentric cylinders' geometry was used with a conical
rotor of 14 mm radius and a 1 mm clearance to the wall and bottom.
The measuring geometries use a Peltier plate temperature system,
which was adjusted to a constant temperature of 21 °C throughout all
measurements. We placed the samples and the gap was adjusted.
Afterward, excess material was removed, and the exposed transversal
surface was treated with paraffin oil to avoid water loss. The materials
were allowed to stay for 15 min to imitate the exact resting time before
printing. Then, an oscillatory frequency test was conducted at a con-
stant deformation of 0.01%, which is within the materials linear
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viscoelastic region (determined in advance) with a frequency ranging
from 0 to 10 Hz. The fundamental viscoelastic properties of the cereal-
based inks were characterized and compared at 1 Hz. The rheological
analysis was performed in triplicate.

2.4. 3D printing setup, geometries and printing parameters

The X400 V3 (German RepRap GmbH, Feldkirchen, Germany) was
used for printing the cereal-based material systems. The heat bed was
disabled; hence printing was conducted at room temperature of approx.
21 + 2 °C with no thermal stabilization method used. Also, the com-
monly used build plate's polyetherimide (PEI) sheet was replaced by
Build Tak 3D print surface (Build Tak, Maplewood New Jersey, USA), to
increase the material adhesion to the build plate. The simplify3D slicing
software (simplify3D, Ohio, USA) was used to generate the machine G-
code files by following the Cartesian coordinates of the lines and stacks.
The printed structures were modeled using SolidWorks (Dassault
Systémes, Vélizy-Villacoublay, France) and then converted to STL ex-
tensions for 3D printing. For extruding the mixtures, a Vipro-head 3
extruder (ViscoTec GmbH, Téging, Germany) was used, which is a
progressive cavity pump (PCP) extruder. To ensure a stable flow rate of
the material into the extruder, the material is transported to the dosing
unit using an air pressure system employing five bars coupled to a paste
injection cartridge. Moreover, Luer-Lock (standard small scale fluid
fittings including hypodermic syringes) tapered nozzles with 0.84 mm
diameter were coupled to the extruder head (Enanv, Medical, Ab, &
Bertling, 2010).

Before printing, the build plate was manually leveled using a set of
four corner setscrews with the aid of an inductive proximity sensor
(OMKQN Hugong Group Co., Shanghai Shi, China). The sensor was
directly mounted on the print head and connected to the printers
control board. We use bed leveling to ensure a constant distance be-
tween the extruder and build plate throughout the printing process. In
Table 1, the height of the layer was chosen to be the same as the nozzle
diameter of 0.84 mm for all the printed designs. This height was chosen
to avoid protrusion effects perpendicular to the deposition direction in
the case of close proximity to the build plate (Hao et al., 2010; Zhang
etal., 2017). Also, the height was chosen to avoid droplet formation for
viscous materials due to the surface tension or line deformations for
elastic materials in the case of higher distances (Hao et al., 2010; Zhang
et al., 2017). The model length and width were chosen as 100 mm and
0.84 mm, respectively. The choice of the model length was arbitrary.
On the other hand, decreasing the model's width led to inconsistencies
in the deposited lines. For all materials, single lines were printed to
investigate the different geometrical stability aspects as well as printing
defects. Also, stacks of lines up to five layers were printed to investigate
the slumping and collapse behavior of the different material systems.

The extrusion amount depends on the geometry of the extruder, as
well as the board configuration, the firmware, and the slicing software
settings. To calibrate the extrusion amount, the micro-stepping mode
was set to quarter steps while the feed-rate and the number of steps

Table 1
Model and simplify3D input dimensions for the lines and stacks.
Line (L) Stack2 (§2) Stack3 (S3) Stackd (84)  Stack5 (85)
No. of layers 1 2 3 4 5
Single layer 0.84
height
mm
Total height 0.84 1.68 252 3.36 4.20
mm
Length 100
mm
Width 0.84
mm
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were kept at 60 mm/s and 300 steps/mm, respectively. There are three
major parameters that control the conversion of the extrusion rate in
simplify3D software. There parameters are the filament diameter, the
printing speed, and the extrusion multiplier. Defining the extrusion
multiplier as the main determinant of the extrusion rate, the filament
diameter and the printing speed were set 0.5 mm and 4 mm/s, re-
spectively, to reduce the amount of possible configuration.

To characterize the effect of varying material properties on printing
quality due to the increase and decrease in water contents of the mix-
tures, we optimized the extrusion multiplier for the SE and F mixtures
depending on the SE60 and F60 respectively. Using the imaging method
described in Section 3.2, the calibration process was properly carried
out. The multiplier was varied from 30% to 80% with a step size of
10%. A single line was printed for each step in triplicates (and repeated
three times), and a top-view photo was analyzed. The criteria for
choosing the correct extrusion multiplier was according to the width of
the lines, thus eliminating over and under-extrusion which was in-
dicated by higher and lower output width respectively.

3. Quality assessment method development
3.1. Camera system integration

Two cameras were used for the on-board analysis of the printed
structures from the top and side views. From Basler AG (Ahrensburg,
Germany), the two Basler cameras acA1920-155uc with a megapixel
resolution 1920 x 1200, were mounted on the printer with one directly
on the periphery of the build plate (side-view SiV) while the other on
the extruder head (top-view ToV). For both cameras, Kowa LM16HC
lenses were used. The lenses have fixed focal lengths of 16 mm with a
focus range of 300 mm. Two 2835 SMD LED strips with attached frosted
diffusers from Renkforce electronic, Hirschau, Germany, were used as
the main light source. Aluminum rail profiles were fixed to the printing
head to act as an overhead light source for both cameras.

3.2. Image analysis algorithm

Both image analysis and processing algorithms for the top and side
views were done using MATLAB with its existing libraries and func-
tions. We used a LEGO cube of 15.62 mm in width and 31.44 mm in
length as a reference object for detecting the spatial resolution de-
pending on the instantaneous field of view, for all the printing experi-
ments as shown in Fig. 1. To ensure a stable focus, contrast, and
brightness of the obtained images while maintaining the same camera
settings, all lines and stacks were printed at the same position on the
build plate with respect to the printer's origin. For all experiments, we
obtained images of the reference object at the exact printing location
relative to the side-view camera. For the top view analyses of each
print, we obtain two images at the same height once relative to the
LEGO cube and once relative to the printed samples to ensure the cal-
culations are done at the same spatial resolution.

After printing each model, we used MATLAB to analyze the side and
top views. We first use the weighted average luminous model to convert
the images to grayscale. For the RGB channels of each pixel, the fol-
lowing equation is used to calculate the perceived luminance:
0.299R + 0.587G + 0.114B(1), where the variables (R, G, B) correspond

'4_ Top view camera
BuildTak print surface
Brushed aluminum build plate

Side view camera

Fig. 1. Schematic of the integrated camera system with the printing platform in
isometric view.
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15 mm

Fig. 2. Side-view of a line of starch-egg white protein blend with 50 g/100 g water addition and reference object: (a) original image; (b) grayscale image; (c)
segmented reference object with boundary detection; (d) segmented printed line with boundary detection and length extraction.

to the levels of red, green, and blue in 8 bits (Anderson, Motta,
Chandrasekar, & Stokes, 1996). Furthermore, a threshold value was
obtained based on the aggregate histogram for the purpose of black and
white conversion. To obtain the black and white images, clustering-
based image thresholding was performed using Otsu's method (Otsu,
1979). After thresholding, a size-based segmentation was performed
using a flood fill algorithm to isolate the image components for further
pixel-based analysis as shown in Fig. 2. The boundary or edge detection
and bounding box technique of the reference object, which employs a
rotating calipers design (Toussaint, 1983) is used to calculate the spatial
resolution.

After obtaining the spatial resolution using the reference object, a
boundary detection algorithm was used on the printed lines. This ap-
proach uses the Moore-Neighbor tracing algorithm, which was modified
by Jacob's stopping criteria (Gonzalez, Woods, & Eddins, 2004). The
extruded length (L..,) and its fraction or percentage (L) were calculated
after detecting the x- and y-positions of the boundaries' extremities
corresponding to the shortest length between the two matrix points
using the following equations: L. = /(% — x)? + (3, —3)° (2) and
Ly = (Lewt/Lingw) * 100 (3). The coordinates (xy, x», 1, ¥2) corresponds
to the planar positions of the two detected matrix pixels denoting the
length extremities while (L;,) is the theoretical line length. We denote
the width distribution and height distribution across the length of the
extruded line as (W;(x)) and (H;(x)) respectively. The width distribu-
tion and height distribution were obtained along the columns of the
boundaries' matrix by row operation from the top and side view re-
spectively. From the width and height distribution functions, the
average width (W,,) and height (H,,) across the line were obtained
depending on the number of sampled points. The end-line form index
(Ipoze) was obtained by isolating the last 2 cm of the line (with respect to
the actual extrusion output) and computing the theoretical area (Arn) of
the region using the obtained average height (H,,.). Trapezoidal in-
tegration was performed on the height distribution to obtain the area of
the isolated region (A,). In addition, the end-line form index (I,,..) was
evaluated using the following equation: Iy, = (A;/Agy) * 100 (4). We
denote the stable width and height corresponding to 50 mm in the
middle of the printed lines, where the beginning and the end of
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extrusion regions are eliminated as (W,) and (H,) respectively. The
stable width and height were obtained by isolating the areas of under-
extrusion and ooze corresponding to the beginning and the end of the
required printed lines respectively. In isolation, the average width and
height were obtained with respect to the sampled points of the
boundary. The fractions (W}, Hy) of both the stable width and height
were obtained using the following equations: Wy = (Wi/ Wiy, ) *+ 100 (5)
and Hy = (H,/0.84) % 100 (6). Finally, the response length index
(Iresponse)s Which corresponds to the difference between the start of the
line and the position of the stable width, was attained by a recursive
inquiry for the spatial discrepancy.

4. Results and discussion
4.1. Under-extrusion and initial delay

During the printing process, the planar lines are printed between a
spatially resolved initial coordinate and a termination point. At this
termination point, the extrusion process is concluded depending on the
model allocation in the slicing software. Subsequently, the extruder
returns automatically to the printer's origin by moving directly opposite
to the extrusion/printing direction. In the process of extrusion, stress is
applied to the material as the pressure gradient must be achieved to
trigger the material deposition. To initiate the flow of yielding fluids
during extrusion, the deformation of the internal structure and the yield
point of the material must be reached (Lewis, 2006; Lewis, Smay,
Stuecker, & Cesarano, 2006).

Fig. 3(a) and (b) show the evolution of the extruded lengths of the
printed cereal-based inks with respect to the number of the deposited
layers. Considering the deposition of a single layer, the extruded lengths
of the SE systems were observed to lie between 80.6 = 4.6 mm for
SE55 and 88 + 2.1 mm for SE80. The F systems showed lower ex-
truded lengths at low hydration levels with 58.3 + 6.2 mm for F50 and
91 + 2 mm for F80. As an intrinsic property of the materials, the yield
strength is the stress needed in order to reach the material's yield point.
We consider the material's static yield strength as the cross-over point
between the elastic and viscous components due to pseudoplastic



Research Paper 1

Results

A.R. Fahmy, et al

Innovative Food Science and Emerging Technologies 63 (2020) 102384

(a) (b)
190 190 5
IBE < - = -Neutral profile ﬁg 7 — = ~MNeutral profile
170 E )
160 1 O SESDink 160 B F50ink
150 4 O SES5ink 150 5 m| ® FS5ink
£ 140 2 SE60Ink £ 140 A Fe0ink
E 130 S SETOink E Eg' + B F0ink
120 = 120 )
_; "g ] | € sEsoink $ 1104 ] i & Fa0ink
£ 100 A £ 100 4 [——— [P S S
2 90 T ® L 2 90 [ ] L] §
- 80 & Tz 804
2 704 € 70
2 604 E 60
g 504 & 504
404 | 40
304 30 4
204 | 20
10 | | 10 | ! |
0 T T T T T T 1 U T T T T T T 1
0 dl 2 3 4 5 [ 7 0 1 2 3 4 5 6 7
layer count layer count
(©) (d)
200
I S ol 100 4
180 4 ~ = = Neutral profile| — ~ ~Neutral profile
B—Finks 80+ B Finks
160 —@— SEink | B 504 ® SEinks
Jeirem OS] .
— 140 4 8
S 5 40
= & i ]
51201 £ ] F
< p ¢ i
L R e e E o] AP P e e
i 80 2 £
1 . B op
g E 20
= 604 E 404
2
40 o 60
2
20 H -804
G T T T T T T T T T 1 ’100 T T T T T T T T 1
40 45 50 55 @60 65 70 75 80 85 90 40 45 50 55 60 65 70 75 80 85 a0

water addition (g/100g dry material)

(e)

waler addition (g/100g dry material)

Fig. 3. Extruded length L, and length fraction L; of starch-egg white protein and flour systems: (a) extruded length of starch-egg white protein systems at different

layer counts (n = 3); (b) extruded length of flour systems at different layer counts (n =

3); (c) first layer length fraction index of starch-egg white protein and flour

systems at different hydration levels (n = 3); (d) first layer response length index (delay percentage for reaching the stable input width) of starch-egg white protein

and flour systems at different hydration levels (n =

behavior (Sad, 2008; Sun & Gunasekaran, 2009; Wilson, Cross, Peak, &
Gaharwar, 2017). By reducing the hydration level of the printing inks,
the static yield strength increases, which leads to a time delay in the
beginning of the extrusion process. Fig. 3(c) shows that the time delay
occurs in the beginning of the deposited planar lines. Furthermore, the
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3); (e) top-view of SE60 showing initial delay in width of planar lines.

insufficient adhesive force between the deposited material and the
build plate may increase the specified delay. In addition, the slicing
applications synchronize the axes movement with the extrusion process
without considering any material incurred delays due to static yielding
or insufficient adhesion. The variation between the F and the SE
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showing stretch and layer collapse behavior.

systems at the same hydration levels, which is shown in Fig. 3(c) and
(d), can be the resultant of the higher viscos and elastic components of
the F systems, shown in Fig. 5. The increase of storage and loss modulus
influences the initiation of the deposition process of the PCP extruder
where the material-extrusion interaction is not yet fully understood.
Furthermore, the adhesion properties of the F systems are influenced by
the hydration state of the gluten network (Van Velzen, Van Duynhoven,
Pudney, Weegels, & Van der Maas, 2003). For the SE systems, by in-
creasing the number of layers (with a stability of ~95 mm) during the
further deposition cycles, the delay was covered with material from the
consecutive layers. But the mentioned effect of length correction affects
the height of the structures at the areas affected by under-extrusion.

As shown in Fig. 3(d) and (e), the under-extrusion effect was not
exclusive to the extruded length but was also observed in the width of
the planar lines. Hence, over damped width profiles occur. Therefore,
more time is required after the beginning of the extrusion to reach the
stable input width, indicating a low material response. Consequently,
the delay in reaching the input width shows that the deposition process
started before the pressure equivalent to the flow rate (extrusion mul-
tiplier) was reached. Furthermore, under-extrusion is more pronounced
for planar printing. As an example, this effect would be visible when the
extrusion stops for crossing an open space. This occurs during dual
extrusion or dual-component printing and during thermal stabilization
of individual layers. In Section 4.3, we discuss the rheological behavior
of the materials obtained and the viscoelastic properties.

4.2. Over-extrusion

Toward the end of the printing process, the stoppage of the
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deposition occurs as the applied stress decreases more than the mate-
rials' dynamic yield strength (considering structural hysteresis).
Retraction in 3D printing is the process whereby the filament of the
material is recoiled opposite to the direction of the deposition. This is
usually considered as a pressure relief mechanism for the prevention of
dripping or oozing. Considering PCP extrusion where a die/nozzle is
attached, the pressure is commonly developed at different stages of
pressure-driven and drag flow. In particular, the effect of retraction in
PCP extrusion is still not analyzed. Accordingly, retraction, and coast
settings were disabled to investigate the effects of over-extrusion
without considering second-order effects. Furthermore, coasting en-
ables pressure relief inside the extruder for a particular distance before
the end of the deposition.

From the analysis of the end point using trapezoidal integration, the
end of the deposition did not occur immediately leading to over-ex-
trusion /ooze of the material as shown in Fig. 4(b). Due to the structural
deformation of the material systems, hysteresis occurs, which causes a
decrease in the materials' yield strength (Puisto, Mohtaschemi, Alava, &
Illa, 2015; Radhakrishnan, Divoux, Manneville, & Fielding, 2017).
Consequently, this behavior leads to a delay in the stoppage of the
materials' deposition with respect to the time required to reach the
pressure equilibrium. Fig. 4(a) shows the ooze/drag index with respect
to the hydration level of both the SE and F systems. The index of the SE
inks was observed to fluctuate around the theoretical profile over the
hydration level range. We cbserved an over-extrusion of maximum
8.2 + 2.3% for the SE70 material and 100 = 15.3% for the F50
material.

In addition to the yield strength hysteresis for the F systems, the
material is dragged with the extruder after the end of the deposition due
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to the formation of the complex gluten network during kneading of the
wheat flour dough. This contributes to the strength of the developed
protein network. But a logarithmic decrease in the coze/drag index I,,.,
(R* = 0.99) was observed without considering the potential structural
deformation due to the shear forces applied during the different phases
of extrusion. Moreover, the dragging effect observed in the F systems
causes the extensional deformation in the longitudinal direction while
compressing the transversal direction. Therefore, if the longitudinal
tensile force acting on the material exceeds the ultimate tensile strength
of the material, then stoppage of the deposition process is achieved.
In the process of printing the multi-layered stacks, the starting
points were optimized for faster printing to simulate a realistic printing
approach. This optimization causes the printing to be carried out in
sweeping meanders. In a sweeping meander routine, the end point of
one layer becomes the starting point of the consecutive one. Therefore,
the stoppage of the extrusion process was in the direction of the home
position for the even-layered stacks in contrast to the odd-layered stacks
where the stoppage occurs in opposite to the direction of the home
position. From Fig. 4(c) and (d); we have that for the even-layered
stacks, a slight increase in the extruded length of the F5S0 and F55 inks
compared to the theoretical profile of 100 mm which is caused by the
elongation of the uppermost layer. For even layered stacks, the long-
itudinal tensile force applied by the extruder was opposed by the ad-
hesive force between the material and the build plate. On the other
hand for the F systems, the printing of odd-layered stacks produce
higher lengths due to the collapse of the last deposited layer as shown in
Fig. 4(d). In this case, the longitudinal force applied by the extruder was
opposed by the adhesive force between the individual layers of the
material. Fig. 3(b) shows the fluctuation of the extruded length
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depending on the end point direction. Here, the adhesive force between
the individual extruded layers (odd-layered stacks) is lower than the
adhesive force between the material and the build plate (even-layered
stacks). The stretch and drag behavior observed in the stacks of F50 and
F55 inks shows a stability dependency on the direction of the extrusion.
Consequently, adhesive discrepancy arises when printing wheat flour
dough at low hydration levels. In conclusion, the printing of the wheat
flour dough due to the presence of gluten leads to over-extrusion de-
pending on the network strength and movement direction. And subse-
quently, it leads to other higher-order effects, affecting the geometrical
stability of the printed structures.

4.3. Structural stability, collapse and slumping behavior

The increase in water content of the material, influences the fun-
damental viscoelastic properties. First, it induces different interactions
with the 3D printer specifically for the extruder and the printing plat-
form. Second, itinduces different geometrical effects and influences the
macro-structural behavior of the printed structures.

The increase in water content from 50 g up to 80 g/100 g of the dry
material for both the F and SE systems leads to the decrease in the
viscous G and elastic G moduli over the input frequency profile. In
Fig. 6(c) and (d), the moduli of the cereal-based inks decreases loga-
rithmically (R* = 0.99) at different orders of magnitudes with the
linear increase in the water content. The decrease in the overall com-
plex modulus of the material with respect to the water addition, which
indicates the structural softening, hinders the geometrical stability of
the printed stacks regardless of the structural deformation, which oc-
curs during extrusion. With the non-gluten-containing SE material
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systems, the high decrease in the elasticity and viscosity shows soft-
ening of the internal structure which can be considered as a dilution
effect (Meerts, Cardinaels, Oosterlinck, Courtin, & Moldenaers, 2017).
This is typically better for easier extrusion of the materials while causes
printed structures to collapse with the increasing number of layers (Liu
et al,, 2016; Zhang et al., 2017). The presence of gluten in the wheat
flour formulations, allows for the bound water phase to play an im-
portant structural role as it is absorbed by the starch granules and it
hydrates the proteins to from the gluten network (Meerts et al., 2017).
This positively contributes to the stability of the printed structures with
the increasing number of layers.

From the analysis of the stable heights and widths for both systems,
the F60 showed approximately the same height and width as the the-
oretical input profile. On the contrary, the F70 and F80 materials show
signs of slumping with a maximum deviation from the input design at
five layers reaching 87.6 = 3.8% and 80.5 7.4%, respectively. In
addition, both materials were dominated by the collapse of the top
layer, which was the product of the drag behavior caused by over-ex-
trusion discussed previously in Section 4.2. In the view of the SE ma-
terial systems, all mixtures have a high increase in the width of the
printed stacks. This indicates the structural collapse under the applied
hydrostatic pressure due to layering as shown in Fig. 7(b) and (c).
Considering the width of the printed stacks, SE50, SE55 and SE60
showed saturation of the output width upon the printing of three or
more layers. Fig. 7(c) shows the slumping behavior of a five layered
stack of SE70. Thus, at higher water contents under the enforced hy-
drostatic pressure, the lower layers flow in the transverse direction (xy-
directions) with all the layers merging simultaneously. This is due to
the absence of gluten as the main structural ingredient. The yield

+
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strength and overall complex modulus of the material was high enough
to maintain the quality of the planar shape and prevent the layers from
merging. The deformation caused in the longitudinal direction (z-di-
rection) increases the distance between the extruder and the printing
platform. In Fig. 7(d), by increasing the distance between the deposited
line and the previous layers causes the last layer to form a waveform
pattern with a certain oscillation frequency resembling the liquid rope
coiling or fluid buckling effect associated with the linear movement of
the extruder (Maleki, Habibi, Golestanian, Ribe, & Bonn, 2004). Con-
sidering the steady coiling effect, the viscous fluid falls into a stagnant
reservoir following four distinct regimes viscous, gravitational, inertia-
gravitational, and inertial. This is based on fluid properties and
boundary conditions such as flow height and flow rate (Cruickshank &
Munson, 1981; Ribe, Habibi, & Bonn, 2011). Contrary to the steady
coiling, during 3D printing, the extruder or the print head moves with a
constant velocity. This constant velocity creates a drag regime of the
viscous material where the restoring gravitational force and destabi-
lizing reaction forces determine the recoil frequency (Blount & Lister,
2011). Finally, in terms of the structural stability for the printed con-
structs, the results indicate that the uses of gluten as a structural ele-
ment are essential to lower the slumping behavior after printing. This is
highlighted in the significant increase in the width of the printed SE
systems as compared to the F systems.

5. Conclusion
With the purpose of assessing the 3D printing quality and geome-

trical attributes of cereal-based materials, two material systems were
used comprising of wheat flour dough and wheat starch/egg-white
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protein blends with varying water contents. These were chosen to si-
mulate a high range of material properties and their interaction with
the printing process. A quantitative morphological imaging method
using two cameras to capture the side and top-view of the printing
platform was used coupled with staple autonomous imaging scripts.
The imaging analysis was used on printed planar lines and stacks to
establish and analyze geometrical aspects that are essential for under-
standing the behavior of structured fluids and the contribution of vis-
coelastic properties during material extrusion 3D printing. While a high
yield strength is a desirable post-printing attribute for retaining shape
stability, the results show that reducing the hydration level of the dry
components and increasing the yield strength leads to under-extrusion
or a delay at the beginning of the extrusion process. On the other hand,
over-extrusion occurred at the end of extrusion due to the yield hys-
teresis behavior, transitioning from static to dynamic yield strength due
to structural deformation. In the gluten-containing systems, the printed
lines were dragged with the extruder. This is because of the formation
of the complex gluten network during kneading of the wheat flour
dough and it is contributed to the network strength. This effect leads to
adhesive discrepancies depending on the movement directions and
hydration of the gluten network. The presence of the gluten network
during printing, depending on the hydration level and input energy
during pre-processing, act as a structural stabilization element. On the
other hand, the presence of the gluten network may impose geometrical
defects in the output prints due to the molecular structure and the in-
teractions within the network. Finally, the geometrical attributes and
viscoelastic properties' governed defects for printing cereal-based ma-
terials were established. They were quantified for the first time and can
be coupled with post-printing thixotropic/pseudoplastic behavior
characterization. We obtained a better understanding of the material's
compatibility/limitations with material extrusion 3D printing.
Furthermore, the 3D printing on-board morphological monitoring, can
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be used to characterize the effects of additional printing settings. This
includes the retraction and coasting effects on the output quality for
efficient selection of the printing parameters. Also, during cereal-based
foam printing, the presented method can be used for the in-line analysis
of layer-based infill patterns and output internal structures in terms of
pore structure, density, and distribution.
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Most 3D printing studies of foods deal with the feasibility and modulation of textures independent of flaver
design aspects. As a cornerstone for the combined control over texturing and taste distribution, a 3D printing
method for starch-based food textures was developed in a pioneering approach using dual extrusion coupled with
focused on-board near infrared (NIR) heating for thermal stabilization. The developed method facilitated the
design of hydrated starch-egg white powder-systems in reproducible printing configurations. Te systematically
study the influence of inhomogeneous taste distribution on sensory perception, it was applied in a saltiness
sensory contrast study. For the first time, defined concentration gradients of sodium chloride were spatially
printed in food textures, Comparable textural properties at the same infill levels were achieved for all printed
structures with different sodium localizations. Furthermore, the inhomogeneous spatial distribution of sodium
chloride caused saltiness enhancement. This 3D structuring, taste localization coupled with thermal stabilization
(3D SLTS) methodology enables the elucidation of texture-taste release interactions.

Inhomogeneous distribution
Saltiness enhancement
Infrared stabilization

Food printing

Nurmela, Nordlund, Metsa-Kortelainen, & Sozer, 2018; Y. Liu et al.,
2019; Zhenbin Liu, Zhang, & Yang, 2018; Sun, Zhou, Yan, Huang, & Lin,

1. Introduction

Food layered manufacture (FLM) is a food production process where
the processing of food is implemented using electro-mechanical based
additive manufacturing (AM) approach. To illustrate, additive
manufacturing or 3D printing is a process where structures are built
layer-by-layer from 3D models. The most commonly used 3D printing
technology in the food sector for its ability to structure highly viscous
pastes or materials is the fused deposition modeling (FDM) technique
which relies on extrusion and deposition principles (ASTM-Interna-
tional, 2012). Moreover, the introduction of rapid prototyping (RP) and
additive manufacturing in food production gives the advantage of cus-
tomization and personalization over traditional processing (Wegrzyn,
Golding, & Archer, 2012). Due to the accuracy and precision of the 3D
printing technology, complex food structures can be produced incor-
porating customized textures, tailored nutrition, and functional in-
gredients (Derossi, Caporizzi, Azzollini, & Severini, 2018; Lille,

* Corresponding author.
E-mail address: mjelde@tum.de (M. Jelle).

1 A. R Fahmy and L. S. Amann contributed equally to this work as first authors.
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L. va., 2018; Vancauwenberghe et al.,, 2018, 2019; Zhang, Lou, &
Schutyser, 2018). Conceming the development of AM technologies in
the production of food systems such as bread, 3D printing can be used to
eliminate structural heterogeneity. This structural variability affects
reproducibility which impedes the understanding of mechanistic re-
lationships (Zghal, Scanlon, & Sapirstein, 2002). By slicing bulk strue-
tures into individual layers, the control over aeration, cellular structure,
mechanical properties, and distribution of taste is achievable (Fahmy,
Becker, & Jekle, 2020, 2021). Therefore, 3D printing technology has the
potential of being applied in the texture and taste design as well as a tool
for understanding the texture and taste relationships in food- and cereal-
based material systems and structures. However, several technological
developments regarding structuring, localization, and on-board thermal
stabilization are required to take full advantage of 3D printing in food
applications (Baiano, 2020).
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The sensory perception during food consumption depends not only
on the concentrations of odor- and taste-active compounds but also on
the texture of food matrix (Tournier, Sulmontrosse, & Guichard, 2007).
The possibility of targeted analysis and control of the sensory perception
of foods is confined due to limited knowledge about texture-taste in-
teractions. Particularly, the sensory activity can hardly be predicted by
the integral overall concentration if taste compounds are heteroge-
neously distributed in complex food matrices. Thus, it could be shown
that inhomogeneous spatial distribution of taste-active compounds
causes intensified sensory perception (I{onitzer et al, 2013; Noort, Bult,
Stieger, & Hamer, 2010; Noort et al., 2012). Noort et al. (Noort et al.,
2010) investigated the effects of local concentration gradients of sodium
chloride in layered bread on the perceived saltiness intensity. For this
purpose, starch-protein layers with varying NaCl contents were stacked
in alternating fashion before baking. They reported a significant salti-
ness enhancement of bread with high NaCl contrasts between layers
compared to bread with homogeneous Nacl distribution, allowing up to
28% sodium reduction while maintaining saltiness intensity. The
enhancement of salty taste has been ascribed mainly to the sensory
contrast and to a small extent to a faster sodium release (I{onitzer et al.,
2013; Noort et al., 2010; Noort et al., 2012). In these previous studies, a
precise positioning of spatial concentration gradients was not possible.
The studies were performed with conventional manufacturing tech-
niques on sparsely defined food matrices. To systematically investigate
the effect of taste distribution on the sensory perception, new texturing
approaches are necessary that achieve highly defined and reproducible
texture construction. For this purpose, our study presents an approach
which utilizes dual extrusion 3D printing for structuring matrix textures
with spatial localization of sensory-active compounds. The method en-
ables the production of highly defined starch-based material systems
with targeted incorporation of locally resolved concentration gradients
of sodium chloride.

For all food systems, the manipulation of sensory perception through
the combined structure and flavor design using 3D printing is yet to be
technologically integrated and functionally investigated. Without
consideration for the flavor design aspects, most available studies are
focused on the feasibility of texture design of foods through 3D printing
(Jonkers, Van Dommelen, & Geers, 2020; Le Tohic et al., 2018; Y. Liu
et al, 2019; Phuhongsung, Zhang, & Devahastin, 2020; Vancau-
wenberghe et al., 2018). As an example, Liu et al. (Liu et al., 2019) 3D
printed variable textural properties for milk protein composite gels by
changing the protein concentration. On the other hand, Vancau-
wenberghe et al. (Vancauwenberghe et al., 2018) obtained variable
textural properties through honeycomb porosity control using varying
number of cells and pore sizes. By moving forward from the isolated
texture variability research, the combined control over texture and taste
distribution, which is developed in this study using dual extrusion, can
be a step forward for the coupled manipulation of texture and taste.

For printing of some types of gel systems, thermal stabilization or
post-processing is not required for functionality or geometrical stability.
On the other hand, for other foods such as starch-based systems, induced
heat transitions for thermal stabilization are important for post-printing
geometrical stability and consumption (He, Zhang, & Fang, 2020).
Considering highly consumed staple products incorporating starch and
protein contents, heat stabilization is required for induecing physi-
ochemical changes such as protein denaturation, starch gelatinization
and dehydration for storage stability in terms of low water activity and
microbial growth. Different 3D food printing studies included thermal
stabilization as post-processing in the form of miecrowave drying, baking,
steaming, frying and other methods (He et al., 2020; Lille et al., 2018;
Zipeng Liu, Chen, Zheng, Xie, & Chen, 2020; Pulatsu, Su, Lin, & Lin,
2020; Yang, Zhang, Prakash, & Liu, 2018, Yang, Zhang, & Liu, 2019). On
the other hand, the on-board integration of thermal stabilization solu-
tions is missing in food printing studies. The term on-board denotes the
electromechanical integration of the heating system into the 3D printing
system which can lead to the exclusion of post-processing after food

Innovative Food Science and Emerging Technologies 72 (2021) 102743

printing. Moreover, the optimized coupling between 3D printing and an
on-board thermal stabilization solution can enable layer-based heating,
targeted or local heating, and automatic material-based heating opti-
mization. The presented method incorporates a focused on-board near
infrared (NIR) stabilization system for geometric stabilization and for
achieving process-independent, precisely defined, and reproducible
matrix textures.

To utilize the developed 3D printing method with integration of
structuring, localization, and thermal stabilization, a saltiness sensory
contrast study was carried out. In this approach, local NaCl distributions
were spatially printed in hydrated wheat starch-egg white powder-
mixtures using alternating layers with different configurations to
investigate the influence of inhomogeneous NaCl distribution on sensory
perception. Each layer of the printed structures was individually and
automatically stabilized using a NIR spot heater before printing the
subsequent layer. This automatic heating method was used to thermally
and geometrically stabilize the material to reduce diffusion and me-
chanical deformation. Texture profile analyses were used to investigate
possible textural discrepancies between the single and dual extruded
structures. The actual sodium content of the samples and different layers
was quantified by means of ion chromatography. The starch-based
samples with inhomogeneous spatial distribution of sodium were eval-
uated by human sensory analyses. Finally, the combination of existing
knowledge concerning texturing and the successful localization of
spatial NaCl concentration gradients can be a milestone for future
elucidation of mechanistic texture-taste interactions which was not
possible before.

2. Materials and methods
2.1. Raw materials

A material system composed of hydrated wheat starch and egg white
powder was used for 3D printing. The wheat starch was provided by
Kréner-Stirke GmbH (Ibbenbiiren, Germany). The hen egg white pow-
der was purchased from Bulk Powders (Colchester, United Kingdom).
For sensory analyses, an egg white powder with a lower salt content was
obtained from FunCakes (Wormer, The Netherlands). According to the
methods of the American Association of Cereal Chemists international
(AACCI), the moisture content (AACCi 44-01) and protein content
(AACCi 46-16) were determined. The wheat starch had a moisture
content of 13.98 + 0.17% (n = 3) and a protein content of 0.27% (n = 1;
dry mass), and a NaCl content of 0.058 + 0.001% (n = 3; dry mass). The
egg white powders had a moisture content (n = 3) of 6.88 + 0.03% (Bulk
Powders) and 8.49 + 0.21% (FunCakes), a protein content (n = 1; dry
mass) of 83.42% (Bulk Powders) and 82.87% (FunCakes), and a NaCl
content (n = 3; dry mass) of 6.46 + 0.06% (Bulk Powders) and 3.34 +
0.07% (FunCakes).

2.2. Chemicals

The purity grade of chemieals was pro analysi (p.a.) unless noted
otherwise. The following chemicals were commercially obtained: Patent
Blue V calcium salt (Glentham Life Sciences Ltd., Corsham, United
Kingdom), ethanol (VWR Intemational, Fontenay-sous-Bois, France),
methanol (HPLC grade; J. T. Baker, Griesheim, Germany), sodium
chloride (Sigma-Aldrich GmbH, Steinheim, Germany), D-sucrose (Carl
Roth GmbH & Co. KG, Karlsruhe, Germany), caffeine (Merck KGaA,
Darmstadt, Germany), monosodium L-glutamate (Alfa Aesar, Ward Hill,
USA), ferulic acid and L-lactic acid (Fluka GmbH, Neu-Ulm, Germany).
Water for mixture preparation, extraction, dilution steps, and analysis
was purified using a Milli-Q Reference A+ Water Purification System
(Merck Millipore, Darmstadt, Germany). Evian® water, a commercially
available table water with low mineral content, was used for sensory
analysis.
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2.3. Desalination of egg white powder by means of ultrafiltration

A portion (7.5 g) of egg white powder (FunCakes, Wormer, The
Netherlands) was homogenized in 250 mL ethanol/water (20,80, v/v)
with an Ultra-Turrax (12,000 rpm, 1 min). The suspension was filled ina
Vivacell 250 static gas pressure ultrafiltration concentrator (Sartorius
AG, Gottingen, Germany) equipped with a Vivacell 250 poly-
ethersulfone membrane (5 kDa) that was preconditioned by rinsing the
membrane with deionized water (3 x 200 mL). After sealing, nitrogen
pressure (3.5 bar) was applied by means of an air pressure controller.
During filtration, the Vivacell 250 device was agitated (100 rpm, room
temperature) on an orbital shaker (type 3005, GFL, Burgwedel, Ger-
many). The retentate was taken up in 20% aqueous ethanol solution
(200 mL) and was once more ultrafiltered under pressure (3.5 bar). This
washing step was repeated twice. After filtration, the retentate was
removed from the ultrafiltration device and the membrane was washed
with deionized water to recover absorbed material. Afterwards, the
solubilized retentate was lyophilized. The different batches of desalted
egg white powder were combined and homogenized (3 h) using a
Turbula® shaker mixer (WAB, Muttenz, Switzerland).

2.4. Preparation of printing materials

All starch-protein systems are displayed in Table 1. A total of 11
different starch-based blends was used which consisted of hydrated
wheat starch-egg white powder-mixtures (SE) or hydrated wheat starch-
desalted egg white powder-mixtures (SDE). The ratio of wheat starch to
(desalted) egg white powder was kept at 85:15 (w/w) for all printing
mixtures (Goesaert et al., 2005; Jekle, Miihlberger, & Becker, 2016). The
overall NaCl content of the mixtures is listed in Table 1 and is given in g/
100 g on dry material (starch and egg white powder) to provide values
that are comparable with other studies which express the NaCl content
in g/100 g on flour basis.

A Z-type kneader (63 rpm) was used to prepare the different mix-
tures. A pre-mixing step (1 min) was used to mix the dry ingredients
before adding aqueous NaCl solutions. For the dyed mixtures, Patent
Blue V calcium salt (50 mg) was added to the solutions and stirred on a

Table 1

Constituents and sodium chloride content of the hydrated wheat starch-egg
white powder-mixtures (SE) and the hydrated wheat starch-desalted egg white
powder-mixtures (SDE) for 3D printing.

Abbreviations Description ‘Wheat starch (g) - (desalted) NaCl content
egg white powder (g) - (g/100 g dry
aqueous solution (g) - food material)
dye (g)
SE60 SE without 85-15-60-0 0.66 = 0.05 *
NaCl

SE60-Med SE + medium 85-15-60-0 1.92 £ 0.08 ©
NaCl

SE60-Hi SE + high 85-15-60-0 3.07 £ 0.12°
NacCl

SEG0-DYE SE + dye 85-15-60-0.05 0.63 £ 0.05

SE60-Hi-DYE SE + high 85-15-60-0.05 313+ 011°
NaCl + dye

SDE102 SDE without 85-15-102-0 0.16 + 0.02 "
Nacl

SDE96-Med SDE + 85-15-96-0 1.20 + 0.13 ¢

metlium NaCl

SDE94-Hi SDE + high 85-15-94-0 2.44 +0.20°

NaCl
SDE102-DYE SDE + dye 85-15-102-0.05 0.19 + 0.02 ¢
SDE96-Med- SDE + 85-15-96-0.05 1.11 + 011 ¢
DYE metium NaCl
+ dye
SDE%4-Hi- SDE + high 85-15-94-0.05 2.46 + 0.20 °
DYE NaCl + dye

NaCl content is expressed in mean + standard deviation. Means with unequal
letters (a - f) are significantly different (p < 0.05).
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magnetic stirrer (5 min). After adding the solutions, the mixture was
kneaded (10 min), placed in a plastic beaker which was covered using
Parafilm (Bemis Company Inec., Wisconsin, USA), and left to rest (30
min, room temperature) until the preparation and assembly of both
extruders was completed. Concerning the characterization, printability,
and textural analyses experiments, the mixtures were prepared and
measured in triplicates. Throughout this paper, the naming scheme or
abbreviations mentioned in Table 1 was used to denote the different
mixtures.

2.5. 3D printing setup, process, and experiments

For this study, an X400 V3 3D printer (German RepRap GmbH,
Feldkirchen, Germany) was used for printing the starch-based material
systems. For all printing experiments, a nozzle diameter of 0.84 mm, a
printing speed of 10 mm/s, and an extrusion width/height of 0.84 mm
were used. The detailed printing setup including pre-printing calibration
was mentioned in our previous study regarding a method development
for cereal printing quality analysis (Fahmy et al., 2020). For extrusion
and deposition of the mixtures, two progressive cavity pumps (PCP)
based extruders were used. Both extruders were purchased from Vis-
coTec GmbH (Toging, Germany) which are identical except for the
pumping chamber size (rotor and stator). The Vipro-head3 and Vipro-
head5 extruders have theoretical flow rates of 0.3 to 3.3 mL/min and
0.5 to 6.0 mL/min, respectively. Also, the mentioned flow rates depend
on the viscoelastic properties of the extruded materials and the primary
flow pressure developed inside the extruder. After conducting the
optimization experiments (Fahmy etal., 2020), the extrusion multiplier
for the primary extruder (Vipro-head3) was set to 29% while 12% for the
secondary extruder (Vipro-headS). Concerning the on-board NIR stabi-
lization, a variable output power 150 W spot heater was used (Optron
GmbH, Garbsen, Germany). The used NIR-emitter has a peak wave-
length of approximately ~0.98 pm. A control unit was used to interface
between the heater and the 3D printer. The heating power is controlled
through a variable DC input of 0 to 10 V which is then mapped on the
printer's firmware to a pulse width modulation (PWM) of 0 to 213 (0 to

(2)

Fig. 1. Prnting head and images of a 3D printed cuboid: (a) 3D rendering of
the mounting system including the dual PCP extruders, and NIR spot heater; (b)
images of a 3D printed sample at 100% infill with localized sodium using dual
extrusion and NIR heating.
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12 V corresponds to PWM or O to 255).

As shown in Fig. 1, a mounting system was printed using PLA to
accommodate both extruders sideways while the spot heater was
mounted in the perpendicular direction. With respect to the primary
extruder, the secondary extruder was mounted with an offset of 80 mm
in the x-direction while the spot heater was mounted with an offset of 40
mm and 30 mm in the x- and y-directions, respectively. The offset of the
secondary extruder was accounted for in the printer's firmware. Layer-
and tool-change G-code scripts were used, where the offsets were
accounted for, to accommodate the layer-based heating routines. These
scripts were executed during layer changes, whether there is a tool
change or not, to insure a uniform layer-based heating and thermal
stabilization.

For the printing of the starch-protein-based structures, a cuboid
design of 15.0 x 15.0 x 7.5 mm (L x W x H) was used. The infill of all
cuboids was 100% for the sensory and chemical analyses. While for the
textural analysis, 75% infill cuboids with a middle square cutout beside
the 100% infill were used to simulate the different levels of textural
properties. The two infill levels were chosen for determining the textural
properties produced by dual extrusion compared to single extrusion and
to identify and characterize any possible defects arising from the usage
of a dual extrusion system. As shown in Fig. 2, five different layer con-
figurations were used for printing the cuboid design at adaptable
printing settings. Two designs with homogeneous distribution of sodium
chloride were printed using a single extruder (configuration: full a and
b). The other designs incorporated a heterogeneous distribution of so-
dium using dual extrusion with the SE and SDE mixtures (Table 1) acting
as the base material. For the 4/4 design shown in Fig. 2, the first four
layers (bottom layers) were printed using the SE60 and SDE102
(Table 1) while the top 4 layers (top layers) were printed using the
mixtures containing sodium chloride. The 2/2 and 1/1 designs were
printed using a similar approach like the 4,/4 design but with alternating
dual or single layers, respectively.

(a) Configuration: full

A

Single extrusion
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2.6. Material characterization and printability experiments

The viscoelastic properties of the different mixtures were charac-
terized using oscillatory measurements on an AR-G2 rheometer (TA
instruments, New Castle, USA) coupled with a DIN concentric cylinder.
The measurement geometry had a rotor radius of 14 mm and the gap
clearance was set to 1 mm. A constant temperature (21 °C) was used
through a Peltier plate system. 7 g samples were placed in the measuring
cylinder, and the gap was adjusted to 1 mm. A 15 min of resting time was
allowed, to replicate the extruder preparation before printing. In addi-
tion, afrequency sweep was used at a constant strain of 0.01. The chosen
strain level was determined prior to the frequency tests (results not
shown) using a strain sweep to characterize the material's linear visco-
elastic region. A frequency ranging from 0 to 10 Hz was used. All printed
mixtures were measured in triplicate. Furthermore, the onset gelatini-
zation temperature of 58.96 + 0.44 °C was measured using differential
scanning calorimetry (DSC) and the base material (SE60). The DSC
measurement was performed according to the method described by
Paulik et al. (Paulik et al., 2019).

Since the addition of the sodium solutions and the ultrafiltration
process affect the hydration and rheological properties of the starch-
based blends and the egg white protein, respectively (Ferreira
Machado et al., 2007; Mmadi, Amza, Wang, & Zhang, 2014; Thamma-
sena, Fu, Liu, & Liu, 2020), hydration tests in the form of frequency
sweeps were performed. The purpose of the hydration tests was to obtain
comparable viscoelastic properties to ensure a similar printing perfor-
mance between the different mixtures.

A camera-based approach was used to characterize the printing
performance of the different starch-based blends used in the present
study. This quality characterization approach was presented in a pre-
vious study by Fahmy et al. (Fahmy et al., 2020). The quality charac-
terization was performed on lines and stacked lines. The lines were used
to characterize the geometrie stability of the material formulations. The
stacked lines were used to assess the collapse/slumping and the overall

(b) Configuration: full

A

(c) Configuration: 4/4

(d) Configuration: 2/2

(e) Configuration: 1/1

Dual extrusion

A

Fig. 2. Schematic diagram of the 3D printed layer configurations: (a) full configuration without dye or sodium addition; (b) full configuration with dye or/and
sodium addition; (c) 4/4 configuration with alternating layers of 4; (d) 2/2 configuration with alternating layers of 2; (e) 1/1 configuration with single alter-

nating layers.
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structural stability (Fahmy et al., 2020). Geometrical parameters such as
the output width, length, and height are extracted and processed
autonomously with respect to the input parameters as a point of refer-
ence. Other aspects are evaluated such as pre-defined viscoelastic
induced defects in the form of over-, under-extrusion, and structural
collapse parameters. All measurements were performed with and
without NIR heating. All mixtures were printed using a single extruder
and measured in triplicate.

2.7. Thermal stabilization

An on-board NIR spot heater was used for thermally stabilizing the
printed starch-based structures. The NIR spot heater is composed of a
single lamp and a reflector heating system. It has a focal length of 17 mm
and a spot diameter of 6 mm, as shown in Fig. 3. The heater was directly
connected with the 3D printer's board, as mentioned in Section 2.5,
which does not allow for controlling the heater's state, power, or
movement in parallel to the printing process. Therefore, a layer-based
stabilization approach was used. After each layer is printed, the heat-
ing process takes place then the printing is resumed.

For all printed layers, the heater distance was set at the focal length
of the reflector (17 mm). A square function was implemented to cover
the square's surface area. The square function has a period equivalent to
the spot diameter and a phase shift of —45° to insure uniform heating
across the surface area.

To select the heating parameters, the heating profiles were measured
at different power settings (data not shown). Also, the temperature in-
side the bottom layer of the printed structures was quantified to evaluate
the heat cycles and temperature profiles during printing. For all tem-
perature measurements, a K-type thermocouple was used with a data
acquisition device 16-Bit USB DAQ (NI USB-6210) using a LabVIEW
software (National Instruments, Texas, USA). The thermocouple was
placed approximately at a height of ~0.5 mm of the first layer (middle of
bottom layer). A heating power of 32% and movement speed of 13 mmy/s
(heating time of 4.4 s) for the 100% infill was chosen based on a
resultant moisture content level of 41.02 + 0.28%. Moreover, the speed
was calibrated for the material systems with increased hydration to
reach the same output moisture level. To obtain a constant moisture
content for both printed infill levels (100% and 75%), the heating speed
was varied from 9 to 15 mm/s with a step size of 1 mmy/s. The different
heating speeds were applied to cuboids of 90% infill with grid internal
struetures. The moisture content of the printed cuboids was measured,
according to the AACCi 44-0] standard, at different heater movement
speeds to characterize the relation between the heating speed and the
occurring moisture loss. Then, to investigate the dependency of moisture
loss on the infill variation, the moisture content was measured as the
infill was varied between 100 and 80% with a step size of 5% while the
heating speed was kept constant at 13 mm/s. Based on the relation be-
tween the heating speed, infill, and moisture content, linear regressions
were used to obtain a speed calibration equation: s = ((172.54 — i)/

(b)
———— e
ITII'T\i-_ g
ffffffffffffffffff 416 mm } 0
|
—l‘{: B mm
origin .
17 mm 15 mm

Fig. 3. Schematic diagram of the heating source and process: (a) side view of
NIR spot heater and installed reflector with spot diameter of 6 mm; (b) top view
of heating routine using a square wave function.
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6.385) (1). Where s is the movement speed [mm/s] and i is the infill
level (%). Using the mentioned equation, the 75% infill cuboids were
printed using a heating speed of 15.34 mm/s (heating time of 3.8 s) to
obtain a similar moisture content (compared to the 100% infill) of 40.89
+ 0.79%. In this study, the heating speed calibration was done without
consideration for the heat induced transitions of the starch and egg
white protein. Finally, all temperature measurements were done in
triplicate.

2.8. Texture profile analysis

The textural properties of the printed starch-based systems were
characterized using a Texture Analyzer type TA.TX. plus (Stable Micro
Systems Ltd., Godalming, UK) with a 50 kg measuring cell. The
compression test was performed using an uncoated 25 mm PMMA
stamp. A single double compression test was used at a test speed of 2
mmy/s and a trigger force of 0.05 N. All the samples were compressed to
10% of its original height at room temperature of 18 + 2 °C. The test was
performed on a full configuration (Fig. 2) of 75% (middle square cutout)
and 100% infill using the SE and SDE mixtures, shown in Fig. 2 and
Table 1, respectively. The measured forces were recorded with respect to
the change in time and distance. To obtain the engineering Young's
modulus E, the force-distance curves were converted into stress-strain
using the following equation: o/e = ((F/A)/(AH/H)) (2) (Attenburrow,
Goodband, Taylor, & Lillford, 1989; Beer Jr.,, DeWolf, & Mazurek,
2011). Where 6 is the stress [Pa], € is the strain, F is the resultant force
[N], A is the surface area [m?], H is the sample height [m], and AH is
lateral deformation [m]. A linear regression was used to obtain the en-
gineering Young's modulus E from the linear section of the stress-strain
curve with a coefficient of regression higher than 0.95. From the force-
displacement curve of the double compression-decompression cycle, the
following textural attributes were determined: hardness (HA), eohe-
siveness (C0), and resilience (RE). The hardness was extracted from the
peak force of the first cycle. Moreover, the cohesiveness was defined as
the area ratio of the second compression to the first compression.
Finally, the resilience was represented as the ratio of energies equivalent
to the ratio of decompression and compression cycles (Kramer &
Szezesnialk, 1973; Peleg, 2019). All texture measurements were done in
triplicates.

2.9. Extraction of mixtures and printed samples

All raw materials, the starch-based blends in all compositions (cf.
Table 1), and 3D printed samples in all layer configurations (Fig. 2) were
extracted in order to quantify the sodium content. Prior to extraction,
the stained inhomogeneous samples were separated in stained and un-
stained layers based on visual identification and analyzed individually.
A portion (0.5 g) of the separated layers was extracted as detailed in the
following but with an aliquot of 3.5 mL methanol/water (70/30, v/v). A
portion (1.0 g) of each sample was placed in a bead beater tube
(CK28.15 ml, Bertin Instruments, Montigny-le-Bretonneux, France)
filled with ceramic balls (2.8 mm i. d.). An aliquot (7 mL) of methanol/
water (70,30, v/v) was added. The samples were homogenized (6400
rpm, 3 cycles, 30 s each with 30 s breals, 10 °C) using a bead beater
(Precellys Evolution, Bertin Instruments, Montigny-le-Bretonneux,
France) and extracted at an orbital shaker (500 rpm, 60 min, room
temperature). After centrifugation (4000 1pm, 10 min), the supernatant
was removed. The residue was extracted two more times (methanol/
water, 70/30, v/v, 7 mL) in the same way as detailed above. The com-
bined supematants were evaporated to dryness under nitrogen. The
remaining extract was dissolved in water and membrane-filtered (0.45
pm). Appropriate dilutions were prepared with water before analysis
using High Performance lon Chromatography (HPIC). The extraction
was performed in biological triplicates.
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2.10. Quantitative analysis of sedium by means of High-Performance Ion
Chromatography

Sodium was quantified by means of HPIC using an IC5-2000 ion
chromatography system (Dionex GmbH, Idstein, Germany) with an AS-
AP autosampler, an eluent generator equipped with an eluent generator
cartridge methanesulfonic acid EGC 111 MSA, a cation self-regenerating
suppressor CSRS 500 (2 mum, suppressor current: 6 mA), and a digital
conductivity detector DS6. System control and data processing were
carried out using Chromeleon software (version 7.2, Dionex GmbH,
Idstein, Germany). The quantification was performed using an external
calibration with sodium standard solutions ranging from 1.4 to 175 mg/
L. Aliquots (2 pL) were injected into the ICS-2000 apparatus equipped
with a Dionex lonPac C519 analytical column (4 pm, 2 x 250 mm) and a
Dionex lonPac CG19 guard column (2 x 50 mm). Chromatography was
performed at 30 °C with isocratic elution of aqueous methanesulfonic
acid (7 mmol/L) at a flow rate of 0.25 mL/min. The quantitative data is
given as the mean of triplicates.

2.11. Analytical sensory experiments

2.11.1. General conditions

All sensory sessions were performed in an air-conditioned sensory
room separated into single booths at 20-22 °C. The light was adjusted to
yellow to mask visual differences between the samples. The panelists
used nose clips to avoid cross-modal interactions with odor-active
compounds. The sensory panel consisted of 16 experienced human as-
sessors (aged 24-31 years) who had given informed consent to partici-
pate in the sensory tests of the present investigation and have no history
of known aroma and taste disorders.

2.11.2. Panel training

The panelists were trained to recognize and evaluate the taste of
supra-threshold solutions of following taste compounds in bottled water
to become familiar with the taste language used: NaCl (20 mmol/L) for
salty taste, D-sucrose (20 mmol/L) for sweet taste, L-lactic acid (20
mmol/L) for sour taste, caffeine (2 mmol/L) for bitter taste, mono-
sodium L-glutamate (6 mmol/L) for umami taste, and tannic acid
(0.05%) for puckering-astringent. Furthermore, the panelists were
accustomed to the starch-based food matrix and trained to distinguish
between a sample with 1.0 g/100 g NacCl on dry material (= %) and
samples with different NaCl contents (1.1%, 1.2%, 1.3%, 1.5%, 1.7%
and 2.0%) by means of two-alternative forced choice (2-AFC) tests. For
this one-sided paired comparison test, mixtures were prepared with
wheat starch, low salt egg white powder (FunCalkes), and aqueous NaCl
solutions in a composition of 53.125/9.375/37.5 (w/w/w). The NaCl
content in the samples is given based on the weight of dry materials (=
100%). The starch-based blends were baled in baking tins (50 x 20 x
20 mm, L x W x H) at 230 °C for 10 min. The samples were left to cool
for 2 h and stored in airtight freezer bags at 4 °C until the next day. The
crust was removed, and the crumb was separated into cubes (7.5 x 7.5
% 7.5 mm, L x W x H) before sensory analysis. To train the panelists, the
2-AFC tests were performed three times.

2.11.3. Saltiness evaluations of 3D printed samples

Before sensory analysis, the 3D printed samples were stored vacuum-
packed at —22 °C for maximum 3 days. The perceived saltiness of 3D
printed samples with homogeneous and heterogeneous spatial sodium
distribution which had the same overall sodium content was compared
in 2-AFC tests. For this two-sided paired comparison test, each panelist
got a homogeneous sample with medium sodium content (SE60-Med or
SDE96-Med) and an inhomogeneous sample consisting of layers without
sodium addition (SE60 or SDE102) and layers with high sodium content
(SE60-Hi or SDE94-Hi). The inhomogeneous samples in the three
different layer configurations, 1/1, 2/2, and 4/4 (Fig. 2), were compared
to the homogeneous sample in individual 2-AFC tests.
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2.11.4. Procedure of two-alternative forced choice tests

The saltiness evaluation of the samples was carried out by means of
2-AFC tests. In this paired comparison test, the panelists received two
covered beakers encrypted by a three-digit random number containing
different samples (7.5 x 7.5 x 7.5 mm, L x W x H). To eliminate
interfering carry-over effects, the panelists rinsed their mouths with
bottled water between tasting of the samples. The panelists were
instructed to indicate which of the two samples tasted saltier according
to the forced choice method. The statistical evaluation of the 2-AFC tests
was performed according to significance tables for one-sided and two-
sided paired comparison tests in accordance with ISO 5495 (ISO 5495:
Sensory Analysis — Methodology — Paired Comparison Test. Geneva,
Switzerland: International Organization for Standardization, 1SO 5495,
2005). The tables outline the minimum number of correct answers that
is required to achieve a significant difference with a specified number of
panelists on a level of significance «. Depending on the number of cor-
rect answers, the significance level « was determined. All p values <0.05
were judged as significant.

2.12. Statistics

One-way ANOVA and Tukey's pair-wise comparison, with the sig-
nificance level set at p < 0.05, were used to analyze differences between
sodium and NaCl contents. All data and statistical analyses were per-
formed using MATLAB (The MathWorks Corporation, Natick, USA) and
OriginPro 2020 (OriginLab Corporation, Northampton, USA).

3. Results and discussion
3.1. Rheological properties and printing performance

Printability tests of 2 different cereal-based systems coupled with
rheological characterization were performed at different hydration
levels in previous studies (Fahmy et al., 2020; Fahmy, Becker, & Jelle,
2018; Fahmy, Becker, & Jelde, 201 9). The base material /mixture used in
the presented study (SE60), with a hydration level of 60 g/100 g of dry
material, was selected based on its geometrie stability and low induced
defects during printing. To obtain comparable geometric stability for the
printed cuboids of the desalted egg white powder and the different so-
dium concentrations, the viscoelastic properties were measured through
frequency sweeps at different hydration levels (Section 2.4). The hy-
dration levels were varied from 90 to 110 g/100 g of dry material with a
step size of 2 g/100 g of dry material according to preliminary tests (not
shown). The hydration levels were increased until comparable visco-
elastic properties (compared to the base material) were reached. The
addition of the 50 mg of Patent Blue V calcium salt was not considered
for the rheological hydration tests as there was no significant difference
in the observed viscoelastic properties compared to the addition of the
sodium base solution.

The viseous component or loss modulus was considered as the point
of reference for obtaining the hydration levels for the other mixtures
containing the sodium solutions as well as the desalted egg white
powder. For reflecting the viscous properties of the materials, the loss
modulus was considered over the storage modulus to obtain comparable
viscous response of all materials during extrusion and deposition.
Furthermore, the flow index could not be considered as the reference for
obtaining the hydration levels due to the variation of the shear thinning
behavior caused by the functional changes that were introduced by the
desalination process, freeze drying, and the different sodium concen-
trations. For the stock (without sodium) desalted egg white powder
mixture SDE102, a hydration level of 102 g/100 g of dry material was
observed which corresponds to the same viscosity level of the base SE60
material as shown in Fig. 4. For the medium and high sodium concen-
tration mixtures, the hydration levels were determined as 96 g/100 g
SDE96-Med and 94 g/100 g SDE94-Hi of dry material, respectively, for
the same viscous levels as the SE60 mixture. An increase in the hydration
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Fig. 4. Frequency sweep of the starch-based blends SE60, SDE102, SDE96-Med,
and SDE94-Hi mixtures within 0 and 62 Hz at 21 “C: (a) elastic component; (b)
viscous component.

for the SDE mixtures can be contributed to the alteration of the protein's
particle microstructure and the protein's hydration properties after the
ultrafiltration-desalination (Thammasena et al., 2020). Also, the protein
solubility in the purified water compared to the different saline con-
centration affects the protein-protein and protein-solvent interactions
which influences the physiochemical properties and thus the functional
properties such as the viscoelastic response of the material (Ferreia
Machado et al., 2007; Kakalis & Regenstein, 1986). Depending on the
type and content of the present salts in the medium, they affect the
electrostatic interactions among the macromolecules through ionic
forces and are sufficient to change the conformation of the proteins
(Fennema, 1993; Kinsella, 1982). Consequently, the material funetion-
ality of the starch-based mixtures is highly influenced by the presence of
sodium in different concentrations (Jelle, Necula, Jelle, & Becker,
2019).

After determining the hydration levels for the desalted egg white
powder mixtures, the printing quality of the mixtures was analyzed. The
dimensional parameters and defects were determined using the on-
board camera-based morphological approach as shown in Section 2.6.
The approach was used during printing of the lines/stacks before and
after the NIR heating. The aim is to highlight the improvement in
structural stability of the printed structures after heating, also to deteet
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any heating induced defects which could influence the structural and
textural properties of the printed cuboids.

All output geometrical properties were analyzed and compared to
the neutral profile which represents the optimal values of the given
parameters. Considering the printed lines and stacks without heating, all
materials show signs of slumping or structural collapse with the
increasing number of layers, as shown in Fig. 5(a) and (b). The output
extruded height (Fig. 5a) for all mixtures decreases from the target value
starting from the 3rd layer onwards with the maximum deviation at the
5th layer for the SDE94-Hi mixture with an output height of 3.24 + 0.03
mm. Compared to the neutral profile at the 5th layer with 4.2 mm in
height, the deviation maxes out at approximately 22.8%. This effect
indicates the structural collapse under the increasing applied hydro-
static pressure due to the increase in height. Moreover, shown in Fig. 5
(b), all mixtures show a high increase in the width of the printed
structures while the optimal width should remain 0.84 mm according to
the nozzle diameter under ideal material conditions. For all mixtures, an
increase in the extruded width is observed at the deposition of a single
layer. This effect can be contributed to the constriction of the nozzle's tip
which induces a binding force acting on the material before deposition.
The viscoelastic flow of the material causes a die swell phenomenon to
occur where the deposited diameter is larger than the channel size
(Wang, 2012). This increase can affect the precision of sodium locali-
zation if an area-based localization is performed where the local con-
centration of sodium is located beside or within the base material. On
the other hand, for the layer-based approach presented in this study, the
die swell effect should not affect the planar localization of the sodium
component. Moreover, the maximum deviation of the output width of
1.8 + 0.3 mm which represents an approximately ~114% increase than
the neutral profile for the SE60 mixture at 4 layers. This shows a ma-
terial flow from the top to the bottom layers in the direction of the
gravitational forces. The flow of material between layers under hydro-
static pressure would pose a problem in the localization of the sodium
containing mixtures which could nullify the localization of the sodium
component. Consequently, the increase in width and decrease in height
of all mixtures highlights the importance of a layer-based material
stabilization.

The trials involving layer based NIR heating show a large improve-
ment in the height and width performance, as illustrated in Fig. 5(a) and
(b). Each layer is autonomously stabilized using the spot heater before
the deposition of the consecutive layer. The heat and mass transfer
during the localized heating process in the form of temperature increase
and moisture loss increases the overall complex modulus of the material
towards gelation (results not shown). This increases the yield point for
the materials while exposed to the hydrostatic pressure from the height
increase during layering of the materials which results on a more stable
structure resistant to slumping or structural collapse. Regarding the
width of the extruder mixtures with the respect to the increase in
deposited layers, results show a fluctuation of maximum ~12% situated
around the optimal value of 0.84 mm. Finally, the height of all mixtures
increased towards the neutral profile compared to the non-heating trials.
The maximum deviation of the SDE94-Hi mixture improved by
approximately ~14% (absolute value) with a deviation of ~8.8% rep-
resented by a height of 3.8 + 0.2 mm at 5 layers compared to the 4.2 mm
of the optimal or theoretical value.

While short IR wave lengths influence the penetration depths, long-
wave radiation is essential regarding the mount of transferred energy to
the material (Skjoldebrand, Ellbjar, Andersson, & Eriksson, 1988). To
illustrate, when the cereal matrix is exposed to infrared waves, the ra-
diation is absorbed, reflected, or scattered. The absorption intensities of
the radiative energy are highly dependent on the matrix constituents as
well as the radiation's wave length (Riadh, Ahmad, Marhaban, & Soh,
2015). Consequently, the amount of absorbed radiation as well as the
received energy is specific to the cereal matrix and heating setup that
was used in this study.

To enumerate the effect of the local NIR layer-based heating method,
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Fig. 5. Printing performance of the printing mixtures and in-line temperature measurements: (a) extruded height of printed stacks up to five layers; (b) extruded

width of stacks up to five layers; (c) temperature cycle during printing with respect to the elapsed time and peak temperature recorded during each layer deposition

(stdn = 3).

the heat transmission was measured inside a single layer and through
multiple layers. The surface area of the cuboids was decreased to 10.0 x
10.0 mm but the same layer thickness and structure height was main-
tained to reduce the printing time while keeping the same heat profiles
as the other printing experiments. As shown in Fig. 5(c), the thermal
stabilization of each layer consists of heating and cooling cycle. The
heating region occurs where the NIR spot is incident to the thermo-
couple's location. The peak temperature is reached depending on the
power and movement speed of the heater corresponding to the amount
of time the spot diameter takes to move a length of 6 mm. The cooling
cycle represents the heating of other regions followed by the printing of
the consecutive layers. Because of this cyelic behavior, the lower layers
receive more energy compared to the upper layers. Therefore, a het-
erogeneous distribution of moisture is expected to occur across the
different layers resulting in a concentration gradient of water content

52

along the thickness direction. Regarding the heat induced trans-
formations, a peak temperature of approximately ~120 °C was
measured at the top of the layer (at the focal length of the heater). Using
the DSC approach (Section 2.6), the peak gelatinization temperature was
observed to be 91.3 °C (extrapolating to the NIR's heating rate).
Therefore, this resultant secondary heating cycles that increases pro-
portional to the structure's height means that the heat induced trans-
formation of the starch and protein is different across the layers.
Gonsequently, the mechanical properties are expected to vary across the
layers and the struetural/textural properties are the resultant of the
response of all layers. Furthermore, the concentration gradient of
moisture is ime dependent where moisture equilibrium occurs with the
increase in storage duration. To elucidate the time dependency of
moisture equilibrium, the bottom layers of 9 samples were separated
directly after printing. Then, 3 samples were measured directly while the
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other samples were stored for 1 and 2 days at —22 °C. The sample layers
that were measured directly after printing showed a decrease of ~4.5%
of the total moisture content compared to the overall moisture content of
the cuboids (Section 2.6). After 24 h of storage, the moisture content
equilibrated to just a decrease of ~0.3% from the final moisture content.
Consequently, the results showed that the sensory tests were conducted
where the internal deviations of the moisture content between layers is
negligible and thus, moisture content-dependent textural diserepancies
are avoided.

3.2. Textural properties

The textural properties of the printed designs and the localized layer
configurations were of general interests. Therefore, double compression
tests were conducted under quasi-static conditions in the linear defor-
mation regime to texturally characterize the printed cuboids (Section
2.8). Also, the compression tests were used to calibrate the printing
process with regards to the operation of the dual PCP extrusion design.
The testing and calibration process were of outmost importance to this
study as similar or comparable textural properties are required to ensure
that the textural differences between the different layer configurations
do not influence the results of the sensory analysis so that the results are
solely dependent on the localization of the sodium inside the structures.

According to preliminary testing (results not shown), two main fac-
tors had an influence on the textural properties and thus they were of
great interest to define. First, are the designed offsets in the cartesian
coordinates between both custom extruders. Offsets and deviations in
the layer height due to the small deviations in the z-axis did not show
any influence on the textural properties in the elastic regime. To illus-
trate, the texture of cereal foams in the elastic regime is mainly domi-
nated by the effective area as well as the relative density (Gibson, 1959;
Lorna J. Gibson & Ashby, 1999). The overall height difference due to the
propagation of uncertainty in the layer thickness does not affect the
texture if the relative density remains constant. Finally, the offsets in the
x- and y-axes resulted in high deviations in the output cuboid geometry
and textural properties. In relation to the textures, the planar offsets
were adjusted until low deviations were achieved. The second influence
on the textural properties is derived from the slicing parameters and
printing settings. This stems from the material difference contained in
both extruders as well as the different flow ratings of both extruders
(refer to Section 2.5). The shear rate applied on each material system is
different due to the difference in rotor sizes between the extruders and
the variability in the flow index or the rate of change of viscosity with
respect to the applied shear rate. The flow index variability is a resultant
of the functional changes that have arisen from the desalination process,
freeze drying, and the different sodium concentrations. The mentioned
dependencies affect the deformation of the material micro-structure
during extrusion which in turn leads to different output base material
properties between both extruders for all localized layer configurations.

To address the dual extrusion induced textural variability, first a
constant moisture content (for all layer configurations) was attained
through the heating speed optimization method mentioned in Section
2.7. Second, the full configuration (using SE60 and SDE102) was printed
using a single extruder (Vipro-head3) controlled with a single set of
extrusion and printing settings such as speed, flowrate, etc. On the other
hand, full configurations of the sodium containing mixtures were prin-
ted using the extruder (Vipro-head5) since in printing the localized layer
configuration of 1/1, 2/2, and 4/4 this extruder is used for depositing
the sodium containing layers. For this extruder, the slicing/printing
settings were adjusted with respect to the output hardness of the printed
cuboids for both infills of 75% and 100%. The hardness of the cuboids
was compared for all printed full configurations from both extruders and
the extrusion settings for the Vipro-head5 extruder were adjusted until
there was no significant difference observed. After setting and cali-
brating the extrusion settings for all mixtures, the euboids in 75% and
100% infills were printed with the configurations shown in Fig. 2 for the
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egg white powder mixture SE60 and for the desalted egg white powder
mixture SDE102. Fig. 6 shows the measured textural properties for the
SE60 mixture for both infills and all configurations. As shown, compa-
rable textural properties were achieved between the different printed
configurations. Consequently, textural deviations between all configu-
rations were eliminated to ensure no influence oceurs in the sensory
analyses.

3.3. Sodium diffusion in layered samples

Applying the developed 3D printing method, samples with inho-
mogeneous NaCl distribution were printed in three configurations, 1,/1,
2/2, and 4/4 (Fig. 2), consisting of undyed layers without NaCl addition
and dyed layers with NaCl addition. The actual sodium content within
the different sample layers was quantified to determine whether sodium
ions diffuse during the 3D printing and heating process and subsequent
storage (ef. Fig. 7). The sodium content of the samples before and after
the printing and heating process differ because the sodium content is
given based on the fresh weight of the samples and moisture evaporates
during the heating process.

In the first approach, a hydrated wheat starch-egg white powder-
mixture (SE60) was the base material The mixture SE60 was used for
layers without NaCl addition and SE60-Hi-DYE for layers with NaCl
addition (Table 1). The initial sodium concentration ratio between the
layers was ~1:5 for all configurations (Fig. 7a). After 3D printing,
heating, and storage, the remaining sodium concentration ratio was
~1:2.5 in case of configuration 4/4 and a sodium concentration equi-
librium was reached in case of configuration 1/1 and 2/2 (Fig. 7b). This
is caused by sodium diffusion from the high to the low salt layers.

In the second and third approach, the base material consisted of a
hydrated wheat starch-desalted egg white powder-mixture (SDE102)
resulting in a lower sodium content in the layers without NaCl addition
compared to the first approach. The difference of approach two and
three is the amount of NaCl addition. In both approaches, layers without
NaCl addition were printed with mixture SDE102 and layers with NaCl
addition were printed with SDE96-Med-DYE in approach two and with
SDE94-Hi-DYE in approach three (Table 1). In the second approach, the
initial sodium concentration contrast was ~1:7 (Fig. 7c). As a result of
sodium diffusion during the 3D printing and heating process and stor-
age, the ratio was reduced to ~1:5 in case of configuration 4/4 and to
~1:1.3 in ease of configuration 1/1 and 2/2 (Fig. 7d). In the third
approach, the initial sodium concentration ratio between the layers was
~1:15 (Fig. 7€). Due to sodium diffusion, it decreased to ~1:6.4 in case
of configuration 4/4, to ~1:4.1 in case of configuration 2/2, and to
~1:3.2 in case of configuration 1/1 (Fig. 7f). Consequently, a large NaCl
concentration gradient had to be applied to obtain samples with sodium
concentration contrast at the time of sensory evaluation.

Salt diffusion was also reported in literature for layered bread with
inhomogeneous NaCl distribution with findings that are comparable
with the present study. During fermentation, baking, cooling and stor-
age at ambient temperature, the initial salt concentration ratios of 1:5
and 1:11 of a bread with 1.5 g/100 g NaCl on flour basis were reduced to
~1:2.2 and ~ 1:3.1, respectively (Noort et al., 2010).

The approaches one and three were applied in sensory experiments
(Section 3.5) but with uncolored samples. The food colorant was merely
added to the high salt starch-based blends of the analysis samples to
support the visual layer identification. Patent Blue V calcium salt was
used as a food colorant to not alter the sodium content of the printing
blends. This was also proven by sodium quantification in mixtures that
only differed in addition of dye because no significant difference (p >
0.05) occurred between SE60 and SE60-DYE, SE60-Hi and SE60-Hi-DYE,
SDE102 and SDE102-DYE, as well as between SDE94-Hi and SDE94-Hi-
DYE (Table 1).
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Fig. 6. Texture profile analysis of the 3D SLTS printed configurations from SE mixtures with 75% and 100% infills for all printed configurations: (a) young's modulus;

(b) hardness; (c) cohesiveness and (d) resilience.
3.4. Differentiation of samples with variable NaCl contents

To determine the lowest perceivable salt taste difference, the salti-
ness of a sample with 1.0 g/100 g NaCl on dry material (= %) was
assessed in 2-AFC tests in comparison to samples with 1.1%, 1.2%, 1.3%,
1.5%, 1.7%, and 2.0% NaCl, respectively. The samples containing 1.2%
NacCl and more were rated significantly saltier (p = 0.005 for 1.2% and p
< 0.001 for 1.3%, 1.5%, 1.7%, and 2.0%) than the 1.0% NaCl reference
sample. The sample containing 1.1% NaCl could not be significantly
distinguished (p = 0.12) from the reference sample, thus making 0.2%
NacCl the lowest detectable difference for the sensory panel.

3.5. Effect of inhomogeneous spatial distribution of sodium on saltiness
perception

By means of 2-AFC tests, the perceived saltiness of 3D printed sam-
ples with inhomogeneous spatial sodium distribution in three different
layer configurations 1/1, 2/2, and 4/4, was compared to a reference
sample with homogeneous distribution containing the same overall so-
dium chloride content.

In the first sensory experiment, the mixture SE60-Med was used for
the homogeneous reference sample and mixtures SE60 and SE60-Hi for
the inhomogeneous samples (Table 1). The overall NaCl content of the
homogeneous reference sample (1.92 + 0.08 g/100 g dry material) was
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not significantly different (p > 0.05) from that of the inhomogeneous
samples (1.87 + 0.05 g/100 g dry material). The sensory panel could not
distinguish the homogeneous sample from the inhomogeneous samples
of all layer configurations in terms of saltiness (p > 0.5). The reason for
this could be that, at the moment of sensory evaluation, the NaCl con-
centration gradient between the different layers was too low (ratio —
1:2.5) to result in a perceivable effect on saltiness in case of configura-
tion 4/4 and not existent in case of configuration 2/2 and 1/1 because
sodium diffusion oeccwrred (Section 3.3). Noortet al. (Noortetal., 2010)
reported similar findings in a study with inhomogeneous distribution of
Nadl in layered bread. NaCl concentration contrasts of ~1:2.2 and ~
1:3.1 in breads did not result in a significant difference in the perceived
saltiness intensity compared to a homogeneous bread with the same
overall NaCl content of 1.5% based on flour.

Previous studies revealed that the saltiness enhancement also de-
pends on the overall NaCl content. The relative saltiness enhancement
was strongest at the lowest overall NaCl content (Noort et al., 2010).
Because of this, the overall NaCl content was decreased in the second
sensory evaluation of the present study by using desalted egg white
powder in the 3D printed mixtures. The homogeneous sample consisted
of mixture SDE96-Med and the inhomogeneous samples of SDE102 and
SDE94-Hi (Table 1). The overall NaCl content of the homogeneous
sample (1.20 + 0.13 g/100 g dry material) was not significantly
different (p > 0.05) from that of the inhomogeneous samples (1.30 +
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Fig. 7. Sodium content in different sample layers before and after the 3D printing and heating process and storage: (a) starch-based blends consisting of SE60 and
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consisting of SDE102 and SDE96-Med-DYE; (e) starch-based blends consisting of SDE102 and SDE94-Hi-DYE; and (f) 3D printed sample consisting of SDE102 and

SDE94-Hi-DYE.

0.10 g/100 g dry material). Besides, the lowest perceivable difference of
the sensory panel was 0.2 g/100 g NaCl on dry material as shown in
Section 3.4. During the sensory evaluation, the inhomogeneous samples
of all three configurations were perceived significantly saltier than the
homogeneous reference sample (p = 0.026). This demonstrates that, at
an overall NaCl content of ~1.3 g/100 g dry material, a sodium con-
centration ratio of ~1:6 in case of configuration 4/4, of ~1:4 in case of
configuration 2/2, and of ~1:3 in case of configuration 1,/1 (Section 3.3
is sufficiently strong to enhance the saltiness perception in layered 3D
printed samples. The saltiness enhancement could be attributed to a
small extent to an accelerated sodium release from the food matrix, but
to a higher extent to the sensory contrast, because alternating stimuli of
low and high sodium concentration prevent taste adaption and thus, are
more intensively perceived than a continuous stimulus ([onitzer et al.,
2013; Noort et al., 2010; Noort, Bult, & Stieger, 2012).

The effect of saltiness enhancement due to spatial NaCl heteroge-
neity in the 3D printed samples could be applied for sodium reduction in
real life products while maintaining the perceived saltiness intensity.
Sodium diffusion from the high to the low NaCl layers reduces the initial
Nacl eoncentration ratios. Therefore, high NaCl concentration gradients
must be applied while, at the same time, the overall NaCl content must
stay at a low level to ensure an enhancement of saltiness perception by
inhomogeneous spatial NaCl distribution. To reduce the effect of diffu-
sion in future applications, configuration pattern other than layer
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configurations could be used where the ratio of the printing blends with
and without salt addition is not balanced but concentrated spots are site-
specifically introduced in matrix without salt addition.

4. Conclusion

A 3D printing method was developed that combines texturing,
localization, and focused on-board near infrared stabilization of food
systems. This 3D SLTS technique enables the produetion of hydrated
starch-egg white powder-material systems in reproducible textural
configurations. For the first time, defined NaCl concentration gradients
were site-specifically incorporated and loeally resolved in 3D printed
starch-based food textures. The inhomogeneous spatial sodium chloride
distribution caused saltiness enhancement, provided that the sensory
contrast was sufficiently strong and the overall NaCl content at a low
level. The evolved 3D printing method has the potential to be utilized in
the development of healthier products due to sodium reduction without
compromising saltiness intensity. Furthermore, the combination of
texturing and targeted localization of spatial concentrations gradients
could be applied to elucidate not only texture-taste interactions but also
texture-aroma interactions. This can be a step forward to customize 3D
printed food by systematically influencing texture, taste, and aroma to
achieve ideal sensory profiles.
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Recently, 3D printing has become an innovative technique in the structuring and modulation of food textures.
The objective is to systematically extended 3D food printing to allow the production of cellular structures with
specifically targeted textural properties. This study presents an approach for 3D printing structures with pre-
defined hardness. As a step in the foundation of textural design, parameter fitting of 3D printed foams and finite
element simulations was used to obtain a generalized hardness design formula for the 3D printing of closed-cell
Inline heating foams. Structures incorporating spherical bubbles arranged in point lattice cubic configurations were printed at
different porosity levels. A complete 3D printing-stabilization method was applied with an integrated on-board
layer-based heating and optimized for targeting heat induced material transitions to actively modulate the
material’s mechanical properties. FEM simulations were performed at different Young's moduli adjusted using
variable heating speeds where the results showed an independency of hardness on the foam configuration and
the distance between the closed-cell bubbles. Comparable hardness results were observed between the 3D printed
and simulated samples where the same exponential decrease behavior was achieved. The hardness design for-
mula was developed in relation to the material’s Young’s modulus, porosity, and printed geometry. The per-
formance of the obtained relation showed comparable results to the FEM simulations and the 3D printed
structures.

1. Introduction

The mechanical and textural properties of solid cellular food foams
are determined by the foaming/structuring process, the mechanical
properties of the constitutive material, the relative density, and the
foam’s microstructure (Gibson, 1989; Zghal et al., 2002). Typical
structural imperfections are associated with the traditional structuring
processes such as non-periodic ordering of cells, defects, and
non-uniformity of cell walls. The inherited structural heterogeneity af-
fects the foam’s reproducibility and impacts its sensory characteristics
(Gao et al., 2018; Guessasma and Nouri, 2015; Wang et al., 2006, 2011;
Zghal et al., 2002). This paves the path for the integration of 3D printing
in the texturing of cellular foods due to its accuracy, precision, repro-
ducibility, and control over layer-based properties. As an additive
manufacturing technique, 3D printing supports the precise manipula-
tion of aeration, mechanical properties, and cellular structure for the
design and modulation of customized textures (Derossi et al., 2020a,
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E-mail address: mario.jekle@uni-hohenheim.de (M. Jekle).
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2020b; Jonkers et al., 2020; Pereira et al.,, 2021; Phuhongsung et al.,
2020a; Sun et al., 2015; Vancauwenberghe et al., 2018a; Wegrzyn et al.,
2012). For all solid food products, the textural properties are essential in
influencing the sensory perception. Moreover, the most relevant textural
behavior influencing the sensory experience of solid foods are the
resistance, fracture, springiness, and cohesiveness (Chen and Rosenthal,
2015). The adaptation of 3D printing in texture and hardness manipu-
lation as well as in forming or structuring of cellular foods is newly yet
extensively researched, which is founded on the comprehension of the
microstructural effects on the mechanical properties of food foams
(Attenburrow et al., 1989; Guessasma et al., 2008; Jang et al., 2008;
Robin et al., 2011; Zghal et al., 2002).

Ultimately, from an innovative perspective, 3D printing has the po-
tential to evolve from a textural modulation technique to a true behavior
designing method. This will allow the production of cellular food
structures with specifically chosen deformation behavior to alter the
textural properties and sensory perception. Prior to texture design and
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modulation using 3D printing, the elucidation of the interaction be-
tween food-based materials and 3D extrusion printing is of interest for
the optimization of specific material and process parameters (Wilms
et al., 202]). Many studies can be found in literature focusing on the
investigative-driven optimization of material-process interaction using
rheological investigations, behavioral modelling, predictive models, and
quantitative printing-quality analysis techniques (Derossi et al., 20204,
2020b; Fahmy et al., 2020, 2019b, 2019a; Guo et al., 2019; Kim et al.,
2017; Lille et al., 2018; Liu et al., 2019a, 2019b; Paolillo et al., 2021; Sun
et al., 2018; Vancauwenberghe et al., 2018b; Wang et al., 2018; Wilms
et al., 2021; Yang et al., 2019; Yang et al., 2018b; Yang et al., 2018a).
Moreover, for 3D food printing applications and studies, investigations
concerning material behavior and printing quality serves as a founda-
tion for material selection. Most studies found in literature focus on the
applicability and modulation of food textures using different composi-
tions, pre-processing, printing settings, infill patterns, and
post-processing techniques (Liu et al, 2019a; Park et al., 2019; Phu-
hongsung et al., 2020b, 2020a). As an example, Le Tohic et al. showed
that the shear stress and heat applied during printing lowered the
textural properties of printed cheese compared to the untreated
formulation (Le Tohic et al., 2018). Only few and very recent studies
focus on the controlled attenuation of structural parameters such as
porosity structure, cell count, and cell sizes (Derossi et al., 20204,
2020b; Vancauwenberghe et al., 2018a). And thus, the modelling and
modulation of food textures using 3D printing was investigated and
established. On the contrary, the parameter design of struetures tar-
geting specific textural properties is yet to be explored.

The main objective of this study was to obtain a hardness-targeted
phenomenological foam model (HT-PFM) based on parameter fitting
for the design and prediction of 3D printed food textures in the elastic
regime. This allows for a transition from texture modulation using 3D
printing to a parametric design approach for the prediction and digital
design of hardness. A complete texture creation method was applied
where the 3D printing process incorporates on-board local heating, thus
eliminating the need for post-processing (Fahmy et al., 2021). The local
thermal stabilization technique enables targeted heat induced material
transitions for the manipulation of the bulk material’s mechanical
properties. This study was conducted on 3 variable porosity closed-cell
foam designs which were 3D printed with spherical bubbles arranged
in point lattice configurations. To ensure structural stability and
geometrical accuracy during printing, a printability study was per-
formed on two starch-based material systems using an on-board camera
approach. The starch-based material systems were formulated at
different concentrations of methylcellulose MC. One material formula-
tion was chosen for printing the closed-cell foam designs based on its
printability performance.

Furthermore, the inclusion of the material influence in the hardness-
targeted formula was performed using a heating-based variation tech-
nique of the Young's modulus. Finite element (FEM) simulations and
texture profile analysis (TPA) in the elastic regime were performed to
characterize the hardness and develop the hardness equation. There are
3 main scientific objectives behind the use of FEM simulations in the
presented study. First, to characterize the effect of the structural design
of the closed-cell foam (bubble size, porosity, cell wall size, and distri-
bution) on the Hardness in the elastic regime. The simulations were
performed alongside analytical measuwrements using 3D printing and
textural TPA analysis to ensure that there aren’t any propagated strue-
tural defects oceurring during printing, which would be indicated by an
inerease in the difference or divergence of the results. Second, the FEM
simulations were used to develop a hardness formula depending on 3
design variables which are the material's Young's modulus, design
porosity, and printed surface area. The hardness formula development
was based on parameter fitting of the hardness behavior using multiple
simulation levels. Third, the formula's hardness prediction and design
performance were assessed using FEM simulations combined with 3D
printing. Specific hardness values were selected, and the possible design
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parameters were generated using the developed equation. The param-
eters generated from the equation were simulated and used for printing
where the performance of the equation/formula was assessed. Finally,
this research can be a milestone in the foundation of food texture design
for 3D printing applications where design parameters can be determined
for a specific output hardness.

2. Materials and methods
2.1. Raw materials

For this study, two material systems composed of hydrated wheat
starch-egg white protein (EWP) and hydrated wheat starch-soy protein
(SPI) were used. Both material systems were used with increasing con-
centration of methyl cellulose (MC). Wheat starch was provided by
Kroner Stéarke, Ibbenbrinen, Germany. The egg-white protein concen-
trate and soy protein isolate were purchased from Bulk Powders online,
Germany. The MC was purchased from Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany. The moisture content of the starch was 13.98 +
0.17% (n = 3) with a protein content of 0.27% (n = 1) in the dry mass.
The egg-white protein had a moisture content of 6.96 + 0.04% (n = 3)
and a protein content of 83.42% (n = 1) in the dry mass. The soy protein
isolate had a moisture content of 6.79 £ 0.21% (n = 3) and a protein
content of 88.75% (n = 1) in the dry mass. The protein and moisture
contents were measured following the American Association of Cereal
Chemistry international standards (AACCi) 46-16 and 44-01, respec-
tively. All material analyses were performed in triplicates.

2.2. Material preparation

With an inereasing concentration of MG, 5 mixtures were prepared
for each material system. For both material systems, the ratio of starch to
protein was kept to 85:15 to show an equitable composition comparable
to wheat flour constituents (Goesaert et al., 2005; Jekle et al., 2016).
Two hydration levels were used, one hydration level for each material
system. For the EWP material systems, a hydration level of 35.48% was
used of the total mass ratio. Moreover, for the SPI material systems, a
hydration level of 50% was used of the total mass ratio. Based on the dry
ingredients, 0.5, 1.0, 2.0, and 3.0% of MC were added. Table 1 shows the
mixtures composition for the used material systems. Moreover, to keep
the ratio of dry ingredients to water content constant, the wheat starch
was replaced by the MC amount for both material systems. A z-type
kneader was used at 63 rpm to prepare the mixtures. A 1 min pre-mixing
step was used to mix the dry ingredients before adding the distilled
water. After adding the distilled water, the mixtures were kneaded for
10 min. Thereafter, the mixtures were removed from the kneading bowl
and directly placed into the printing cartridges then covered using
PARAFILM (Bemis Company Inc., Wisconsin, USA). The cartridges were
rested at room temperature for 15 min during the preparation of the
printer’s extruder. All materials were prepared three times and for each
preparation, the 3D printing and measurements were performed in
triplicates.

2.3. 3D printing setup

A X400 V3 printer (German RepRap GmbH, Feldkirchen, Germany)
was used to print the starch-based material systems. The printer was
coupled with a simplify3D slicing software (simplify3D, Ohio, USA) for
the generation of the machine G-code files. In addition, the printer was
equipped with 2 cameras (side and top views) for analyzing the printing
quality of any food printing inks (Fahmy et al., 2020). Considering the
paste extruder, we used one miniature progressive cavity pump (PCP)
purchased from ViscoTec GmbH, Téging, Germany. The PCP extruder
(Vipro-head3) has a flow rate rating of 0.3-3.3 mL/min depending on
the printing settings as well as the viscoelastic properties of the extruded
materials. Finally, for the on-board layer-based stabilization of the
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Mixtures composition for both material systems composed of wheat starch-egg white protein and wheat starch-soy protein.

Material system MC concentration Wheat starch Protein Methylcellulose Distilled water
Mass ratio (%) Amount (g) Mass ratio (%) Amount (g) Mass ratio (%) Amount (g) Mass ratio (%) Amount (g)

EWP 0.0% 54.84 42.50 9.68 7.50 0.00 0.00 35.48 27.50
EWP 0.5% 54.52 42.25 9.68 7.50 0.32 0.25 3548 27.50
EWP 1.0% 54.19 42.00 9.68 7.50 0.65 0.50 35.48 27.50
EWP 2.00 53.55 41.50 9.68 7.50 1.29 1.00 3548 27.50
EWP 3.0% 52.90 41.00 9.68 7.50 1.94 1.50 3548 27.50
SPIL 0.0% 42.50 42.50 7.50 7.50 0.00 0.00 50.00 50.00
SPIL 0.50% 42.25 42.25 7.50 7.50 0.25 0.25 50.00 50.00
SPIL 1.00% 42.00 42.00 7.50 7.50 0.50 0.50 50.00 50.00
SPIL 2.00 41.50 41.50 7.50 7.50 1.00 1.00 50.00 50.00
SPI 3.0% 41.00 41.00 7.50 7.50 1.50 1.50 50.00 50.00

printed closed-cell foams, a variable output power 150 W near-infrared
(NIR) spot heater was used. The heating power was controlled through
pulse width modulation (PWM) which was mapped to a 10 V DC output
of the printer. The detailed printing setup and pre-printing calibration
can be found in our previous study concerning printing quality analysis
for starch-based materials (Fahmy et al., 2020).

2.4. Lattice designs

To develop a hardness-targeted design and prediction model for 3D
printing, we used 3 closed-cell foam designs based on a 3D point lattice
system. The 3 foam forms were formulated based on a cubic lattice
design with spherical bubbles. Hereby, the 3 closed-cell foam structures
were designed, FEM simulated and 3D printed to investigate and vali-
date the foam'’s structural independency of deformation in the elastic
regime (Gibson, 1989; Gibson and Ashby, 1999; Zghal et al., 2002). As
shown in Fig. la, a simple cubic design SC with 8 bubbles, a
body-centered cubic design BCC with 9 bubbles, and a face-centered
cubic design FCC with 14 bubbles were designed and modeled using
SolidWorks (Dassault Systémes, Vélizy-Villacoublay, France). The SC

design incorporates 8 bubbles on the corners of the cubic lattice (Dun-
lap, 2018; Galperin, 2014). The BCC and FCC designs also incorporate 8
bubbles on the corners in addition to 1 in the center and 6 on the faces of
the cubic lattice, respectively. All structural models were designed, FEM
simulated, and 3D printed at 5 porosity levels of 0, 2.5, 5, 10, and 15%
by increasing the bubbles’ diameter while keeping the printed volume
constant. The 3 bubble configurations were printed in a cubic unit cell
volume Vi ot of 8 cm® with a surface area of 400 mm? and a height of
20 mm, Fig. 1b. To develop and validate the hardness design model, the
bubble configurations were also designed with a surface area of 1600
mm? and 6400 mm?.

Furthermore, 3 main parameters were used for the parametric
modelling of each cubic lattice design. One independent design
parameter which is the cubic unit cell volume Ve (o = 8 cm?® and two
dependent design parameters which are the segment length [; (distance
between two consecutive comer bubbles) and the spherical bubble
diameter dyypp.- The dependent design parameters were computed ac-
cording to a set of trigonometric equations, depending on the printed
cell volume, to avoid protrusion and coalescence of the air bubbles. To
determine the permissible range of the dependent parameters (I, and
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Fig. 1. Design and parameter definition of cubic lattice structures: a) schematic illustration of simple cubic SC, body-centered cubic BCC, and face-centered cubic
FCC designs; b) schematic illustration of a face-centered cubic FCC unit lattice structure; ¢) bubble diameter of cubic designs for an 8 cm® unit cell cube; d) minimum
and maximum permissible segment lengths of cubic designs for an 8 cm® unit cell cube.

60



Research Paper 3

Results

A.R. Fahmy et al

dpupeie) with respect to the chosen unit cell volume, the nozzle diameter
dnozzte which is 840 pm was considered in the caleulations of the
dependent parameters. For all configurations, the bubble diameter was
caleulated as a function of the printed unit cell volume as well as the
targeted porosity P and the number of bubbles N (the configuration
indicator). The bubble diameter was computed according to the

v e
=2 {fF g P19% (3.1,

The maximum segment length was estimated for all configurations to
avoid protrusion of the bubbles outside the printed cube and was
calculated according to the following equation: Lmax = Vi cell —
2dozite — Abubble (2.2). To enumerate, the maximum segment length must
lie within the 2 radii of bubbles, 2 bubble wall thicknesses, and a side of
the printed cube. The minimum segment length was considered to avoid
coalescence or merging of the bubbles. For the SC design, the segment
length must not decrease than the wall thickness of 2 bubbles as the
bubbles are located only on the lattice corners. The minimum segment
length for the SC bubble configuration was computed using the
following equation: Lmn = 2dgy.. (2.3). Since the BCC configuration
features a central bubble equidistance from all corner bubbles, the
segment length must not decrease to allow the coalescence of the corner
bubbles with the central bubble. Therefore, the minimum segment
length was computed according to the following equation: limn =

2(dnozste +2spnic)/v'3 (2.4). Considering the FCC configuration, in

addition to the corner bubbles, there are 6 bubbles located in the center
of the cube faces. Consequently, the segment length must not decrease to
allow the coalescence of the corner bubbles with the face-centered
bubbles. Thus, the minimum segment length for the FCC configuration
was calculated according to this equation: Lmin = 2(dneae +2dmuebte)/
V2 (2.5).

We computed the bubble diameter, maximum, and minimum

following equation: dptble

a)

c)

b)
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segment lengths for the 3 design configurations with respect to the
selected porosities. The computation was carried out for a cubic unit cell
volume of 8 em®. The determination of the maximum and minimum
segment lengths was carried out to establish the permissible length se-
lection range for each design with respect to the porosity and printed
volume. Illustrated in Fig. Ie, for all bubble configurations, the area
between the maximum and minimum segment length which is consid-
ered as the permissible region for the segment length selection to avoid
bubble protrusion and coalescence for a given unit cell volume. The
intersection of the maximum and minimum lengths marks the design
limitation for length selection where to increase this limit, one must
increase the unit cell volume. Finally, Fig. lc shows the decrease of
bubble diameter between the SC, FCC, and BCC designs which is
attributed to the increase in the bubble amount for a chosen porosity
level.

Following the parametric modelling of the 3 designs, the closed-cell
structures were modeled using SolidWorks (Dassault Systemes, Velizy-
Villacoublay, France). For each of the 3 closed-cell designs, 2 models
were created. One model for the cube (at 100% infill) and another for
the spherical bubble configuration. The obtained general and specific
equations for the bubble configurations were defined in SolidWorks to
specify the relationship and boundaries between the bubble diameter,
segment length and cube volume. As shown in Fig. 2a, to model the
closed-cell structures, an assembly file was created and both designed
models (cube and bubble configuration) were imported. Moreover, the
bubble configuration was centered inside the cube and a combine
function was applied to subtract the spherical bubbles from the cube
model. Consequently, a closed-cell structure was created containing
spherical air bubbles where the porosity and bubble configuration are
defined using the obtained equations.

5mm

Fig. 2. 3D model and printed structures using hydrated wheat starch-soy protein mixture: a) 3D design of closed-cell spherical bubbles in SC configuration; b} sliced
model and printing path of a structure with SC bubble configuration; ¢) 3D printed structure with SC bubble configuration at d . = 6 mm and L = 10 mm. d)

bubble diameter measurement using light microscopy.
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2.5. Rheology, printability, and material selection

An AR-G2 rheometer (TA instruments, New Castle, USA) was used to
characterize the viscoelastic properties of the printed mixtures (Table 1)
using a combination of oscillatory and shear measurements. All rheo-
logical measurements were done using a DIN concentric cylinders ge-
ometry with a conical rotor of 14 mm radius and a 1 mm gap to the
housing wall and bottom surface. A strain sweep was conducted to
determine the linear viscoelastic region (LVER). In addition, we used
frequency sweep measurements at a strain of 0.01% to obtain the
complex shear, storage, and loss moduli of the mixtures. Flow mea-
surements between the range of 0.01 and 100/s was applied to char-
acterize the shear thinning behavior of both material systems with
respect to the MC concentration. All measurements were conducted ata
constant temperature of 21 “C through a Peltier plate system. All printed
mixtures were measured in triplicate.

To develop a phenomenological regression model for foam hardness
design of 3D printed constructs, we decided to select one material which
presents the best printing performance compared to the other mixtures
(Table 1). A good printing performance would ensure good geometrical
and structural stability for maintaining bubble perseverance during
printing and to reduce the uncertainty in the output porosity. Consid-
ering the printability assessment of the material systems, an on-board
image analysis approach was applied. This approach consists of two
cameras (top and side views) which are coupled with an image analysis
algorithm for characterizing the overall post-printing quality in terms of
geometrical stability and viscoelastic inherited defects. The top and side
view cameras are used to monitor geometrical and defect parameters on
printed one-layer lines and multi-layer stacks. The used camera-based
approach was presented in our previous study regarding a quality
analysis approach for starch- and cereal-based materials (Fahmy et al.,
2020). All measurements were printed in triplicate.

2.6. Mechanical testing

A texture analyzer type TA. TX. plus (Stable Micro Systems Ltd,
Godalming, UK) was used to measure the hardness and textural prop-
erties of the printed closed-cell foam configurations. For all TPA ex-
periments, a 50 Kg measuring cell was used. A double compression test
was applied at a trigger force of 0.05N and a test speed of 0.5 mmys. All
measurements were conducted at room temperature of 18 + 2 “C. To
measure the printed samples of 400 mm? surface area, the compression
tests were performed using an uncoated 25 mm cylindrical probe. For
the printed samples of 1600 and 6400 mm?, a 50 mm circular platen was
used. All printed samples were compressed to 10% of their original
height and the measured forces were recorded with respect to the
change in distance. Moreover, from the force-displacement behavior of
the compression and decompression cycles, the hardness (N) was ob-
tained as the peak force of the first compression cycle. Finally, the
texture measurements were done in triplicates.

2.7. Near infrared NIR heating

For stabilizing the printed closed-cell foam configurations, an on-
board NIR spot heater (Optron GmbH, Garbsen, Germany) was used.
The NIR heater is composed of a single NIR lamp and a focusing
reflector. It has a spot diameter of 6 mm at a focal length of 17 mm. A
layer-based heating approach was used as the heating process isn’t
controllable in parallel to the printing process. Thus, after printing each
layer, the heating process takes place then the printing of the consecu-
tive layer is resumed. The 17 mm height between the heater and printed
layers was kept constant for all layers. Since the 6 mm heating spot
diameter is smaller than the surface area of the printed structures, a
square function for movement was implemented to heat the layer's
surface area uniformly (Fahmy et al., 2021). The square function has a
period equivalent to the spot diameter to avoid heating overlap of the
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same area. To include the base material's response in the
hardness-targeted model, the variation and manipulation of the mate-
rial’s properties was conducted using a variable thermal stabilization
technique. The variation of thermal stabilization was accomplished
using a constant heating power of 32% and a variable heater movement
speed according to the material infill. Consequently, a variable absorbed
energy occurs, indueing different thermal transitions in the printed
material and thus, promoting variable mechanical properties for the
base material. Furthermore, this was performed to ensure a constant
moisture content (measured according to AACCi 44-01 standard) inde-
pendent of the porosity and to vary the young’s modulus of the bulk
material (seetion 3.1).

2.8. FEM modelling and simulation

To simulate the hardness of the closed-cell foam structural configu-
rations, we used ANSYS Workbench 2020 R1 (ANSYS, Inc., Pennsylva-
nia, USA). The SolidWorks models were converted to a Parasolid
extension format and imported to ANSYS DesignModeler. A mesh
sensitivity analysis (not shown) was performed on tetrahedrons simplex
category elements on the modeled unit cell structure where the elements
(size and count) were chosen after convergence of the results. The
designed models were discretized using a maximum mesh size of 800 ym
that gave more than 130000 tetrahedron elements for a designed unit
cell volume of 8 em®. For all simulations, a transient structural analysis
was chosen. As a general solution setup for the modeled configurations,
the bottom swrface of the structures was taken as a fixed boundary.
Moreover, the top surface of the structures was taken as a displacement
boundary where the load was applied. A 10% double compression
deformation with a 0.5 mm/s vertical velocity was implemented on the
top surface corresponding to the applied TPA measurements. The
models were solved using a time step of 0.5 s for a total double
compression time of 20 s. A Poisson’s ration of 0.1 was applied for all
simulations. The applied young’s modulus was chosen depending on the
applied thermal stabilization speed and porosity which is further elari-
fied in section 3.1. The measurements to obtain the material properties
(density and Young’s modulus) for the updated model under quasi-static
conditions at room temperature and a low-strain rate of 0.025 1/s.
Finally, for the development of the hardness formula a cost function was
not considered for the optimization of the design parameters. The de-
pendency of the FEM model on each design parameter was simulated
(section 3) through a parametric sweep. This approach was chosen to
characterize the dependency of hardness on each design parameter
which would serve better for textural elucidation as well as when
designing the model and material selection for 3D printing applications.
The FEM analysis was done using a 64-bit, 3.00 GHz Intel® Core™ i7-
9700F CPU, 32 Gb RAM, NVIDIA GeForce RTX 2060 super GPU, and
Windows 10 Professional computer.

2.9. Data analysis and hardness model development

The computation of equations, data analysis and regression fitting
for the simulated and mechanically tested closed-cell foams were done
using MATLAB R2020a (MathWorks, Massachusetts, USA) and Origin-
Pro 2020 (OriginLab Corporation, Massachusetts, USA). Moreover,
Fig. 3 presents a schematic diagram for the hardness model develop-
ment. First, material selection was performed based on the analysis of
printing behavior and quality (Fahmy et al., 2020). Second, the Young's
modulus was varied using a selected heating speeds at 100% infill and
measured using the TPA. The obtained Young's moduli were used to
simulate the hardness of the closed-cell structures and compare the re-
sults with analytical findings. Third, by obtaining comparable results,
the dependency of hardness on the Young’s modulus, porosity, and
sample volume was simulated. Fourth, regression analysis was used to
determine the hardness model. Finally, the hardness model was vali-
dated using 3D printing and TPA measurements.
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Fig. 3. Flowchart illustrating the development process of the hardness model.

3. Results and discussion
3.1. Process control for material manipulation and thermal stabilization

To select the base material for printing the closed-cell foam config-
urations, we first measured the rheological properties of the different
mixtures (Appendix A). The oscillatory tests showed a linear increase in
the overall complex shear modulus at a frequency of 10 Hz for both
material systems with the inerease in MC concentration (R? = 0.98). The
egg white protein containing mixtures showed higher levels of storage
and loss moduli compared to the soy protein containing mixtures. Based
on that increase, theoretically, the increase in structural stability after
printing was possible as the gain in the complex modulus meant an
increment in resistance to the applied hydrostatic pressure and capillary
forees (Fahmy et al., 2018, 2019b, 2020; Liu et al., 201 9b; M'Barki et al.,
2017). From the printing results, a better structural stability was not
observed for both material systems with the increase in MC concentra-
tion as shown in Fig. 4. This can be contributed to the increase in the
flow behavior index for both material systems with the increase in MC
concentration (Appendix A). According to literature, an increase in the
flow behavior index leads to an increase in the applied shear rate
(inducing an increase in structural deformation) during extrusion which
is justified by the Weissenberg-Rabinowitsch correction of the Newto-
nian drag flow for non-parabolic velocity profiles (Morrison, 2001).

Considering both material systems, minor levels of viscoelastic
induced defects like over-, under-extrusion, and drag effect (Fahmy
etal., 2020) were observed (Appendix A). As shown in Fig. 4b, the soy
protein containing material systems showed a stable height with respect
to the inereasing number of layers. On the other hand, the egg-white
protein containing material systems showed slumping behavior with
the increase in the number of deposited layers. Consequently, the wheat
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starch-soy protein material system without the addition of MC was
chosen for the printing of the closed-cell foam configurations.

The textural properties of the printed closed-cell foam structures as
well as their stress-strain behavior in the elastic regime are dependent on
the variability of the moisture content and the base material’s Young’s
modulus. Thus, to reach a point comparison between the different
porosity levels, the moisture content must remain constant for all po-
rosities while the variability in the Young's modulus can be accounted
for in the FEM simulation. By keeping the moisture content constant, the
influence of the material properties and, in this specific study, the
Young's modulus can be presented in the hardness prediction model.
Maintaining a constant layer-based heating speed leads to a decrease in
moisture content in the printed foam at increasing porosities as shown in
Fig. 5b. This is due to the decrease in the amount of deposited material
while the output heating energy is kept constant.

For obtaining a constant moisture content of the printed foams, we
developed a heating speed modulation function with respect to the foam
porosity. The heating power was kept constant as mentioned in section
2.7. For the reduction of printing time, grid structures with 90% porosity
were printed instead of the closed-cell configurations as the moisture
content is dependent on the relative density and independent of the
foam structure. The heating speed was varied from 9 mm/s (540 mm/
min) to 15 mmy/s (900 mm/min) with a step size of 2 mm/s (120 mm/
min) and the moisture content of the printed grid structures was
recorded as shown in Fig. 5a. The moisture content increased with the
increase in heating speed as the amount of energy received by the
structures was reduced. Furthermore, to obtain a relation between the
moisture content m and heating speed v, we fitted the increase behavior
with a linear regression (R? = 0.95): m = 0.87v 4 18.98 (3.1). From the
obtained regression, we observed a change in heating speed of v =
1.06 mm/s representing a 1% change in the moisture content. Moreover,
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side view of printed wheat starch-soy protein with 0% MC (3 layers); b) analyzed stable height of wheat starch-soy protein mixtures with 5 MC concentrations (n =
3); c) analyzed stable height of wheat starch-egg white protein mixtures with 5 MC concentrations (n = 3).

as shown in Fig. 5b, the moisture content was measured at a constant
speed with respect to the change in porosity to develop a relation be-
tween porosity P or infill I = 100— P. Consequently, a porosity-
dependent heating speed modulation function was obtained: v=

100-F-18265 (3.2). By using the obtained heat speed modulation func-
tion, an average moisture content of 47.99 + 0.10% was achieved for the
closed-cell configurations at all chosen porosity levels as shown in
Fig. 5b. From the development approach of this speed calibration
method, only the overall moisture content of the printed structures was
considered. Thus, the moisture content gradient over the structure
thickness which occurs due to the heat transmission through multiple
layers was not considered for this study.

3.2. Textural analysis and simulation in the linear elastic regime

The Young's modulus is varied throughout the experiments to
simulate 3D printing of different material systems. With using the
heating speed modulation function, the overall moisture content was
kept constant (section 3.1). Consequently, the Young's modulus was
changing due to the varying heat transitions of starch and protein with
the different applied heating energies. This presents an approach for
varying the base material properties while keeping the material con-
stituents the same. The heating speeds (shown in Table 2) were caleu-
lated for the selected porosity levels using equation (3.2). To measure
the Young's modulus at variable heating speeds, 100% infill cubes were
printed with the same unit cell volume as the foam configurations
(section 2.4). The calculated heating speeds were applied to the printed
cubes (n = 3) to simulate different heat induced material transitions.
Then, the Young’s modulus of the 100% infill cubes was measured using
the TPA. The double compression force-distance behavior was converted
to the engineering stress and engineering strain using the sample surface
area and change in height, respectively. Presented in Table 2, the

Young's modulus of the base material at the applied heating speeds was
obtained as the rising slope of the first compression cycle.

Fig. 6a shows the obtained Young's modulus with respect to the
applied heating speeds. Exponential decay of the Young's modulus was
observed with the inerease in heating speed. A heating speed-dependent
Young's modulus modulation function was obtained by using an expo-
nential regression (R? = 0.98) presented by the following equation:

E = (1.31"10'2)e "7 +66.37 (3.3). The obtained equation was used
as a determinant of the base material’'s Young's modulus depending on
the printed porosity and can be used for the modulation of the Young's
modulus with the selected heating speed. As this equation represents the
base material’s Young’s modulus, it doesn’t serve as a determinant of the
closed-cell foam’s Young's modulus. Consequently, the obtained
Young’s moduli were used as the materials” moduli in the FEM simu-
lation to simulate the hardness with respect to the used heating speed.

Achieving comparable results between the FEM simulations and 3D
printing is the foundation for the digital design and modulation of tex-
tures with respect to the material properties, porosity, and geometry
constraints. For the designed porosities of 0, 2.5, 5, 10, and 15% of the 3
closed-cell foam configurations (SC, BCC, and FCC), the obtained
Young’'s moduli were applied in the FEM simulation. In Fig. 6b, the
simulation results showed an exponential decrease in hardness with the
increase in porosity. There was no observed dependency of hardness on
the cubic lattice bubble configuration. Also, the hardness behavior
showed no dependency on the segment length between the bubbles
(Gibson, 1989; Gibson and Ashby, 1999). TPA measurements of the 3D
printed foams at the different design porosities showed the same expo-
nential decrease behavior of hardness as the FEM simulation. The ob-
tained hardness for the printed configurations and porosities range from
an average of 17.20 + 2.40 to 1.86 + 0.45 N at 0 and 15% porosity
levels, respectively. The deviation between printing and simulation, yet
the same observed decrease behavior, can be attributed to the inherited
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Fig. 5. Porosity-dependent moisture control of printed structures: a) moisture
content in relation to the applied heating speed; b) obtained moisture content
while using a constant heating speed versus using porosity dependent heating
speed approach.

Table 2

Calculated heating speeds for the different porosities to obtain a porosity-
independent moisture content in addition to the measured Young's modulus
of the base material at 100% infill for the design porosities of the closed-cell
foam configurations (n = 3).

Caleulated heating speed » Measured material
Young's modulus E

(mm/s) (mm,/min) (kPa) at P = 0%

13.00 780 524.0 = 45.5

13.39 803 248.4 = 20.0

13.78 827 180.3 + 4.7

14.57 874 92872

15.36 921 744 17
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Fig. 6. TPA measurement and FEM simulation of Young's modulus and hard-
ness in the elastic region under quasi-static conditions using double compres-
sion at 10% deformation; a) measured Young's modulus of 100% infill unit cells
at 5 calculated heating speed levels; b) measured and simulated hardness of
cubic designs with variable porosities and elastic moduli with a constant
segment length of 10 mm.

structural defects propagated from the 3D printing and heating un-
certainties. In addition, printing and heating induced irregularities can
affect the geometrical accuracy and the resultant porosity, which are not
addressed in this study. Most important, Fig. 6b shows that through the
Young’s modulus modulation technique during 3D printing, comparable
hardness levels can be achieved to reflect the FEM simulations.

3.3. Hardness targeted texture design

The main objective of this study was to develop a hardness-targeted
formula for 3D printing applications which can be used for hardness
determination or prediction. The hardness design equation was devel-
oped under a set of measurement and boundary conditions. First, to
generalize the hardness design equation for all 3D printed closed-cell
structures, the regression was confined to the elastic regime. This is
due to the configuration-dependent stress-strain behavior in the plastic
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plateau and densification regimes which few preliminary results showed
(results not shown). Second, the developed hardness design equation
was based on 10% uniaxial compression under quasi-static conditions at
low strain rates. Third, the hardness relations with the design parame-
ters were obtained through FEM simulations, then verified using 3D
printing and in-line medulation of the Young's modulus coupled with
mechanical TPA measurements. And finally, since a configuration
independency of foam was found (section 3.2), all simulations were
performed on the SC bubble lattice configuration.

Obtaining a HT-PFM for 3D printing which represents the hardness
of a unit cell Hypy: o with respect to the 3 design parameters which are
the used material’s Young's modulus E, the porosity P, and the printed
unit cell volume Vi oy was accomplished on several steps or devel-
opment levels. First, we obtained a relation between the base material’s
hardness and Young’s medulus irrespective of porosity and at a constant
volume and surface area of 8 em® and 400 mm?, respectively. The
hardness was simulated at 0% porosity while conducting a parametric
sweep for the Young's modulus in 10 data points obtained from equation
(3.3). By simulating the variation of the Young’s modulus, a linear
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inerease in hardness occurred with the increase in Youngs' modulus. The
hardness was observed to increase from 2.97 to 19.28 N at a range of
Young's modulus from 74.35 to 482.14 kPa, respectively. We used a
linear regression (R? = 1) to present the relationship between hardness
and Young's modulus: Hygy e = 0.04E — (2.49 *10712) (3.4). By
substituting equation 3.3 into 3.4, we obtained a material dependent
relation between the output hardness and 3D printing heating speed:
Hypo e = (5.22710° #)e 957 4 2,66 (3.5).

Second, after obtaining the dependency of the hardness on the ma-
terial’s Young's modulus, we incorporated the dependency on the foam
porosity at a constant unit cell volume and surface area of 8 em® and 400
mm?®, respectively. As shown in Fig. 7a, the hardness was simulated at
variable porosities ranging from 0 to 60% while incorporating the po-
rosities used in the 3D printing trials (section 3.2). Similarly, the hard-
ness was simulated using a parametric sweep for the Young’s modulus in
10 data points obtained from equation (3.3). Then, linear regressions
(R? = 1) were used to fit the hardness and Young's modulus relation at
the simulated porosities as shown in Fig. 7a. In Fig. 7b, the derivative of
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Fig. 7. Regression analysis for obtaining a hardness PFM with Yong's modulus and foam porosity as predictors: a) linear regression analysis of simulated hardness of
body-centered cubic unit cell (R* = 1); b) exponential decay regression of the derivative of simulated hardness with respect to Young’s modulus (R* = 0.99); c)
simulated hardness of body-centered cubic BCC bubble design with increasing number of unit cells in x-, y-, and z-axes.
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hardness with respect to the Young’s modulus was caleulated for all
porosities. This presents the decrease in the rate of change of hardness
with the Young's modulus with respect to the increase in porosity.
Moreover, an exponential decrease was observed in the rate of change of
hardness. Shown in Fig. 7b, we used an exponential regression to fit the
obtained derivative of hardness (R® = 0.99): ‘% = 0.055e T7o7e —
0.015 (3.6). By substituting equation 3.6 into 3.4, the dependency of
hardness on the material’s Young’s modulus and printed porosity was
obtained: Hypr cet = (3.8 *10°%) — 0.015E + 0.055Ee "77% (3.7).
Third, to obtain a generalized regression HT-PFM, we had to include
the influence of the unit cell volume on the hardness of the 3D printed
structures. Thus, we simulated the influence of volume increase on
hardness by stacking unit cell of equivalent volume (8 em?) in x-, y-, and
z-directions. The simulation was implemented while increasing the
bubble diameter to keep a constant porosity level while increasing the
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volume. As shown in Fig. 7¢, it was observed that the increase in the
number of cells in the z-direction had no influence on the hardness. To
enumerate, there was no observed influence of the model’s thickness on
the hardness. On the contrary, asillustrated in Fig. 7¢, we observed that
the increase in unit cells in x- and y-direction lead to an increase in the
structural hardness at all porosity levels. Specifically, the simulation
showed that hardness is dependent on the effective reaction surface area
were the structural deformation takes place. Therefore, the influence of
the unit cell volume shouldn’t be considered, but rather only the influ-
ence of the effective area as the hardness is independent on unit cell
thickness while dependent on the effective area.

Forth and finally, we included the influence of the unit cell area on
the hardness in the regression model. In Fig. 8, 3 area data points of 400,
1600, and 6400 mm® were added to the previous simulation to illustrate
the hardness dependency on the 3 design parameters represented by the
unit cell area, the material’s Young's modulus, and the porosity. Then,
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Fig. 8. Regression analysis for obtaining a hardness phenomenological foam model PFM with Yong's modulus, foam poresity, and unit cell area as predictors: a)
simulated hardness of body-centered cubic with variable porosity; Young’s modulus, and unit cell area; b) linear regression of the rate of change of hardness with
respect to the change in the product of Young's modulus and unit cell area with variable porosity (R* = 0.98); ¢) measured, simulated, and model predicted hardness
at variable porosities with constant unit cell area A, .or = 400 mm?; d) measured, simulated, and model predicted hardness at variable Young's moduli, porosities of

P — 20, 40, 60%, and at a constant unit cell area of A,y . — 1600 mm®
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polynomial surface fitting (R? = 0.98) was used to fit the relationship
between hardness, Young’s modulus, and cell area for the different po-
rosities in the form of Hey = po +P1oAun cet + P01 E + PaoAZy o +
P11EALy (3.8). Shown in Fig. 8b, we obtained the partial derivative of
hardness with respect to the product of the Young's modulus and the
unit cell area for all porosity levels. Considering the other polynomial
coefficients, an average was taken with respect to all porosity levels.
Moreover, as shown in Fig. 8b, a linear regression (R? = 0.98) was used
to characterize the decrease in the partial derivative with the increase
porosity:  pyy = ==t = (9.75%10°°) —(1.82"10°%)P (3.9). By
substituting equation 3.9 into 3.8, we obtained a generalized HT-PFM
for the hardness-based design, modulation and predietion of 3D prin-
ted textures: Hyncen = —1.23 + (8.24 %10 %) Ay et + (7.1 *107#)E+
(1.15*10°%)AZ -y + (1.2710 ) EPApy cop (3.10).

To investigate the performance of the obtained hardness formula, the
same design parameters obtained in section 3.2 were used to predict the
hardness obtained from the FEM simulation and the mechanically tested
3D printed closed-cell foams. Fig. 8¢ shows the performance of formula
3.10 when used as a hardness predictor compared to the simulation and
3D printing. In addition, we used the regression model to design the
hardness for a unit cell area of 1600 mm? at 3 porosity levels of 20, 40,
and 60% with variable Young’'s modulus. As illustrated in Fig. 6d, we
simulated the foam hardness for the same input parameters used in the
design model which showed similar hardness results with small de-
viations at high porosity levels or low hardness levels. For further model
characterization, we printed BCC closed-cell foam structures at the same
unit cell area of 1600 mm? at the same 3 porosity levels (20, 40, and
60%) to verify the hardness obtained from the regression model as well
as the FEM simulation that is illustrated in Fig. 8d. The structures were
printed at 3 Young's modulus values of 442.7, 289.0, and 221.6 kPa for
porosity levels of 60, 40, and 20, respectively. The variation of the
Young's modulus was performed according to the moisture content and
the Young's modulus modulation approach described in section 3.1. As
shown in Fig. 8d, the hardness of the 3D printed closed-cell structures
coincided with the hardness obtained from the regression model and the
FEM simulations at the selected design and material parameters.

As a result, the developed HT-PFM presented in formula 3.10 rep-
resents a relation of hardness dependency on the printed material’s
Young's modulus, unit cell area, and porosity. Aecording to the obtained
results and comparisons, the regression model can be used for para-
metric design targeting specific hardness for 3D printed closed-cell food
foams by controlling the material’s Young's modulus, printed area, and
porosity. Solutions for the printed geometry Ay cen, porosity P, and
material design E tailored for a specific required hardness can be ach-
ieved by solving the regression models as in indeterminate linear

Appendix
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Diophantine equation with lower and upper bounds on variables using

well established algorithms.
4. Conclusion

In this study, we developed a model for the design and prediction of
hardness for 3D printed closed-cell foams. The model development was
achieved using a complete 3D texturing method coupled with FEM
simulations. This 3D printing method incorporates on-board thermal
stabilization technique which allows targeted heat induced material
transitions for the manipulation of the material’s mechanical properties
(Fahmy et al., 2021). The hardness model was developed in the elastic
deformation regime at quasi-static loading conditions using simulations
in relation to the material’s Young's modulus, porosity, and printed
surface area. The Young's modulus of the base material can be actively
controlled using the developed in-line NIR heating technique. Further-
more, in the elastic regime, results showed no relation between the
designed closed-cell configuration, printed volume and hardness. A
linear inerease in hardness was observed with respect to the inerease of
the base material’s Young’s modulus. Finally, the performance of the
obtained relation showed comparable results to the FEM simulations
and the 3D printed structures. Using the obtained hardness relation
combined with the Young's modulus tailoring thermal technique, spe-
cific closed-cell foam structures can be designed for targeted hardness
grades.
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Appendix Fig. 1. Frequency sweep of the material systems containing egg-white protein and soy protein at different MC concentrations with a frequency range of
1-10 Hz: a) storage modulus of the material containing egg-white protein; b) storage modulus of the material containing soy protein; c) loss modulus of the material
containing egg-white protein; d) loss modulus of the material containing soy protein.
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Appendix Fig. 2. Frequency sweep extracted rheological properties at 10 Hz of the material systems containing egg-white protein and soy protein with respect to the
MC concentration: a) complex shear modulus of the egg-white protein (EWP) materials versus the soy protein (SPI) matenals; b) storage modulus of the egg-white
protein materials versus the soy protein materials; ¢} loss modulus of the egg-white protein materials versus the soy protein materials.
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Appendix Fig. 3. Flow behavior index of the material systems containing egg-white protein and soy protein with respect to the MC concentration: a) power law fit of
the flow index for the material containing egg-white protein; b) power law fit of the flow index for the material containing soy protein.
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1 | INTRODUCTION

Food texture design and modulation using 3-dimensional (3D) printing

is based on the precise manipulation of food micro- and macro-
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Abstract

3-dimensional printing is a novel processing method used for the design and manipu-
lation of food textures. The systematic characterization and modulation of 3D printed
food textures is imperative for the future design of sensory profiles using additive
manufacturing. For 3D printed closed-cell food foams, the clarification of the defor-
mation behavior in relation to design parameters is of interest for the processing of
customized food textures. For this reason, we studied the deformation behavior of
3D printed and thermally stabilized closed-cell starch-based foams beyond the elastic
regime. Periodic spherical bubble configurations at different porosity levels were
used to modulate the deformation behavior of the printed foams. From a processing
perspective, the integration of in-line thermal stabilization was used to eliminate
post-processing and to control the moisture content of the starch-based system.
Compression analysis combined with FEM simulations were performed to character-
ize the strain rate dependency of textural properties, the stress relaxation, and the
foam's stress-strain behavior with respect to the design porosity and bubble distribu-
tion. Results showed that the stress relaxation is solely dependent on cell wall prop-
erties while different stress-strain regimes showed distinct dependencies on design
parameters such as bubble size and distribution. Consequently, the precise control of
the large deformation behavior of foods using 3D printing is challenging due to the
superposition of structural and geometrical dependencies. Finally, through the pre-
sented approach, the structure-deformation relations of 3D printed closed-cell food
structures are adequately described.

KEYWORDS
3D food printing, closed-cell foam, large-deformation behavior, texture design, texture
modulation

structure. The adoption of 3D printing in the texture manipulation of
foods is performed using a food layered manufacturing approach
(FLM) where structures are constructed layer-by-layer. Using 3D geo-
metrical models, 3D printing is used to construct complex structures
and geometries by a layer-based deposition of the design geometrical
and structural elements (Godoi et al., 2016; Lipton et al., 2010; Sun,
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Peng, et al., 2015a; Sun, Zhou, et al., 2015b; Wegrzyn et al., 2012).

While different 3D printing technological approaches are currently

used for food processing, fused deposition modeling (FDM) is the
most commonly utilized FLM technique which operates through
material extrusion and deposition (ASTM-International, 2012). More-
over, FDM is applied in food printing applications such as in the mod-
ulation of food textures due to its compatibility with highly viscous
food pastes (Chen et al, 2019; Derossi, Caporizzi, Paolillo,
et al, 2020; Gholamipour-Shirazi et al., 2020; Liu & Zhang, 2021;
Mantihal et al., 2020; Phuhongsung et al., 2020; Vancauwenberghe
et al, 2018, 2019). Compared to the traditional processing of food
textures, this approach enables the precise processing and fabrication
of customized textures. In addition, FDM can facilitate the elucidation
of textural dependencies and material-structure-processes relation-
ships (Fahmy, Amann, et al., 2021; Fahmy, Becker, et al., 2021; Liu &
Zhang, 2021; Pereira et al., 2021). By characterizing textural depen-
dencies and deformation behavior through 3D printing, controlling
the perception of food textures is possible and thus the design of sen-
sory profiles is enabled.

The overall deformation behavior of cellular foods is defined by
the base material properties, the relative density, the foam's cellular
structure, and the applied structuring process. Moreover, the defor-
mation behavior influences the mechanical and textural properties of
cellular food foams. Prior to the structuring and post-processing, the
food microstructure is determined through the raw materials’ chemi-
cal structure and interactions as well as through the pre-processing
conditions. Furthermore, the macrostructure is initially resolved and
affected by the microstructure. Textures of cereals and food foams in
general are scientifically defined as the manifestation and interaction
of mechanical, structural, and surface properties (Szczesniak, 2002).
The mechanical properties including textures of starch-based foams
influences both the deformation and mastication behaviors of such
cellular structures and thus affecting their sensory profile (Wang
et al, 2011). The mastication process, which is correlated to the
deformation behavior, influences the foam's nutritional characteristics
(Takahashi et al., 2009). Therefore, controlling and designing the tex-
tural perception of starch-based cellular foams using 3D printing can
be performed by the control over the base material's properties and
the modulation of the foam's micro- and macro-structure.

Considering the manipulation of the cellular structure using 3D
printing, many studies focus on the modulation of textures using mul-
tiple infill variations and relative densities (Derossi, Caporizzi, Oral,
et al., 2020; Derossi, Caporizzi, Paolillo, et al., 2020; Lille et al., 2020;
Liu et al., 2018; Pereira et al, 2021; Phuhongsung et al., 2020;
Piovesan et al., 2020; Varghese et al., 2020; Zhao et al., 2021; Zhu
et al,, 2021). Most studies focus on the modulation and the characteri-
zation of the deformation behavior in the elastic regime. However,
few articles highlight the mechanical and sensory behavior of 3D
printed food structures beyond the textural properties in the elastic
regime (Jonkers et al., 2020; Lille et al., 2020; Shahbazi et al., 2021a,
2021b). The study performed by Lille et al. modulated the fracture
force of periodic open-cell structures (describing the cutting force
needed to break the sample) by varying the 3D printed food

formulation (Lille et al., 2020). Modulation of the fracture force was
not performed by varying the design parameters of the cellular struc-
tures such as the design porosity and pore distribution. Moreover, the
authors attempted to correlate the analytical findings with sensory
analysis with respect to the printed food formulation. Jonkers et al.
presented a modeling approach for predicting the full stress strain
behavior of food structures printed using selective laser sintering
(Jonkers et al., 2020). For the sintered dense food structures, the
authors showed a 3D constitutive model which incorporates inelastic
deformation and allows for high non-linearity. Furthermore, the study
presented by Shahbazi et al. showed a new approach for the structur-
ing of personalized food through the application of 3D printing of
casein-based Pickering emulsion (Shahbazi et al., 2021a, 2021b). The
authors studied the tribological behavior of the structured analogs
through oral tribology and rheometry measurements. To conclude,
extending the characterization and modulation of the structure-
dependent deformation behavior in the large-strain non-linear regime
in relation to the cellular design properties is essential for designing
variable texture profiles through 3D printing. This importance arises
as the larger-strain behavior is the main determinant of the cellular
food's mastication performance and sensory perception.

This study was performed on three 3D printed closed-cell foam
configurations using spherical bubbles in simple, body-centered, and
face-centered cubic designs. The foam configurations were 3D
printed using a starch-based material system composed of hydrated
wheat starch and soy protein. The three starch-based foam configura-
tions were printed using a cubic design of 8 cm® in volume, irrespec-
tive of the foam porosity. Moreover, the simple cubic design
consisted of eight corner bubbles and the body-centered design con-
sisted of eight corner bubbles with an additional bubble located at the
center of the printed cubic structure. Furthermore, the face-centered
design incorporated a total of 14 bubbles consisting of eight corner
bubbles and six bubbles located at the center of each cube face. For
this investigation, design and heating parameters were modulated for
3D printing of closed-cell structures to achieve pre-determined hard-
ness levels (Fahmy et al., 2022). A 3D printing method for texture cre-
ation was used incorporating in-line NIR heating for moisture control
and for modulating the base material's Youngs' modulus (Fahmy,
Amann, et al., 2021). Measurements that were performed using ana-
lytical texture profile analysis (TPA) were compared with finite ele-
ment (FEM) simulations to verify the precision of the printed
structures. Also, the comparison between TPA analyses and FEM sim-
ulations was performed to investigate and eliminate any inherited
geometrical defects during the printing process which might affect
the textural and mechanical response during loading. First, the strain
rate dependency of the textural properties was investigated at vari-
able applied deformation rates. Second, the viscoelastic response of
the 3D printed cellular structures was investigated using stress relaxa-
tion measurements with the application of the Peleg-Normand model
(Peleg & Normand, 1983). Third, the large-strain deformation behavior
was investigated using compressive analysis with respect to cellular
design, relative density, and base material's Young's modulus. The
stress-strain behavior including yielding, plateau, and densification
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TABLE 1  Wheat starch-soy protein material system composition used for 3D printing of closed-cell structures
Wheat starch Protein Distilled water
Material system Mass ratio (%) Amount (g) Mass ratio (%) Amount (g) Mass ratio (%) Amount (g)
SPI 42.50 42.50 7.50 7.50 50.00 50.00

regimes of the 3D printed cellular structures were characterized using
a phenomenological foam model (PFM) presented by Goga et al.
which applies a macroscopic-level modeling approach (Goga &
Hutko, 2016). Finally, structure-deformation relations were obtained
with respect to the base material's properties, applied heating, and

cellular design configuration and porosity.

2 | MATERIALS AND METHODS

2.1 | Raw materials

One material system composed of hydrated wheat starch and soy pro-
tein isolate was used for the 3D printing of the different closed-cell
foam configurations. The soy protein isolate was purchased from Bulk
Powders (Colchester, United Kingdom). The wheat starch was pro-
vided by Kroner-Stirke GmbH (Ibbenbiiren, Germany). The protein
and moisture contents were determined according to the methods of
the American Association of Cereal Chemists international (AACCi)
46-16 and 44-01, respectively. The wheat starch had a moisture con-
tent of 13.98 + 0.17% (n = 3) and a protein content of 0.27% (n = 1;
dry mass). The soy protein isolate had a moisture content of 6.79
+0.21% (n = 3) and a protein content of 88.75% (n = 1; dry mass).
The material analyses were performed in triplicates.

2.2 | Material preparation

To modulate and characterize the texture, deformation, and stress-
strain behavior of 3D printed closed-cell structures, one starch-based
mixture was used. Measurement of the printing quality and geometri-
cal stability of the starch-based material was performed using an
approach based on in-line camera-based analysis and rheological char-
acterization which was proposed in earlier articles (Fahmy et al., 2019,
2020). The specific choice of the material formulation was based on
the characterization of printing quality and performance presented in
our previous study which presents an approach for designing closed-
cell food foams for achieving specific hardness levels (Fahmy
et al., 2022). In this study, the same material formulation is used to
investigate the strain rate dependency of the textural properties for
the purpose of textural modulation using 3D printing. Also, to investi-
gate the viscoelastic response and large-strain deformation behavior
and their dependency of the foam's structure as well as the foam's rel-
ative density. Hereby, we used a mixture of hydrated wheat starch
and soy protein isolate (SPI). For showing a comparable composition
to wheat flour constituents, the starch to protein ratio was kept to

85:15. The hydration level of the dry components was 50% of the
total mass ratio (Fahmy et al., 2022). Table 1 shows the mixture com-
position for the used material system.

For the preparation of the starch-based mixture, a z-type kneader
was used at 63 rpm. First, a pre-mixing step of 1 min was performed
to mix the dry ingredients. Second, the water was added, and the mix-
ture was kneaded for 10 min at a room temperature of 18 + 2°C. Fol-
lowing the kneading process, the mixture was removed, placed
directly in the printing cartridges, covered using PARAFILM (Bemis
Company Inc., Wisconsin), and rested for 15 min at room temperature
until the preparation of the used progressive cavity pump (PCP)
extruder is completed. As the PCP extruder consists of a stator and a
stepper controlled rotor, the preparation includes the assembly of
both within the extruder's housing forming the progressing cavity.
Directly after assembling the main extruder's components, the
material-containing cartridge is attached. The starch-based material
was prepared in triplicates. Furthermore, for each material prepara-

tion, 3D printing, and measurements were performed in triplicates.

2.3 | 3D printing setup and designs

For printing the starch-based closed-cell structures, an X400 V3 3D
printer (German RepRap GmbH, Feldkirchen, Germany) was used. For
generating the machine G-code files, simplify3D slicing software (sim-
plify3D, Ohio) was used. All printing experiments were performed
using a conical nozzle of 0.84 mm in diameter, at a printing speed of
10 mm/s, and at an extrusion width\height of 0.84 mm. A detailed
description of the printing setup and the pre-printing calibration pro-
cess was mentioned in our previous study which investigates the
printing quality of starch-base material systems using a camera-based
morphological approach (Fahmy et al., 2020). For the transport and
deposition of the material, a progressing cavity pump (PCP) was used
in all printing experiments (ViscoTec GmbH, Téging, Germany). The
PCP (Vipro-head3) has a theoretical flow rate range of 0.3-3.3 ml/min.
The flow rate of the pump depends on the printing settings as well as
the rheological-viscoelastic properties and flow behavior of the
printed material. Moreover, a near-infrared (NIR) spot heater (Optron
GmbH, Garbsen, Germany) was used for the in-line thermal stabiliza-
tion of the printed structures. The variable output 150 W spot heater
is equipped with a NIR-emitter that has a peak wavelength of approxi-
mately ~0.98 pm. Through a control unit that was used as an interface
between the heater and the 3D printer, the heating power is con-
trolled through pulse width modulation (PWM). To control the heating
power, the PWM was mapped to a 10 V DC output of the 3D printer.
Furthermore, all printed structures were printedat room temperature
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of approx. 21 + 2.0°C and then thermally stabilized in a layer-based

approach using the NIR spot heater (Fahmy, Amann, et al., 2021).
Finally, a detailed description of the thermal stabilization process can
be found in section 2.5.

To modulate and characterize the textural properties and the
stress-strain behavior of 3D printed starch-based structures, three
closed-cell foam designs were used. For generalizing the results of all
analyses, all designs which were digitally constructed, and 3D printed
are considered as unit-cells that can be assembled longitudinally and
transversely to obtain larger closed-cell structures (Fahmy
et al.,, 2022). For all designs, a cubic structure with a volume of 8 cm?,
a surface area of 400 mm? and a height of 20 mm was chosen. The
three closed-cell designs were composed of spherical bubbles
arranged in point-lattice configurations which are simple, body-cen-
tered, and face-centered cubic designs (Fahmy et al., 2022). The sim-
ple cubic SC design is composed of eight bubbles while the body-
centered BCC and the face-centered FCC designs are composed of
nine and 14 bubbles respectively. The SC design incorporates the
eight bubbles on the corners of the cubic lattice. The BCC design
incorporates eight corner bubbles with a central bubble located in the
spatial center of the cubic structure. Furthermore, the FCC design also
incorporates the eight corner bubbles like the SC and BCC designs
with the addition of six bubbles located at the centers of the cubic
structure's faces. For all designs, the distance between the corner
bubbles was chosen to be 10 mm throughout the 3D printing trials.
All cellular configurations were 3D printed at five porosity levels of
0, 2.5, 5, 10, and 15% while keeping the printed volume constant. To
illustrate, the printed designs were printed at the same volume and
porosity, which leads to different bubble sizes due to the difference in
bubble quantity between the three configurations. Finally, the full
parametric modeling of the printed designs was presented in our pre-
vious study concerning the hardness targeted design of 3D printed
closed-cell foams (Fahmy et al., 2022).

2.4 | Texture profile analysis and mechanical
characterizations

To characterize the deformation behavior of all printed closed-cell
structures, a TA. TX. plus Texture Analyzer (Stable Micro Systems Ltd,
Godalming, UK) was used. TPA tests were performed using a 50 Kg
measuring cell. To apply the compression analysis on all printed struc-
tures, a 50 mm cylindrical probe was used. All measurements were
conducted at room temperature of 18 + 2.0°C. To characterize the
textural properties of the closed-cell structures and their strain rate
dependency, double compression tests were applied at 10% deforma-
tion, a trigger force of 0.05 N, and at variable strain rates. The double
compression tests were performed at five strain rate levels which are
0.5, 1.25, 2.5, 3.75, and 5/s. To characterize the viscoelastic response
of the closed-cell foams, stress relaxation measurements were per-
formed at a strain of 0.5%. The strain was applied and kept constant
for 30 s, where the force profile was measured as a function of time.
For obtaining the stress-strain behavior of the closed-cell structures

beyond the elastic regime, the printed structures were compressed to

80% of their original height to identify the yielding, plateau, and densi-
fication regimes. The developed force profiles were analyzed with
respect to the deformation distance and time. Due to the large applied
strain, the deformed cross-sectional area is required for measuring the
true stress. As the in-line measurement of the deformed cross-
sectional area was not possible during this study, the engineering
stress was used instead of the true stress. Finally, all compression
measurements were performed in triplicates.

To compute the engineering Young's modulus E; from the dou-
ble compression test, the engineering stress ceng and strain eeng Were
obtained from the measured force-distance curves using the following
equation: oeng/€eng = ((F/A)/(AH/H)) (2.1), where the F is the mea-
sured force (N), A is the sample cross-sectional area (m?), H is the sam-
ple height (m), and the AH is the lateral deformation (m) (Attenburrow
et al., 1989; Beer et al., 2011; Roylance, 1996). From the initial engi-
neering stress-strain linear behavior, the engineering Young's modu-
lus E.,g was obtained using a linear regression with a regression
coefficient higher than 0.95. The textural properties were character-
ized from the force-displacement curve of the double compression
tests. The following attributes were determined as a function of the
closed-cell bubble configuration, porosity, and the applied strain rate:
hardness (H) which was defined as the first compression cycle's peak
force, cohesiveness (C) which was defined as the area ratio of the sec-
ond to the first compression, and resilience (R) which was defined as
the ratio of energies equivalent to the ratio of decompression and
compression cycles (Peleg, 2019; Szczesniak, 1963).

For elucidating the stress relaxation behavior of the printed
closed-cell foam configurations, the viscoelastic response was charac-
terized using the Peleg-Normand model (Peleg & Normand, 1983).
Through the normalized relaxation curves presented by the Maxwell
model for stress relaxation, the stress relaxation curves were normal-

ized in the form of: <”'en5,0*t)/( =kq+kat (2.2), where Geng o is

Geng 0—0(t)
the initial stress (Pa), o(t) is th: insta)ntaneous decay stress (Pa) with
respect to time t (s). The kq (s) and k, are the Peleg-Normand con-
stants. They represent the intercept and slope of the regression
obtained by the normalized stress with respect to time. To further
illustrate, the constant k; quantifies the initial rate of decay of the
developed compressive stress (described as the initial rate of relaxa-
tion). Moreover, the constant k, describes the extent of relaxation.
Which quantifies the residual stress as time tends to infinity. In this
study, another calculated parameter %SR (%) was used to characterize
the stress relaxation behavior of the printed closed-cell configurations
(Hatcher et al.,, 2008). The parameter %SR provides a comparative
measurement of the viscoelastic behavior at an arbitrary time:
%SR = (UeASO*”EHE,,/ﬂe"gﬂ) %100 (2.3), where 6eng o is the initial stress
(Pa) and oeng ¢ is the stress at an arbitrary time t (Pa). Furthermore, %
SR = 100% for an ideal viscous behavior presented by an ideal liquid
while for an ideal elastic behavior of an elastic solid %SR = 0%. For
this study, the %SR was calculated at time t = 20 s (Figure 1).

To characterize the compressive stress-strain behavior of the 3D
printed closed-cell foam configurations, a phenomenological foam
(PFM) (Goga &

Hucko, 2016). Phenomenological foam models are developed using a

model presented by Goga et al. was used

macroscopic level modeling approach. For modeling at the
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FIGURE 1 Goga PFM rheological model for cellular solids
(Goga & Hutko, 2016). The serial Maxwell model (spring E4; and
damper n,) represents the linear elastic region of the stress-strain
behavior. The strain locking (plateau) and densification regimes are
modeled as springs (E, and Eg, respectively) in parallel configuration
to the Maxwell model

macroscopic level, the foam's macroscopic behavior can be elucidated
by a set of constitutive equations where the foam is assumed to be a
continuum (Avalle et al, 2007; Goga & Hucko, 2016; Liu &
Subhash, 2004). This approach focuses on describing the deformation
behavior (shape of compressive stress-strain) using appropriate math-
ematical descriptors during the establishment of the constitutive
equations (Goga & Hucko, 2016). The PFM presented by Goga et al.
(Goga PFM) is applicable for all cellular solids having the same charac-
teristic response during compression (like foams and honeycombs)
which is characterized by three regimes: a linear elastic regime, a
stress plateau and a densification or strain locking region
(Gibson, 1989; Gibson & Ashby, 1999). The linear elastic regime corre-
sponds to the elastic bending of the cell walls while the plateau and
strain locking (densification) regimes correspond to the plastic yielding
(or elastic buckling depending on the constitutive foam material) and
to the collapse of cells, respectively. The Goga PFM models each
region separately using a rheological model which determines the
influence of all parameters in relation to the compressive stress-strain
behavior. The linear region is modeled using a Maxwell model which
consists of a linear spring E41 and a viscous damper n in series. For the
plateau region, a linear spring E, is connected in parallel to the Max-
well model. Finally, considering the densification or strain locking
region, it is characterized by a strong non-linear increase behavior
which is modeled as a non-linear spring E3 in parallel to the Maxwell
model. Regarding the relationship between the resultant stresses and
strain(Goga & Hucko, 2016), the Goga model can be denoted as:
o(e) = e~ ot (—1+e’(EVn1)€)n1 +(E2tr1-e9)e (24) The

1

presented model contains five parameters (E4, n1, Ez, y, and h) which

represents stresses and all of them are positive except the E; which
represents the slope direction of the plateau regime. The parameter h
is a dimensionless parameter which is usually four or six (Goga &
Hucko, 2016). For this study, the young's modulus was characterized
using the double compression tests. Thus, this study focuses on char-
acterizing and comparing the damping coefficient n which corre-
sponds to the yielding behavior of the foam, the plateau stiffness E,
which represents the inclination, and the densification coefficient y.
The objective is to characterize the dependency and behavior of such
parameters in relation to the modulation of the base material's proper-
ties, the relative density or porosity, and the bubble configuration.

2.5 | In-line near infrared NIR heating

An in-line thermal stabilization approach was used for heat treating
the printed closed-cell configurations during the 3D printing process.
A NIR spot heater composed of one NIR lamp and a focusing reflector
was used. A detailed description of the heater properties and interface
was mentioned in section 2.3. The spot heater is equipped with a lens
which resulted in a 6 mm spot diameter at a focal length of 17 mm.
For all printing trials, the heat treatment was applied at the focal
length of 17 mm.

A layer-based heating approach was adopted for the thermal sta-
bilization of the printed structures (Fahmy, Amann, et al., 2021). After
3D printing of one layer, the heating process is applied then the print-
ing of the subsequent layer is performed. As mentioned in section 2.3,
the surface area of the printed structures is 400 mm? where the
effective surface area of the NIR spot is smaller which is approx.
~113 mm?. For this reason and to uniformly heat the surface area of
the printed structures, a square function for the movement of the NIR
spot was applied (Fahmy, Amann, et al., 2021). The square function
has a period which is equivalent to the spot diameter, but with a
phase shift of —45°. The function's period was chosen so that the
application of heat is performed once per surface location. For all
printed structures, the heating power was kept constant at 32%,
regardless of the design porosity or bubble configuration. On the
other hand, the movement speed of the heating spot was adjusted
depending on the structure porosity to maintain the same moisture
content for all printed structures. The moisture content of the printed
and thermally treated structures was measured according to the
AACCi 44-01 standard.

2.6 | FEM modeling and simulation

ANSYS Workbench 2020 R1 (ANSYS Inc., Pennsylvania) was used to
simulate the developed stresses, deformation behavior and hardness
of the designed closed-cell configurations. FEM simulations of the cel-
lular designs were compared to TPA results to justify the precision of
the printed structures (Fahmy et al., 2022). In addition, the simulations
were used to highlight the differences in the developed stresses
between the different bubble configurations. To simulate the
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designed structures, the models were imported to the ANSYS Design-

Modeler as a Parasolid extension format. For obtaining the structural
deformation and hardness, a transient structural analysis was per-
formed. Prior to the transient mechanical simulations, a mesh sensitiv-
ity analysis (results not shown) was performed on the designed unit
cell structures to determine the element size and count. The analyses
were performed using a tetrahedron simplex geometry where the ele-
ment size and count were chosen after the convergence of the
model's hardness value. For a designed model volume of 8 cm®, the
discretization was performed using a maximum mesh size of 800 pm
that resulted in more than 130,000 tetrahedron elements. Regarding
the transient solution setup and boundary conditions, the load was
applied on the top surface of the structure as it was considered as a
displacement boundary. Moreover, as an accurate representation of
the TPA compression analysis, the bottom surface of the structure
was taken as a fixed boundary. A 1 mm/s vertical velocity was set for
the top surface or the displacement boundary while the double com-
pression deformation was set to 10%. A total compression duration of
20 s was applied, and the models were solved using a time step of
0.5 s. The Young's modulus and density that were applied in the linear
elastic model were measured using the TPA using the bulk material
(without the inclusion of porosity). The measurements were per-
formed under quasi-static conditions at room temperature of 18
+20°C and at a low strain rate of 0.025/s. The base material's
Young's modulus was applied depending on the attenuation of in-line
thermal stabilization speed which is clarified in section 3 (Fahmy
et al., 2022). For all simulated structures, a low Poisson's ratio of 0.1
was applied to the material model. Only the linear elasticity was con-
sidered for all simulations while viscoelasticity was not considered.
The transient mechanical simulations were performed using a 64-bit,
3.00 GHz Intel Core i7-9700F CPU, 32 Gb RAM, NVIDIA GeForce
RTX 2060 super GPU, and Windows 10 Professional computer.

2.7 | Dataanalysis

The computation of equations, data analysis and regression fitting for
the simulated and the mechanically tested closed-cell foams were per-
formed using MATLAB R2020a (MathWorks, Massachusetts) and Ori-
ginPro 2020 (OriginLab Corporation, Massachusetts). Furthermore,
for the regression fitting of all obtained parameters, both linear and
exponential regressions were fitted and the coefficients of determina-
tion R? were compared. The behavior of all obtained parameters was
identified by either one of the mentioned regressions depending on a
higher coefficient of determination.

3 | RESULTS AND DISCUSSION
3.1 | Modulation of deformation and stress-strain
behaviors

The mechanical and deformation behavior of processed elastomeric
cellular foams is highly dependent on the base material properties, the

geometry, and the foam's relative density (Avalle et al., 2007;
Gibson, 1989; Gibson & Ashby, 1999; Jang et al., 2008; Zghal
et al., 2002). Ensuring a high accuracy of the printed starch-based cel-
lular configurations is of outmost importance for eliminating viscoelas-
tic induced defects during printing which lead to geometrical and thus
textural deviations from the designed structures. And thus, high preci-
sion is required during printing to ensure comparable and even equiv-
alent geometry and porosity to the designed closed-cell bubble
configurations. For this reason, two hierarchical stages of quality
assessment were performed.

The two quality characterization stages include the printing qual-
ity characterization of the base material and the accuracy assessment
of the printed porosities. First, to assess the printability of the used
starch-based material, a camera-based morphological approach was
used which we described in details in our previous studies (Fahmy
et al., 2019, 2020). This method assesses the printability by comparing
geometrical dimensions of printed structures to design parameters.
Also, the method assesses key defect parameters with respect to the
viscoelastic behavior of cereal- and starch-based materials. Using the
mentioned approach, the printing quality of the wheat starch-soy pro-
tein (SPI) material (Table 1) used for printing the closed-cell bubble
configurations was compared to other starch-based material systems
in our previous study (Fahmy et al., 2022). The used SPI material for-
mulation (Table 1), compared to the other characterized material for-
mulations, showed in a previous study the highest geometrical
accuracy and stability (Fahmy et al., 2022). Second, to assess the accu-
racy of the printed porosities, a FEM simulation approach was used
instead of x-ray microtomography (Fahmy et al., 2022). A comparison
between the hardness obtained from TPA analyses and FEM simula-
tions is performed where comparable hardness results indicate com-
parable porosity levels between the designed and printed structures.

Prior to investigating the textural, deformation, and stress-strain
behavior of the three designed closed-cell configurations, the hard-
ness was measured using a double compression TPA test and com-
pared to FEM simulations. The TPA measurements and FEM
simulations were performed and compared at specific designed
porosity-dependent hardness values. In our previous study regarding
hardness-targeted design of 3D printed structures, we developed an
equation (hardness-targeted PFM) which enables the design of print-
ing parameters with respect to specified hardness values: Hypit cen =

~1.23+ (8245107 )Aynicar + (7.15 107 ) E+ (115107 A2,
+ (12* 1076)EPAunitceH

(3.1), where Hypit e is the selected hardness for the printed structure
(N), Aunitcer is the effective compression area (mm?), P is the design
porosity (%), and the E is the base material's young's modulus (kPa)
(Fahmy et al., 2022). To determine the accuracy of the printed
porosities through comparing the hardness obtained from TPA mea-
surements and FEM simulations, shown in Table 2, structures which
exhibit a decrease in hardness with the increase in porosity were
selected using equation 3.1. As mentioned in section 2.3, the printed
configurations were designed with a specific constant surface area
Aunit cenl Of 400mm? and five levels of porosity which are 0, 2.5, 5, 10,
and 15%. Therefore, after the computation of equation 3.1, the
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TABLE 2 Base material's Young's modulus computed according to equation 3.1 with the design parameters
Porosity P Surface area At cell Selected hardness H,jt cell Calculated material Young's modulus E
(%) (mm?) (N) (kPa) at P = 0%
0 400 14 364.2
25 400 12 3154
5 400 10 249.8
10 400 7 216.5
15 400 4 148.9

base-material's Young's modulus required modulation to achieve the
designed hardness levels as shown in Table 2.

For all printed porosities of the designed point lattice bubble con-
figurations, the moisture content was kept constant and the Young's
modulus was modulated using a porosity dependent equation for
moisture attenuation using variable heating speeds which we pre-
sented in our previous study (R? = 0.95): v =P=£265

the heater movement speed (mm/s) and P is the porosity of the

(3.2), where v is

printed structure (%) (Fahmy et al., 2022). For obtaining the men-
tioned equation, structures with constant design porosity were
printed and the heating speed was varied between 9 and 15mm/s
with a step size of 2mm/s. The analyzed moisture content of the
printed and heated structures showed a linear increase with respect
to the increase in heating speed. A linear regression was fitted to
obtain the relation between the applied heating speed and the resul-
tant moisture content. The dependency between the resultant mois-
ture content and the applied heating speed was shown in our
previous article concerning the hardness targeted design of 3D
printed closed-cell foams (Fahmy et al., 2022). A change in heating
speed of v =1.06mm/s per 1% change in moisture content was
observed from the obtained regression. Then, the moisture content
was characterized with respect variable porosities at a constant heat-
ing speed. Furthermore, by obtaining both relations and through sim-
ple substitution, the shown porosity dependent equation for the
attenuation of the moisture content was formulated (Fahmy
et al,, 2022). For an average moisture content of 47.79 £0.2% for all
printed porosities, the heating speed was modulated, and the Young's
moduli were characterized under quasi-static conditions using double
compression tests in the elastic regime (section 2.4). As shown in our
previous study (Fahmy et al., 2022), an exponential decay dependency
of the young's modulus on the heating speed was observed. More-
over, a heating speed-dependent Young's modulus modulation func-
tion was obtained (R? =0.98): E= (1.31*1012)(%57 +66.37 (3.3),
where E is the modulated young's modulus (kPa). From equation 3.3,
the heating speeds were calculated and applied during the in-line
heating of the printed structures. The calculated heating speeds were
used to modulate the base material's Young's modulus.

For simulating the compressive behavior of the closed-cell foam
structures, the calculated Young's moduli were used in the FEM
model, depending on the simulated porosity. As shown in Figure 2,
the hardness of the printed configurations at the designed porosities

were characterized and compared to the FEM simulations. From the
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FIGURE 2 TPA measurements and FEM simulation of hardness
of the 3D printed closed-cell configurations at the selected porosity
levels (STD n = 3). Simulations of the SC, BCC and FCC
configurations resulted in an equivalent hardness regression with
respect to the design porosity. Thus, the presented simulation
regression represents the simulation of the three closed-cell
configurations

obtained results, there was no clear dependency of the hardness on
the simulated or measured configuration but rather only a depen-
dency on the porosity (Fahmy et al., 2022). This is supported by litera-
ture where the elastic deformation of cellular structures depends on
the based material constituents and properties as well as the foam's
relative density (Gibson, 1989; Gibson & Ashby, 1999). Both simu-
lated and 3D printed structures showed the same decrease behavior
with respect to the increase in porosity. By comparing the FEM hard-
ness values with the characterized 3D printed structures, the average
deviations for all porosity levels of the SC, BCC, and FCC were
observed as 9.7 + 3.3%, 5.5 + 3.0%, and 6.93 + 3.4%, respectively.
The calculated deviations between simulation and printing can be
related to the occurring structural defects due to heating and printing
uncertainties (Fahmy et al., 2022). The inherited geometrical defects
can be contributed to in-accuracies in the target porosities or in the
printed volume. Finally, the relatively low deviations between 3D
printing and FEM simulations show moderate accuracy in printing the

designed closed-cell configurations at different porosity levels.
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Elastomeric cellular foams are usually non-linear viscoelastic

materials which exhibits high static and dynamic linear and viscoelas-
tic behaviors (Alzoubi et al., 2014; Avalle et al., 2007; Gao et al., 2018;
Goga & Hucko, 2016; Wu et al.,, 2012; Zghal et al., 2002). Moreover,
most studies concerning texture modulation of 3D printed food foams
do not extend their textural characterization at different strain rates
(Derossi, Caporizzi, Paolillo, et al., 2020; Liu & Zhang, 2021; Pereira
et al., 2021; Piovesan et al.,, 2020; Varghese et al., 2020). Thus, double
compression tests were performed at five strain rate levels in the elas-
tic regime to elucidate the strain rate dependent behavior of the 3D
printed structures and its dependency on the structural configuration

as well as the base material's young's modulus. The tests were

performed for the three designed bubble configurations (SC, BCC, and
FCC) where the foam's engineering Young's modulus, hardness, cohe-
siveness, and resilience were characterized at 10% deformation. Fur-
thermore, to characterize the textural properties and their strain rate
dependency, the tests were applied at five strain levels of 0.5, 1.25,
2.5,3.75,and 5/s.

Figure 3 shows the porosity and strain rate dependency of the
hardness and engineering Young's modulus of the BCC closed-cell
configuration. Concerning the dependency of hardness and Young's
modulus on the printed porosity at the strain rate level of 0.5/s, the
SC, BCC, and FCC configurations showed the same decrease behavior

and absolute values as verified previously using FEM simulations, as
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FIGURE 3 TPA measurement of porosity and strain rate dependency of the hardness and engineering Young's modulus of the body-centered

cubic (BCC) bubble configuration (STD n = 3): (a) hardness behavior with respect to increasing porosity at different applied strain rates;
(b) hardness behavior with respect to increasing strain rate at the designed porosity levels; (c) behavior of Young's modulus with respect to
increasing porosity at different applied strain rates; (d) behavior of Young's modulus with respect to increasing strain rate at the designed porosity

levels
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illustrated in Figure 2. As shown in Figure 3a, considering the BCC
configuration, an increase in the hardness decay at the different
porosities was observed with respect to the applied strain rate. This
can be clearly observed when plotting the hardness against the strain
rate of the different printed porosities, as presented in Figure 3b. A
linear increase was observed where the hardness increased from
12.9 + 0.8 N at 0.5/s to 14.9 + 0.4 N at 5/s for the 0% porosity while
the hardness increased from 5.0 + 0.2 N at 0.5/s to 6.3 + 0.3 N at 5/s
for the 15% porosity. The results indicate an increase of approx.
~15.5% in the hardness of the base material (0% porosity) with
respect to an increase of 10 folds in the applied strain rate of defor-
mation. At the same time, an increase of 26% was observed for the
hardness of the BCC configuration at 15% porosity with respect to
the same increase in the applied strain rate of deformation. Figure 3c
shows a linear decrease behavior of the engineering Young's modulus
with respect to the design porosity of printed closed-closed cell
foams. A similar linear decrease behavior was reported by Piovesan
et al. while the Young's modulus was characterized on open-cell
honey comb structures (Piovesan et al, 2020). The comparable
Young's modulus behavior between open- and closed-cell designs
shows the independency of its decrease behavior on the pore geome-
try and distribution. In addition, the same behavior was observed for
the SC and FCC configurations (results not shown). This eliminates
the dependency of the strain rate response of hardness and engineer-
ing Young's modulus with respect to the printed configuration. As the
different printed porosities are subjected to different heating speeds
to modulate the base material's Young's modulus, the strain rate
dependency of hardness of the base material was investigated with
respect to the applied heating speed. A linear increase was observed
where the hardness increased from 12.9 £0.8 N at 0.5/s to
14.9 £ 0.4 N at 5/s for the 13.0 mm/s heating speed corresponding to
the base material of the 0% porosity while the hardness increased
from 8.2 £0.1 N at 0.5/s to 9.8 +0.6 N at 5/s for the 15.4 mm/s
heating speed corresponding to the base material of the 15% porosity.
This indicates the same increase of approx. ~15.5% for the base mate-
rial while an increase of only ~19.5% for the heating speed (15.4 mm/
s) that is used for printing the structures with 15% porosity. There-
fore, independent of the printed configuration, the strain rate
response of hardness is dependent on the base material's mechanical
properties of the cell walls superimposed by the response of the
closed cells. On the contrary, the resilience and cohesiveness was
observed to be dependent only on the applied strain rate where the
value and increase response remained unchanged with respect to the
applied heating speed, the closed-cell configuration, and the porosity.
This independence of the applied heating speed can indicate that prin-
cipal physiochemical transitions within the constituent components
did not occur to alter the material's response Figure 4.

For characterizing the viscoelastic response of the closed-cell
foam configurations, the stress relaxation spectra of the structures
were investigated. The printed structures were compressed at a con-
stant strain of 0.5% for 30s. The developed stress profiles were
recorded with respect to the relaxation time. The engineering stress-

time responses were analyzed using the Peleg-Normand stress
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relaxation model (R? > 0.95) as presented previously in section 2.4.

The normalized stress and model parameters were computed and
compared with respect to the applied heating speed corresponding to
the Young's modulus modulation of the base material. This compari-
son was performed to investigate the dependency of the viscoelastic
response with respect to the base material's state depending on the
applied NIR thermal energy. Also, the model parameters were com-
puted and compared in relation to the printed closed-cell foam config-
urations at variable porosities. Consequently, the dependency of the
stress relaxation response was obtained as a function of porosity and
bubble lattice configuration.

Considering the stress relaxation response with respect to the
applied NIR speed, the normalized stress profiles show a decrease in
the linear growth with the increase in NIR heating speed, as shown in
Figure 5. This indicates a decrease in the linear growth of the normal-
ized stress with respect to the decrease in the Young's modulus of the
base material (Table 2). The decrease in the linear growth of the nor-
malized stress of the printed structures indicates an increase in the
solid-like behavior with the increase of heating speed. Furthermore,
the viscoelastic response decreases with the increase in heating speed
and with the decrease in the base material's Young's modulus (Wu
et al., 2012). Therefore, by using the in-line heating modulation
method, the stress relaxation and viscoelastic response can be modu-
lated throughout the printing process irrespective of the printed rela-
tive density.

Finally, the Peleg-Normand parameters were extracted from the
slope and intercept (R? > 0.98) of the normalized stress profiles aver-
aged over the number of samples (n = 3). To elucidate the depen-
dency on the applied NIR heating of the base material, the parameters
k1, ko2, and %SR were plotted against the applied heating speed. As
shown in Figure éa, the %SR increases linearly (R2 = 0.99) with the
increase in heating speed or with the decrease in the base material's
Young's modulus (Table 2). The %SR was observed to increase from
30.5 +0.9% at E.,, =359.3 +13.9 kPa to 36.9 +3.2% at
Eeng = 140.8 + 3.4 kPa. This increase shows a decrease in the solid
response with the increase in heating speed (lower heating energy).
Which can be contributed to the decrease in mass transfer or mois-
ture loss during heating. While most studies use the Peleg-Normand
model for elucidating the stress relaxation behavior of dough, Wu
et al. used the Peleg-Normand and %SR constants to study the effect
of electric power of steamer on the stress relaxation of steamed
breads (Wu et al., 2012). The study showed also an increase in the %
SR or the solid response of the foam with respect to the steaming
power. As shown in Figure 6a, both k4 and k, constants of the Peleg-
Normand model show a linear decrease (R? = 0.99 and R? =0.98,
respectively) with different rates in relation to the increase in heating
speed. The kq constant was observed to decrease from 4.8 + 0.2 s at
Eerng = 359.3 £ 13.9 kPato 3.3 £ 0.3 s at Ecg = 140.8 + 3.4 kPa. Con-
sidering the linear decrease in k4, the behavior indicates a decrease in
the initial rate of decay of the compressive stress with the increasing
heating speed. This indicates an increase in solid-like behavior and
faster stress response which is also confirmed by the increase in %SR

at lower applied heating speeds. Moreover, the k, constant was
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observed to decrease from 3.1 0.1 at E.,; = 359.3 + 13.9 kPa to
2.5+0.1 at E.ng = 140.8 + 3.4 kPa. Regarding the linear decrease in
ko, the rate of change is lower than that of the k; constant. This
behavior indicates a decrease in the residual stress with respect to
the decrease in Young's modulus. Finally, the results indicate that at
lower heating speeds subjected to the base material, the printed
material without porosity tends to possess faster response to relaxa-
tion but at the same time the residual stress of the micro-structure
increases.

Regarding the dependency of the model coefficients k4, ko and %
SR on the closed-cell configurations and porosity levels, they showed
primarily the same overall increase or decrease behavior with differ-

ent decay or growth levels depending on the printed closed-cell

configuration. For the SC, BCC, and FCC configurations, the initial
rate of decay of the compressive stress ki decreases with the
increase in structural porosity from 4.8 +0.2 s at 0% porosity to
3.1 £0.1 s for the SC, to 2.9 £ 0.1 s for the BCC, and to 2.9 £0.2 s
for the FCC configuration at 15% porosity. The decrease behavior
was observed to be different comparing the SC with the BCC and
FCC configurations where the SC configuration shows a linear
decrease (R?> = 0.97) while both the BCC and FCC configurations
show an exponential decay (R? = 0.99). This change of decrease
behavior of the BCC and FCC configurations can be contributed to
the response of the air bubbles located in the mid-section of the unit
cell where the most deformation occurs contrarily to the corner distri-

bution of bubbles in the SC configuration. The overall amount of
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decrease in the rate of decay of compressive stress indicates that the
behavior of k is solely dependent on the response of the base mate-
rial. Regarding the mentioned findings, no literature in food research
was found that attempted to study the Peleg-Normand constants in
relation to the properties of highly defined pore distributions. Consid-
ering the behavior of the residual stress as denoted by ks constant, a
similar behavior to the k; constant was observed. The residual stress
constant was observed to decrease linearly with the increase in
porosity for the SC, BCC, and FCC configurations. Comparing the
dependency on the pore configuration with the dependency on the
applied heating speed, it was determined that the behavior of the
residual stress is also (similar to kq) independent of the printed config-
uration and porosity. Finally, for the three configurations, the %SR
increases with the increase in structural porosity from 30.5 + 0.9% at
0% porosity to 37.4 + 0.8% for the SC, to 39.4 + 1.9 s for the BCC,
and to 38.2 + 2.2% for the FCC configuration at 15% porosity. Also, a
discrepancy was observed in the increase behavior between the SC
with the BCC and FCC configurations where the SC configuration
shows a linear increase (R? = 0.99) while both the BCC and FCC con-
figurations show an exponential growth (R? =0.99). The overall
amount of increase of %SR is solely dependent on the response of
the base material when compared to the change in heating speed.
This also indicates that the modulation of the %SR is independent of
the printed configuration and porosity.

To characterize the large deformation behavior of the 3D printed
closed-cell configurations, the structures were compressed to 80% of
their original height. The reaction force was recorded and analyzed
against the deformation distance. The engineering stresses and strains
were used to analyze the stress-strain curves of the printed struc-
tures. Due to the large applied deformations, the true stresses and
strains required active real-time monitoring of the sample's deform-
able surface area which was not possible during this study. Moreover,
the obtained engineering stress-strain profiles were fitted with the
mentioned Goga PFM (section 2.4).

m

As shown in Figure 7, the engineering stress-strain profiles were

analyzed for the three printed closed-cell configurations at the
increasing porosity levels (section 2.3). The illustrated profiles repre-
sent as sample of each porosity. All measured profiles show three dis-
tinct regions with two transition sites with respect to the stress
behavior in relation to the increasing applied strain. The first region
(as mentioned in section 2.4) is a linear region where the cell walls of
the three configurations bend elastically. Considering the application
of small strains (approx. € < 0.025), an exponential increase in stress is
observed which can be assumed as an initial densification regime
which occurs due to the layer-based approach of 3D printing. This
effect can be explained as the initial densification or merging of the
layers compressing any gaps which forms during the deposition of
layers. Following the linear regime, the first transition period occurs
which is the yielding of the internal structure (Gibson, 1989). Yielding
occurs at the transition between elastic and plastic deformation of the
cell walls where a drop or no increase in stress occurs with the
increase in strain (Lu & Abbott, 2004; Roylance, 1996). As shown in
Figure 7, the second region which is the plateau regime exists for all
configurations in the strain range of approx. ~0.2 till ~0.4. The plateau
regime shows a slight increase of stress with respect to the increase
in strain for all closed-cell configurations. The increase in stress shows
the contribution of air within the cells to the mechanical response of
the cellular configurations. As mentioned (Gibson, 1989), closed-cells
within cellular foams which are subjected to compression, their vol-
ume progressively decreases which increases the air pressure within
the cell. This contribution is typical negligible at small strains or to the
linear elastic behavior. On the other hand, the increase in air pressure
induces a sloping stress plateau in elastomeric foams which can
exhibit
(Gibson, 1989). Thus, as shown in Figure 7, the sloping stress plateau

large deformations without rupture of the cell walls
shows that the cells within the printed cellular structures were not
subjected to printing induced defects which might transition the
closed nature of the cells into a connected network. Following the
plateau region, the onset of densification was observed where the
exponential strain locking behavior is initiated.

To elucidate the stress-strain behavior of the printed closed-cell
configurations, the parameters denoting the damping or yielding coef-
ficients n (kPa), the plateau stiffness E, (kPa), and the densification
coefficients y (kPa) were extracted from the regression and averaged
over the number of samples (n = 3). First, the Goga PFM parameters
were investigated with respect to the material's modulated Young's
modulus at 0% porosity which corresponds to the variable heating
speeds (refer to Table 2). Considering the densification coefficient, it
remained approx. Constant with respect to the increase of NIR heat-
ing speed or to the decrease in Young's modulus, as shown in
Figure 8a. The densification coefficient was observed to be an aver-
age of 165.4 + 2.3 kPa. This indicates that the densification regime of
the printed structures is independent of the applied heat during 3D
printing. In addition, the behavior of the base material during strain
locking could be independent of the thermal transitions of the mate-
rial's constitutive components. This is an indication that the densifica-
tion behavior is solely dependent of the foam's internal structure and
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FIGURE 6 Calculated and regression fitted Peleg-Normand model parameters from stress relaxation curves with respect to varying heating
speeds and porosities (STD n = 3): (a) change in k4, ko, and %SR with respect to increasing NIR heating speeds at 0% porosity (base material);
(b) behavior of the k; intercept at increasing porosity levels for the different 3D printed closed-cell configurations; (c) behavior of k; slope at
increasing porosity levels for the different 3D printed closed-cell configurations; (d) change in %SR with respect to increasing porosity levels for

the different 3D printed closed-cell configurations

relative density. As shown in Figure 8a, unlike the densification coeffi-
cient, both the damping and plateau coefficients show an exponential
decay behavior with R? = 0.97 and R?> = 0.9, respectively. This
decrease behavior occurs with the increase in NIR heating speed or to
the decrease in base material's Young's modulus (refer to Table 2).
The damping coefficient which corresponds to the compressive yield
stress of the base material was observed to decrease from
442 +19 kPa at Ecng =359.3 £13.9 kPa to 22,9 +1.1 kPa at
Eeng = 140.8 £ 3.4 kPa. Thus, the compressive yield stress of the base
material can be modulated using the in-line NIR heating system irre-
spective of the printed porosity or internal structure. Moreover, the
plateau coefficient of the base material was observed to decrease
from 9.34 £ 0.2 kPa at Ecng = 359.3 £13.9 kPa to 1.1 £ 0.1 kPa at

Eeng = 140.8 + 3.4 kPa. As the plateau regime of cellular foams is cor-
related with the type or structure of cells (open- or closed-cells) and
the enclosed fluid (Gibson, 1989), the change in the plateau stiffness
can be contributed to the subjected NIR thermal energy. As the heat-
ing speed decreases the heating time of the printed structure increase
which increases the occurring mass transfer during NIR thermal stabi-
lization (Dessev et al., 2011; Riadh et al., 2015). Therefore, at lower
heating speeds more moisture evaporates which can increase the
micro porosity within the printed structures leading to an increase in
the plateau response.

Considering the dependency of the model coefficients on the
closed-cell configurations and porosity levels, they showed primarily
the same behavior with different decay or growth levels depending
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(a) engineering stress-strain behavior of SC bubble configuration; (b) engineering stress-strain behavior of FCC bubble configuration;
(c) engineering stress-strain behavior of BCC bubble configuration; (d) engineering stress-strain behavior of BCC bubble configuration at 2.5%

porosity with Goga PFM regression

on the printed closed-cell configuration. Regarding the damping coef-
ficient or the compressive yield stress of the printed closed-cell con-
figurations, the same exponential decrease as the base material occurs
(R2avg = 0.98), as shown in Figure 8b. For the 15% porosity, the three
configurations had a compressive yield stress of 16.8 + 0.6 kPa for
the BCC, to 11.9 + 1.3 kPa for the SC, and to 18.1 + 2.7 kPa for the
FCC configuration. By comparing the results to the yield stress of the
base material at the corresponding applied heating speed
(22.9 + 1.1 kPa), it is observed that the inclusion of porosity act as a
superposition in the transition between elastic and plastic deforma-
tion. The addition of stress concentration points at the cell walls leads
to a decrease in the compressive yield stress of the printed structure.
Moreover, the lower yield stress of the SC configuration is due to the
larger bubbles as for this configuration, the number of cells is lower at

the same porosity level.

As shown in Figure 8c, the plateau stiffness showed for the three
printed configurations a logarithmic growth behavior with the
increase in porosity. This is contributed to the closed-cell response of
the air cells to compression which increases with the increase in
porosity or amount of compressed air (Gibson, 1989). lllustrated in
Figure 8c, the logarithmic growth of the BCC configuration
(R? = 0.97) is observed to be higher than the growth of the SC and
FCC configurations (R?> =0.99 and R?> = 0.99, respectively). The
increase in the plateau stiffness of the closed-cell configurations is
from 9.34 + 0.2 kPa at 0% porosity to 47.4 + 0.2 kPa for the BCC, to
31.3 + 2.3 kPa for the SC, and to 32.3 + 5.2 kPa for the FCC configu-
ration. As mentioned in section 2.3, the BCC configuration has a single
body-centered bubble while the air bubbles SC and FCC configura-
tions are distributed on the lattice corners and faces. In addition, dur-

ing compressive testing, the compressive load is not uniform over the
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FIGURE 8 Obtained Goga PFM coefficients/stresses from the engineering stress-strain curves with respect to varying heating speeds and
porosities (STD n = 3): (a) change in damping n, plateau Ep, and densification y coefficients with respect to increasing NIR heating speeds at 0%
porosity (base material); (b) behavior of damping coefficient n with respect to increasing porosity levels of the 3D printed closed-cell bubble
configurations; (c) behavior of plateau stiffness Ep with respect to increasing porosity levels of the 3D printed closed-cell bubble configurations;
(d) behavior of densification coefficient y with respect to increasing porosity levels of the 3D printed closed-cell bubble configurations

structure's height. High friction forces act between the top surface
and the probe, also high friction forces exist between the bottom sur-
face of the structure and the base support. Thus, low deformation
occurs at the structure's top and bottom surfaces (Kramer &
Szczesniak, 1973; Peleg, 2019). Therefore, buckling of the middle part
occurs which explains the higher registered response of the BCC's
centered air bubble.

Considering the densification behavior of the closed-cell configu-
rations, as shown in Figure 8d, a decrease occurs with respect to the
increase in porosity. The porosity-modulated behavior is different
comparing the BCC configuration with the SC and FCC configurations.
The decrease of the densification behavior of the BCC configuration
follows a linear regression (R? = 0.99) while both the SC and FCC con-
figurations follow an exponential decay regression (R? = 0.99 and

R? = 0.99, respectively). The decrease in the densification coefficient

of the closed-cell configurations is from 165.9 + 6.5 kPa at 0% porosity
to 136.6 + 12.4 kPa for the BCC, to 86.5 + 11.3 kPa for the SC, and to
106.8 + 9.4 kPa for the FCC configuration. The results show that the
location, size, and number of air bubbles influence the response of the
material in the densification regime. Comparing the SC and BCC con-
figurations, the bubble distribution over the lattice structure is the
same except for the body-centered bubble of the BCC configuration.
As a consequence, the linear decrease behavior of the BCC configura-
tion is caused by the integration of centrally located air cell where the
highest deformation occurs during compressive testing. As mentioned
before, the behavior of the densification coefficient is independent of
the base material's Young's modulus and heating speed. Therefore, the
observed decrease behavior shown in Figure 8d proves that the modu-
lation of the densification coefficient occurs through the relative den-

sity and the bubble distribution inside the cellular structure.
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In this study, we extended the texture modulation using 3D printing
of starch-based closed-cell foams beyond the elastic regime. We elu-
cidated structure-deformation relations at variable strain rates and
large-strain deformation. The main objective was to characterize and
understand the behavior of textural properties and stress-strain
parameters with respect to the base material's Young's modulus,
porosity, and bubble distribution. Three closed-cell configurations
were designed printed at five porosity levels. The three closed-cell
spherical bubble configurations consisted of simple, base-centered,
and face-centered cubic designs. Moisture control and Young's modu-
lus modulation of used starch-based material was performed using in-
line NIR thermal stabilization. To verify the precision of the printed
structures, hardness levels obtained from FEM simulations and com-
pression analysis were compared and comparable results were
achieved.

Concerning the dependency of textural properties on the strain
rate of deformation, results showed that the strain rate response of
hardness is dependent on the base material's mechanical properties of
the cell walls. This is superimposed by the response of the closed cells
and porosity which is independent of the printed configuration. Also,
the resilience and cohesiveness were observed to be dependent only
on the applied strain rate and porosity. The increased response
remained unchanged with respect to the applied heating speed and
bubble configuration. For characterizing the viscoelastic response of
the printed configurations, the stress relaxation spectra were mea-
sured, then the Peleg-Normand parameters were evaluated and com-
pared. It was observed for all three configurations that the
viscoelastic response is only dependent on the base material proper-
ties of the cell walls.

Regarding the stress-stain behavior of the base material, results
showed that the densification coefficient remains constant with
respect to the increase of NIR heating speed or to the decrease in
Young's modulus. The compressive yield stress of the base material
can be modulated using the in-line NIR heating system. For the
closed-cell configurations, it was observed that the inclusion of poros-
ity act as a superposition in the transition between elastic and plastic
deformation. The addition of stress concentration points at the cell
walls leads to a decrease in the compressive yield stress of the printed
structure. The plateau stiffness showed for the three printed configu-
rations a logarithmic growth behavior with the increase in porosity.
This is contributed to the closed-cell response of the air cells to com-
pression. a higher registered response of the BCC's centered air bub-
ble was observed as the compressive load is not uniform over the
structure's height. Therefore, buckling of the middle part occurs which
explains the higher registered response of the BCC's centered air bub-
ble. Considering the densification behavior, the porosity-modulated
behavior was different comparing the BCC configuration with the SC
and FCC configurations. The results showed that the location, size,
and number of air bubbles influenced the response of the cellular

structures in the densification regime.
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3 Discussion

The use of FDM 3D printing in the fabrication of cereal- and starch-based products is
a promising texturing method due to its principle of operation. Its introduction allows
for higher product and structural reproducibility. For consumption, yet on a small scale,
the technology can be used to personalize the fabrication of products in terms of
textures, flavors, and nutrition (Godoi et al., 2016; J. Sun, Peng, et al., 2015). From a
scientific and research perspective, the randomness and heterogeneity associated
with the traditional texturing processes poses several challenges for elucidating and
understanding fundamental material-textural-sensorial relationships. This is due to the
complexity of the occurring physiochemical processes. On the other hand, 3D printing
enhances the reproducibility of structures due to its principles or operation which
enables the elucidation of complex relationships and the manipulation of sensory
perception (Fahmy et al., 2021). The task is achieved by controlling the material's
formulation and properties, the cellular properties, and the distribution of flavor/aroma

active compounds.

However, FDM 3D printing is considered as an emerging technology in the
manufacturing of cereal- and starch-based textures. The compatibility of the processes
with cereal- and starch-based materials is not yet understood. The lack of knowledge
about the material’s behavior during printing presents a challenge in material selection
and ingredient optimization. Also, there are still no standardized quantitative methods
for characterizing the printing behavior. Moreover, the applicability of 3D printing in
modulating cereal- and starch-based textures is proven in literature, but yet limited. To
illustrate, taking full advantage of 3D printing in controlling the textural properties was
not achieved previously. As a newly adopted technology, the technological
development in localizing flavor/aroma active compounds, in thermally stabilizing
structures and inducing physiochemical changes during printing is not reported in

literature.

In this context and as a first step for texturing of cereal- and starch-based matrices
using 3D printing, the objective of this thesis was to develop scientific-driven general
approaches for material behavior evaluation, compound localization, in-line thermal
stabilization, and an approach for controlling the textural properties of printed

structures. Moreover, fundamental printing behavior and relations with the rheological
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behavior of cereal- and starch-based matrices were determined. Research objectives
also involved the characterization of the combined texturing-localization 3D printing
method. Also, texture-structure relations were elucidated in the linear and non-linear

regimes.

Assessment of printing quality and elucidation of material behavior

During the first adoption of FDM 3D printing in food applications, the printing quality
determination was performed qualitatively using visual assessment (Periard et al.,
2007). The application of qualitative determination hinders the elucidation of material
behavior during printing. Also, obtaining correlations of specific geometrical attributes
and induced defects with material constituents and rheological parameters was not
possible qualitatively. Therefore, the material selection process was performed in a
trial and error approach. During further developments, other quantitative approaches
was integrated in the evaluation processes in previous literature (mentioned in section
1.4). Most methods including imaging approaches were often not integrated with the
3D printing system and non-automated. Also, the assessment lacked standardization
of the printed geometries and structures where experiments were mostly performed on
complex designs. Therefore, no clear identification of the geometrical and defect
parameters required for quality determination was obtained. In the present study, key
geometrical and induced defect parameters were identified and related to the
rheological behavior using an imaging approach. An in-line dual camera approach was
used for characterizing printed cereal- and starch-based morphologies. A top- and
side-view cameras were used to characterize the post-printing geometrical attributes
of two cereal-based material systems which comprise of wheat flour dough and wheat
starch-egg white protein blends. The hydration level of both material systems was
varied to simulate different rheological and viscoelastic responses. Through
morphological approaches and pixel-based mathematical operations, the following
parameters were autonomously quantified: output width, length, height, extrusion delay

and over-extrusion parameters.

For instance, by comparing the rheological behavior with the quantified parameters, it
was shown that extrusion delays occur in the beginning of the 3D printing process.
Under-extrusion occurred in relation to the material’s hydration level which is directly
related to the material’s yield strength which is supported by literature (M’'Barki et al.,

2017). Also, the insufficient adhesive force between the deposited material and printing
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surface increases the specified delay. However, elucidation of adhesion forces
between the materials and the printing surface was not performed. Moreover, a similar
effect was characterized which occurs at the end of the printing process. The end of
deposition does not occur immediately leading to over-extrusion. Two separate effects
were considered. First, a decrease in the materials’ yield strength occurs due to the
subjected structural deformation of the material systems during extrusion (Puisto et al.,
2015; Radhakrishnan et al., 2017). Second, through the analysis of the morphologies,
on over-extrusion reaching 100 + 15.3% was observed for the wheat flour formulation
at low hydration levels while only 8.2 £ 2.3% as a maximum was observed for the
gluten free material. This was contributed to the strength and formation of the complex
gluten network during kneading. Considering structural stability and deformation
resistance of the materials after printing, rheological measurements showed a high
decrease in the elastic and viscous components for both material systems with the
increase in hydration. Defined as a dilution effect (Meerts et al., 2017), the results show
softening of the internal structure which reflects an easier extrusion process while
increase in structure collapse and slumping behavior. Consequently, the presence of
gluten in dough formulations act as a structural stabilizing element, which was reflected
in the analyzed heights of the printed structures. On the other hand, the presence of
gluten during 3D printing may impose geometrical defects due to the molecular

structure and the interactions with the polymer network (Schiedt et al., 2013).

Furthermore, this imaging approach was used in the subsequent articles to elucidate
the effect of in-line NIR heating on printing quality as well as for material selection.
Finally, this approach was later used in literature for predicting the extrudability of
complex food materials during printing using data-driven modelling (L. Zhang et al.,
2021). However, the method was used in the present thesis on simple planar and 3D
objects. By further optimization of the performed analysis, more complex structures
can be recognized and characterized. This can enhance the recognition and

elucidation of structure- and printing-driven defects.

An approach for the sensory design of food textures

As mentioned previously in section 1.4, dual extrusion was mainly integrated for
texturing of multi-material structures (Gholamipour-Shirazi et al., 2020; Nachal et al.,
2019; Periard et al., 2007; J. Sun, Peng, et al., 2015; Tan et al., 2018). This approach

is useful for switching materials to fabricate specific features. However, the use of dual
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extrusion was not considered before in conjunction with texture modulation for flavor
or taste design aspects. As shown in section 2.3, as an objective of this thesis, a novel
approach using dual extrusion and focused on-board NIR heating was developed to
achieve combined control over texture and taste distribution. The developed method
facilitated the design of starch-based structures in reproducible texture and taste
configurations. Subsequently, the method was used in a sensory contrast study to
characterize the influence of inhomogeneous taste distribution on the sensory
perception. For this application, defined concentration gradients of sodium chloride
were spatially localized in starch-based textures with different localization
configurations or designs. In-line NIR heating was integrated within the 3D printing
process to eliminate the need for post-processing or baking. The presented method
was optimized for layer-based heating rather than post-printing structural heating.
Layer-based heating was implemented for geometrical stabilization and reducing
structural collapse or slumping during printing which was elucidated previously in
section 2.2.

To print the starch-based textures with localized concentrations of sodium chloride,
material selection was performed using the quality assessment method described in
section 2.2. A wheat starch-egg white protein mixture (85:15 starch to protein ratio
(Jekle et al., 2016)) with a hydration level of 60 g/100 g of dry material was selected
based on its characterized printing performance. To achieve higher sensory contrast,
desalination of the egg white powder was performed by the means of ultrafiltration. 3D
printing was performed using 3 different formulations depending on the salt
concentration. The first used formulation is the base material with a NaCl content of
0.16 + 0.02 g/100 g of dry material. Second, is the medium concentration formulation
with a NaCl content of 1.20 + 0.13 g/100 g of dry material. Finally, is the high
concentration formulation with a NaCl content of 2.44 + 0.20 g/100 g of dry material.
For printing the starch-based structures, a cubic design was chosen with 2 different
porosity levels of 0 and 25%. A single extruder was used to print the base material
while the other extruder was used to printing the sodium containing formulations.
Furthermore, 3 different localization layer-based configurations were printed: 4/4
configuration with alternating layers of 4 (4 layers of base material followed by 4 layers
with sodium), 2/2 configuration with alternating layers of 2, and 1/1 configuration with

single alternating layers.
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Results showed that the desalination process and the addition of salt solutions altered
the hydration properties as well as the rheological properties (Ferreira Machado et al.,
2007; Mmadi et al., 2014; Thammasena et al., 2020). As a consequence, the alteration
of rheological properties and flow behavior leads to different material-process
interactions (Kim et al., 2017; Godoi et al., 2016; M. Zhang et al., 2017). Thus, the
hydration of the formulations was adjusted to achieve comparable rheological levels to
the base material prior to desalination. The hydration adjustment was performed while
keeping the sodium concentrations constant. The printability of the printed formulations
was assessed with and without the integration of NIR heating. Concerning the printing
quality prior to heating, results showed that structural collapse occurs with the increase
in height of the structure. The formulations showed a decrease in height by
approximately 22.8% and increase in width by up to 114% while at 5 layers. This
showed a material flow from the top to the bottom layers in the direction of the
gravitational forces. The flow of material between the deposited layers is problematic
in such a localization application as it could nullify the localization of the sodium
component. The inclusion of the layer-based NIR heating showed a large improvement
in the structural stability. For each separately heated layer, stabilization occurs in the
form of moisture loss which in turn increases the overall complex modulus of the
materials. Using the layer-based heat stabilization reduced the deviation in height by
14% (absolute value) with a deviation of 8.8% (compared to 22% before). Regarding
the width of the printed structures, the deviation to optimal value improved to 12%
(compared to 114% before). However, due to the applied layer-based heating
approach, a cyclic heating behavior occurs where lower layers of the printed structure
receive more energy compared to the upper layers. Therefore, a heterogeneous
distribution of moisture occurs across the height of the printed samples. As a
disadvantage, this might lead to different heat induced transformations for the starch
and proteins across the deposited layers.

Standardization of the textural properties was of general interest during printing of the
different localized configurations of NaCl. As mentioned earlier, hydration levels were
adjusted depending on the NaCl concentration. Thus, textural properties were
expected to vary with respect to the printed configuration at the same heating level as
the final moisture content of the structures will vary. A material-dependent moisture
calibration equation was obtained. The equation was used to modulate the output heat

depending on the hydration level of the printed material. Through the heat modulation
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method, comparable textural properties were obtained for all printed configurations at
both porosity levels. The calibration of the textural properties was essential so that
textural deviations between the samples would not influence the taste perception of
the printed structures. To evaluate the effect of inhomogeneous spatial distribution of
sodium on saltiness perception, the printed structures were used in a two-alternative
forced choice 2-AFC test. The alternative choice test is a method were n-stimuli are
presented to the trained panel which a choice has to be made and in this case is the
perception of saltiness. The three printed configurations (1/1, 2/2, and 4/4) were
compared to a reference sample with homogeneous distribution containing the same
overall NaCl concentration. The overall NaCl content of the homogeneous sample (1.2
+ 0.13 g/100 g of dry material) was not significantly different (p > 0.05) for that of the
inhomogeneous samples (1.3 £ 0.10 g/100 g of dry material). During the sensory
evaluation, the inhomogeneous samples of all three configurations were perceived
significantly saltier than the homogeneous reference sample (p = 0.026). Which proved
a successful application for 3D printing and localization approach.

Figure 3-1: 3D printed cube of wheat starch and egg-white protein with localized flavor compound
(unpublished figure).

For the use of NIR heating during 3D printing, long-wave radiation controls the amount
of transferred energy to the matrix while short IR wave lengths influence the
penetration depths (Skjoldebrand et al., 1988). Also, the absorption intensity of the
radiative energy is highly dependent on the matrix constituents (Riadh et al., 2015).
Thus, as a short coming, the characterization of the applied heat treatment is not
generalized but specific for the used cereal matrix and process parameters used in this

96



Discussion

thesis. Furthermore, during this study, the effect of NIR stabilization on the micro-
structure and on the induced physiochemical transitions was not fully elucidated.

Design of textural properties using 3D printing

The study presented in section 2.3 focused on achieving control over compound
distribution in starch-based structures using a combined approach of 3D printing and
integrated NIR heating. The structures were printed without the consideration for
achieving specific textural properties. To illustrate, the structures were designed
without prior knowledge or prediction of the resultant values of the textural properties.
The study in section 2.4 of this thesis expands on the objective of accomplishing the
control and manipulation of the sensory perception. The main aim was to define a
method or an approach for printing structures to target specific levels of textural
properties, with the focus on structural hardness of closed-cell foams. The objectives
were studied using analytical TPA measurements and FEM simulations by elucidating
the dependency of hardness on the material properties, cellular structure, and
processing parameters in the elastic regime.

As mentioned earlier in section 1.2, the textural properties of cellular structures depend
on the geometry, base material properties, relative density, and pore distribution. Thus,
the control over these aspects during 3D printing was crucial for the aims of this thesis.
In 3D printing applications of starch-based materials, the determination of material
properties is usually performed by the manipulation of the material’s constituents. For
instance, by increasing/decreasing the hydration of the system, by replacing material
constituents, or by increasing/decreasing the concentration of certain components (Z.
Liu & Zhang, 2021; Pereira et al., 2021; E. T. Pulatsu et al., 2020). The manipulation
of ingredients presents a setback and a challenge during 3D printing. Varying the
hydration levels or ingredient concentration affects the material’s rheological response
thus affecting the printing behavior. Also, applying quality assessment methods will be
required to determine the material compatibility. In the present thesis, a different and
more defined approach was developed for controlling the base material’s mechanical
properties. The approach was adopted using the integrated NIR heating. By
modulating the heating energy, the Young’s modulus E of the cell wall material was
varied according to the transfer of mass or moisture loss. This approach was verified

on textural analysis basis using the TPA.
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As the modulation of the base material’'s Young’'s modulus E was performed using NIR
heating, only one starch-base material was selected using the method mentioned
previously in section 2.2. The printing behavior of 2 material systems were compared
at different MC concentrations of 0, 0.5, 1, 2, and 3%. The chosen material was
composed of wheat starch and soy protein (85:15 starch to protein ratio) with a
hydration level of 100 g/100g of dry material. To develop the Young's modulus E
modulation approach, cubic structures of 8000 mm?3 were printed at 0% porosity from
the selected material. For the specific NIR heater that was used, the heating power
was kept constant at 25% while the heating speed was varied from 9 mm/s to 15 mm/s
with a step size of 2 mm/s. Then, the Young’'s modulus E of the printed structures was
measured using the TPA. An exponential decay behavior of E (ranging from 524 +45.5
to 74.4 + 1.7 kPa) was observed with respect to the increase in heating speed. Thus,
an equation for E modulation using the heating speed was developed. However, as a
short coming of the used method, the obtained exponential decay relation was specific
for the used starch-based matrix and the used NIR heater.

gL .

Figure 3-2: FDM 3D printed SC closed-cell design of wheat starch and soy protein.

After achieving the modulation of E for the cell wall material, the cellular structure was
varied using closed-cell spherical bubbles, as shown in Figure 3-2. 3 closed-cell designs
were used which are simple SC, body-centered BCC, and face-centered cubic FCC.
The three designs were printed at varying volumes, surface area, and at 5 porosity
levels of 0, 2.5, 5, 10, and 15%. Using a combination of compression TPA tests and
FEM simulations, the relation between the base material's E, cellular design
parameters, and textural properties were elucidated in the elastic regime. An
exponential decay of hardness was observed with the increase of porosity and the
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decrease of the base material’s E. The obtained hardness for the printed configurations
and porosities range from an average of 17.20 £ 2.40 to 1.86 + 0.45 N at 0 and 15%
porosity levels, respectively. The obtained E from the heating modulation method was
used to simulate the deformation behavior of the printed designs. Furthermore,
comparable results to the TPA were obtained. The hardness of the printed structures
was independent of the bubble distribution inside the structure. Also, the cell wall size
has no influence the measured hardness of the printed structures in the elastic regime.
Thus, it was concluded that the hardness response in the elastic regime can be
modulated only using the base material’s E, the relative density, and the geometry of

the printed structures.

To further illustrate the dependency of hardness on the printed geometry and cellular
structure, FEM was used to simulate the dependencies of the structural hardness.
Results showed that, for any printed porosity, the structural hardness is linearly related
to the cell wall's E. Furthermore, the structural hardness is independent of the printed
volume but rather linearly dependent on the deformable surface area. Through the
elucidated material, structural, and textural relationships, an HT-PFM equation was
obtained using regression fitting. By eliminating the independent variables, the
hardness design equation relates the structural hardness with the porosity, Young’s
modulus, and effective surface area. To verify the obtained equation, hardness values
were selected and the equation was solved for the design parameters with upper and
lower bounds. Closed-cell cellular structures were designed and printed with the
obtained parameters. By comparing the simulations with the 3D printed structures,
comparable hardness values were obtained.

The presented approach and model can be used to 3D printing structures with specific
hardness values. However, this is only valid for a deformation or a compression level
of 10%. Further studies should be performed to extend the model for variable
deformation levels in the elastic-regime. Also, the regression fitting of the structure-
texture dependencies was performed without regards to the propagation of
uncertainties which induces discrepancies between FEM simulations and 3D printing.
This method was used to successfully print algae-based hydrogels at specific hardness
levels, as shown in Figure 3-3. Furthermore, an exopolysaccharide (EPS) formed by

the microalgae Chlorella sorokiniana was produced, hydrogels were formed and used

99



Discussion

in combination with the developed phenomenological hardness model to print variable
textures with pre-determined hardness levels.

a) 7 b)

3254 [ Simulation
1 [ 3D printing

Hardness (mN)
3
[4)]
1

-5 0 5 10 15
Porosity (%)

Figure 3-3: Creation of reference textures using a 3D printed biopolymer hydrogel: a) 3D printing process
of the cubic structure; b) cuboid with 10% porosity using closed-cell spherical bubbles; c) hardness levels
obtained from TPA and FEM simulations.

Textural modulation in the non-linear regime

Previously in section 2.4, the relationship between the material, cellular structure, and
textural properties were elucidated only in the elastic regime. Also, an HT-PFM
equation was obtained for designing 3D printing cellular structures with specific
hardness levels. Prior, the integrated NIR heating method was used only for moisture
control and for modulating the base material’s Young’'s modulus. The objective of
section 2.5 of this thesis was to extend the textural modulation in the large-strain non-
linear regime. Also, another aim was to develop a NIR heating method for achieving

starch gelatinization during 3D printing using layer-based heating. The same wheat
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starch and soy protein starch-based matrix was selected. To control the foam’s cellular
structure, the same closed-cell designs (SC, BCC and FCC) were 3D printed at the
same porosity levels of 0, 2.5, 5, 10, and 15%. The obtained HT-PFM (section 2.4)
was used to modulate the E of the material to achieve a linear decrease hardness with

respect to the increase of porosity.

Elastomeric cellular foams are usually non-linear viscoelastic materials which exhibits
high static and dynamic linear and viscoelastic behaviors (Alzoubi et al., 2014; Avalle
et al.,, 2007; Wu et al., 2012; Zghal et al., 2002). In section 2.5, the strain rate-
dependent behavior, the viscoelastic response and the large-deformation stress-strain
behavior of the 3D printed closed-cell foams were studied using TPA compression
analysis. Most studies concerning texture modulation of 3D printed food foams do not
extend their textural characterization at different strain rates (A. Derossi, Caporizzi,
Paolillo, et al., 2020; Pereira et al., 2021; Piovesan et al., 2020; Varghese et al., 2020).
First, the strain rate of compression was varied on 5 levels at 10% deformation (in the
elastic regime) to elucidate the strain rate dependent textural behavior. The tests were
applied in a strain rate range of 0.5, 1.25, 2.5, 3.75, and 5/s. Results showed that the
textural strain rate response of the printed cellular structures is independent of the
cellular configuration or cell distribution. Results indicates that an increase of approx.
~15.5% (from 12.9 £ 0.8 N at 0.5/s to 14.9 £ 0.4 N at 5/s) for the hardness at 0% porosity
occurs with respect to an increase of 10 times in the applied strain rate of deformation.
At the same time, for all cellular configurations, an increase of 26.0% (from 5.0+ 0.2 N
at 0.5/s to 6.3 £ 0.3 N at 5/s) occurs at 15% porosity with respect to the same increase
in the applied strain rate. By eliminating the influence of porosity, the strain rate
response was characterized depending on the E of the cell walls with respect to the
applied heating at 0% porosity. A dependency of the hardness’s strain rate response
on the E was shown. Consequently, the analysis showed that the strain rate response
of the structural hardness is dependent on the properties of the cell wall material and
superimposed by the response from the closed-cells independent of the pore
distribution. Contrarily, other textural properties such as the cohesiveness and
resilience were observed to be only dependent on the applied strain rate and on the
properties of the cell wall material.

The stress relaxation behavior of the starch-based cellular structure was investigated.

A constant strain of 0.5% was applied in the compression analysis for 30s. The

101



Discussion

engineering E-T response was analyzed using the Peleg-Normand stress relaxation
model (M. Peleg & Normand, 1983). Using this analysis, the overall viscoelastic
response was modulated based on the E of the cell walls (Wu et al., 2012). Results
showed that the viscoelastic response have a direct relationship with the base
material’s E. Furthermore, the analysis (through the model coefficients) indicated that
the viscoelastic response of the printed cellular structures is independent of the relative
density and cellular configuration or pore distribution. Consequently, the investigation
revealed that the modulation of the viscoelastic response of cellular structures can be

performed using the NIR heating only thorough the modulation of the cell wall material.

Concerning the stress-strain behavior of the cellular structures at large deformation, a
PFM was used to characterize 3 deformation regions of elastomeric foams (Goga &
Hucko, 2016). However, for this study, the engineering stress and engineering strain
was used as monitoring of the deformed cross-sectional area was not possible during
compression (Jonkers et al., 2020). The yielding behavior was characterized through
the damping coefficient n; the plateau regime was characterized through the plateau
stress Ep while the strain locking or densification behavior was characterized through
the damping coefficient y (Goga & Hucko, 2016). The obtained stress-strain
parameters were elucidated with respect to the E of the cell walls, porosity and cellular
configuration. First, through the analysis of the strain-rate profiles of the printed
structures, a linear increase in the Ep was observed in an € range of ~0.2 till ~0.4. As
Gibson et al. described, this response belongs to the closed-cells where their volume
decreases which increases the air pressure within the cell (L. J. Gibson, 1989). This
verified that the internal structure of the printed structures was indeed not connected.
Moreover, the y remained constant with respect to the variation of the E of the cell
walls. As mentioned in section 1.2, the densification regime is described with the
complete collapse of the cells in a cellular structure. Thus, the modulation of the
densification regime is performed using the manipulation of the internal cellular

structure irrespective of the printed material.

Unlike the y, both the n and Ep showed an exponential decay behavior with respect to
the decrease of the base material E. Thus, the compressive yield stress of the base
material can be modulated using the in-line NIR heating system irrespective of the
printed porosity or internal structure. As the plateau regime of cellular foams is

correlated with the type or structure of cells (open- or closed-cells) and the enclosed
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fluid (L. J. Gibson, 1989), the change in the plateau stiffness can be contributed to the
subjected NIR thermal energy. As the heating speed decreases the heating time of the
printed structure increase which increases the occurring mass transfer during NIR
thermal stabilization (Dessev et al., 2011; Riadh et al., 2015). Therefore, at lower
heating speeds more moisture evaporates which can increase the micro-porosity
within the printed structures leading to an increase in the plateau response.

Regarding the elucidation of yielding, plateau, and densification with respect to the
cellular configuration and porosity, several relationships were identified. The same
exponential decay behavior was observed for n, for all configurations with respect to
increasing porosity. For the 15% porosity, the 3 configurations had a compressive yield
stress of 16.8 £ 0.6 kPa for the BCC, to 11.9 £ 1.3 kPa for the SC, and to 18.1 £ 2.7
kPa for the FCC configuration. By comparing the results to the yield stress of the base
material at the corresponding applied heating speed (22.9 £ 1.1 kPa), it was observed
that the inclusion of porosity act as a superposition in the transition between elastic
and plastic deformation. The addition of stress concentration points at the cell walls
leads to a decrease in the compressive yield stress of the printed structure. Moreover,
the lower yield stress of the SC configuration is due to the larger bubbles as for this
configuration, the number of cells is lower at the same porosity level. As for the Ep, it
showed for the 3 printed configurations a logarithmic growth behavior with the increase
in porosity. This is contributed to the closed-cell response of the air cells to
compression which increases with the increase in porosity or amount of compressed
air (L. J. Gibson, 1989). The logarithmic growth of the BCC configuration was observed
to be higher than the growth of the SC and FCC configurations. This is due to the base-
centered bubble located in the middle of the structure as the deformation in this region
is higher (Kramer & Szczesniak, 1973). This means that by designing structures with

body centered bubbles increase the structural plateau response.

For the y, a decrease occurs with respect to the increase in porosity. However, the
porosity-modulated behavior is different comparing the BCC configuration with the SC
and FCC configurations. The decrease of the densification behavior of the BCC
configuration followed a linear regression while both the SC and FCC configurations
followed an exponential decay regression. The decrease in the densification coefficient
of the closed-cell configurations was from 165.9 + 6.5 kPa at 0% porosity to 136.6
12.4 kPa for the BCC, to 86.5 + 11.3 kPa for the SC, and to 106.8 + 9.4 kPa for the
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FCC configuration. The results showed that the location, size, and number of air
bubbles influence the response of the material in the densification regime. Comparing
the SC and BCC configurations, the bubble distribution over the lattice structure was
the same except for the body-centered bubble of the BCC configuration. As a
consequence, the linear decrease behavior of the BCC configuration was caused by
the integration of centrally located air cell where the highest deformation occurs during
compressive testing. As mentioned before, the behavior of the densification coefficient
is independent of the base material’s Young’'s modulus and heating speed. Therefore,
the observed decrease behavior proved that the modulation of the densification
coefficient occurs through the relative density and the bubble distribution inside the
cellular structure. Finally, section 2.5 presented a layer-based heating method for
achieving onset of starch gelatinization through the attenuation of time-temperature
setting during 3D printing. The results were characterized and identified using DSC
and CLSM.

Conclusion

Finally, this thesis provided a method-driven approach for 3D printing of cereal- and
starch-based materials and structures. The approach was performed on a series of
stages including the assessment of material behavior, the integration of thermal
stabilization, the localization of taste components, and modulation of textures. Through
the camera-based morphological approach, key geometrical and defects parameters
were identified and related to the rheological behavior of cereal- and starch-based
materials. However, several improvements are encouraged in future research. For
instance, expanding the identification to more complex 3D designs as well as
integrating the methodology with the printing process to enable quality-driven
adjustment of the processing settings during printing. Moreover, the developed and
characterized texturing-localization-stabilization method can be used for food materials
to create design-driven sensory profiles by through the combination of spatial
localization of aromas with the target design of textural properties. However, the
correlation between the presented structure-texture information and the sensory
qualities is still missing. For future research, the presented methods and structure-
texture knowledge can be used to advance in the design of customized sensory

perception of food foams.
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