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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 Maße gegebene 

Genauigkeit, Präzision und Reproduzierbarkeit, sowie der Kontrollierbarkeit der 

schichtbasierten Eigenschaften für die Herstellung von stärkebasierten Schäumen. 

Werden solche Produkte mittels traditioneller Methoden hergestellt, sind undefinierte 

texutrelle Eigenschaften unumgänglich. Die Etablierung der hochpräzisen 3D-Druck-

Methodik im Bereich stärkebasierter Schäume würde eine Möglichkeit zur definierten 

Strukturierung und Texturierung schaffen. Im herkömmlichen Strukturierungsprozess 

ist die Entstehung von undefinierten Texturen auf eine aperiodische Anordnung der 

Gasblasen, Defekte und unregelmäßige Zellwände zurückzuführen. Die 

Unkontrollierbarkeit und damit schlechte Reproduzierbarkeit dieser strukturellen 

Heterogenität erschwert die Aufklärung der Zusammenhänge zwischen Struktur, 

Textur und sensorischer Wahrnehmung. In bisherigen Veröffentlichungen 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 

Aufklärung von Textur-Geschmacksinteraktionen durch die Anwendung von 

Texturierungs- und Modellierungsansätze im 3D Druck besteht. Das Ziel dieser Arbeit 

war daher die Entwicklung von Methoden für den 3D Druck zur Charakterisierung der 

Printability, gezielten Texturierung von stärkebasierten Schäumen sowie zur 

Geschmackslokalisierung. Durch die Nutzung dieses methodisch getriebenen 

Ansatzes sollen Abhängigkeiten der Druckqualität und des Texturverhaltens zellulärer 

Strukturen unter Deformation aufgeklärt werden. 

 

In einem ersten Schritt wurde eine kamerabasierte, morphologische Methodik 

entwickelt, um die Printability von stärkebasierten Materialien durch eine in-line 

Bildaufnahme und –auswertung zu ermöglichen. Durch die Anwendung der Methodik 

konnte darüber hinaus das Verhalten der gedruckten Materialien bezüglich ihrer 

rheologischen Antwort aufgeklärt werden. Die darauf definierten Schlüsselparameter 

zur Qualitätsbeurteilung, erlauben eine Auswahl geeigneter Druckmaterialien. Durch 

die Anwendung dieser Methodik wurde der Zusammenhang zwischen dem 

rheologischen Verhalten von verschiedenen stärkebasierten Materialien 

unterschiedlichen Wassergehalts und deren Verhalten während und nach dem 
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Druckprozess ermittelt. Weiterhin wurde die Druckqualität 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 für 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 Zusammenführung 

von Texturierungsvorgängen, einer in-line thermischen Behandlung und einer 

modulierenden Geschmacks- und Aromalokalisierung für die Aufklärung der 

mechanistischen Zusammenhänge zwischen Textur- und Geschmackswahrnehmung. 

Durch die Nutzung fokussierter thermischer Stabilisierungstechniken und einer 

dynamischen Anpassung der Druckeinstellungen, wurden konstante 

Textureigenschaften erreicht, welche unabhängig von der Lokalisation von 

Geschmacksstoffen waren. Darüber hinaus kann basierend auf dieser entwickelten 3D 

Strukturierungs- und Lokalisierungsmethode ein umfassendes Verständnis über den 

sensorischen Eindruck in Abhängigkeit der Lokalisierung und Konzentration von 

Geschmacksstoffen erreicht werden. 

Im Weiteren wurde eine 3D-Druck Methode für das gezielte Design von 

Textureigenschaften im elastischen Regime entwickelt, welche sich vom bisher 

gängigen 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 Eingabegrößen. Das HT-PF Modell wurde hierbei entwickelt und 

validiert, um durch gezielte hitzeinduzierte Übergänge die mechanischen 

Eigenschaften von Materialien zu modulieren. Gleichzeitig wurden durch die 

gemeinsame Anwendung von analytischen Methoden und transient mechanischen 

FEM Simulationen fundamentale texturelle Zusammenhänge für 3D-gedruckte 

Schäume mit geschlossener Zellstruktur aufgeklärt. Auf Grundlage dieses 

Texturdesignmodelles, welches im elastischen Bereich Gültigkeit besitzt, wurden auch 

im nichtlinearen Bereich das belastungsabhängige Verhalten dieser Strukturen 

aufgeklärt. Hierzu wurde das Deformationsverhalten, die Abhängigkeit von der 

Deformationsrate und das viskoelastische Verhalten von 3D-gedruckten Schäumen 
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mit geschlossener Zellstruktur quantifiziert. Für unterschiedliche Belastungsarten 

wurden hierbei das Deformations-, strukturelle Spannungs- und 

Verdichtungsverhalten, sowie die Grenzbedingungen für Materialzuverlässigkeit 

untersucht und in Abhängigkeit des Schaumdesigns betrachtet. Die entwickelte 

Methodik und Charakterisierung ermöglicht somit eine vollständige Aufklärung des 

Deformationsverhaltens und der Textur von 3D-gedruckten Schäumen mit 

geschlossener Zellstruktur, wodurch erstmalig die gezielte Herstellung von zellulär 

geschäumten Lebensmitteln mit maßgeschneidertem texturellen Verhalten ermöglicht 

wird. 

 

Die vorliegende Arbeit konzentriet sich diese Arbeit auf die Schaffung der Grundlage 

für den 3D-Druck von stärkebasierten Texturen durch die Entwicklung allgemeiner 

Methoden in der 3D-Texturierung, in-line monitoring und thermischen Stabilisierung 

sowie Methoden für das Design von Textureigenschaften und die räumliche 

Lokalisierung von Geschmacksstoffen. Darüber hinaus wird die Charakterisierung 

grundlegender Material-Prozess-Wechselwirkungen und Texturbeziehungen von 3D-

gedruckten stärkebasierten Texturen durchgeführt. 
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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; 
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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. 

 

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. 

 

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 
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vegetables (Álvarez-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 σy 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.sn] and a mechanical strength through a σy 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 σy 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.sn] and at a high σy of 370.3 [Pa]. Although the authors investigate the 
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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): 

ℎ𝑐𝑐 =  𝑉𝑉𝑑𝑑
𝑣𝑣𝑛𝑛𝐷𝐷𝑛𝑛

   (1.1) 

Where, ℎ𝑐𝑐 is the critical or optimal nozzle height [mm], 𝑉𝑉𝑑𝑑 is the extruded volume per 

unit time [mm3/s], 𝑣𝑣𝑛𝑛 is the printing speed [mm/s], and 𝐷𝐷𝑛𝑛 is the nozzle diameter [mm]. 

The authors showed that at a height lower that the calculated ℎ𝑐𝑐 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): 

𝑣𝑣𝑛𝑛 =  4𝑄𝑄
𝜋𝜋𝜋𝜋𝑛𝑛2

   (1.2) 

Where 𝑣𝑣𝑛𝑛 is the critical or optimal movement speed [mm/s], 𝑄𝑄 is the material flow rate 

[mm3/s] and 𝐷𝐷𝑛𝑛 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. 

 
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 
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(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 µm 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 
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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 
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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; Martínez-Monzó 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 

et al., 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 17mm diameter and 25mm height while varying the relative 

density and layer thickness of the printed structures. The structures were FDM 3D 
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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 (Álvarez-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: Illustration 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:  

I. 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.  

II. 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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III. 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, Töging, 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 Systèmes, 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 

µm. 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 

acA1920-155µc (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 μm 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 ºC. Moreover, the compression trials were performed using an uncoated 25 mm 

cylindrical probe. For 3D printed samples with a surface area larger than 400 mm2, 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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Figure 2-3: A combined texture modulation and thermal stabilization 3D printing method for creating 
closed-cell structures with designed textural properties 

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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Figure 2-4: Investigation of linear and non-linear stress-strain behavior of 3D printed and thermally 
stabilized starched-based closed-cell foams
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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 (Skjöldebrand 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 
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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 mm3 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. 

 

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 
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in combination with the developed phenomenological hardness model to print variable 

textures with pre-determined hardness levels. 

 

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 
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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 & 

Hučko, 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 η; the plateau regime was characterized through the plateau 

stress Ep while the strain locking or densification behavior was characterized through 

the damping coefficient γ (Goga & Hučko, 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 ϵ 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 γ 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 γ, both the η 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 η, 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 γ, 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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