
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Design of Food Inks for 3D printing of food images

































1. Chapter One. Introduction

1.1 The study context: the Food Inks 3D Printer project

1.2 Additive manufacturing and its application to food fabrication

1.2.1 Nomenclature

1.2.2 Use of the Additive Manufacturing process for fabrication of food items





1.3 Process conditions

1.3.1 The Food Inks 3D printer project



1.3.1.1 Food Inks 3D Printer setup



1.3.1.2 Food Ink colour matching to image pixels



1.3.2 Microwave cooking



1.4 The food product development process

1.4.1 Formulation design for Food Layered Manufacture



1.4.2 The product design process

1.4.2.1 Components of voxel printing in the Food Inks 3D printing application



1.4.2.2 Initial boundary setting for the SP Food Inks design task

1.4.2.3 Design task prioritisation

1.4.2.1 Design specifications: measures of prototype success









1.4.3 Product architecture: a scheme of design element interactions



1.4.4 Predictive modelling of prototype effectiveness

1.4.4.1 Test systems for competitor products and design prototypes

1.4.5 Competitor product benchmarking



1.4.6 Methods for prototype optimisation



1.4.7 Design requirements for Food Ink voxel formation

1.5 Transitions and transformations in sponge products

1.5.1 Overview of structure development in sponge products



1.5.2 Hierarchy of structure in sponge products



1.5.3 Qualitative description of sponge product structure









1.5.4 Quantitative description of SP products

1.5.4.1 Methods to quantify SPmesostructure andmicrostructure

1.5.4.1.1 Microscopy analysis by sectioning



1.5.4.1.2 3D reconstruction on x ray computed tomography analysis



1.5.5 Quantitative description of foamed and porous systems







1.5.6 Structure characterisation by mechanical testing

1.5.6.1 Doughs, batters and cooked sponge products are viscoelastic materials



1.5.7 Closed cell foam formation and transition to an open cell sponge







1.5.8 Ingredient function in sponge product formulations



1.5.8.1 State transitions in sponge product setting

1.5.8.2 Starch granules: transformation on cooking, and structuring role





1.5.8.3 Proteins and non starch polysaccharides contribute an elastomeric gel



1.5.9 Microwave cooking: influence on sponge product structure





1.6 Food Inks to make sponge products with an embedded image

1.6.1 Study approach and critical factors

1.6.2 Sponge product design



1.6.3 Flow behaviour requirements for Food Inks

1.6.4 Structure development requirements for a sponge product Food Ink

1.6.4.1 Method for…



2. Chapter 2. Food Ink flow behaviour

2.1 Printing behaviour of Food Inks

2.1.1 Material flow in the Food Inks 3D printing application



2.1.2 General design considerations for Food Ink flow behaviour



2.1.3 Initial specifications for piping, mixing and deposition of Food Inks



2.2 Properties of fluid flow on piping and deposition



2.2.1 Fluid flow in a pipe

2.2.1.1 Factors contributing to bulk flow in a pipe



2.2.2 Shear deformation in fluids

2.2.2.1 Rheometric test systems for flow under shear deformation

2.2.2.2 Models for simple and structured fluids under shear deformation







2.2.3 Relaxation times in structured fluids

2.2.4 Characterisation of viscoelastic fluids



2.2.4.1 Method for low shear oscillatory rheological testing



2.3 Shear deformation in pipe flow

2.3.1 Velocity and shear gradients in pipe flow

2.3.2 Model application to flow behaviour of food fluids in pipe flow



2.3.3 Flow behaviour on peristaltic pumping

2.3.4 Fluids exiting a pipe



2.3.5 Other aspects of pipe flow

2.4 Rheological determination of stop start stop flow

2.4.1 Initiation of stop start stop flow in Food Inks



2.4.2 Static yield stress determination under increasing rotational shear

2.4.3 Creep recovery testing for Stop start STOP flow behaviour

2.5 Post deposition flow after extrusion based AM



2.5.1 Models for slump and spreading flow

2.5.2 Post deposition structure models for hydrogels

2.5.2.1 Influence of extrusion nozzle shape on deposition rate



2.5.2.2 Influence of outlet shape on voxel spread

2.5.3 Model for outlet flow of non Newtonian fluids

2.6 Doughs and batters are multiphase foamed dispersions

2.6.1 Fluid components of doughs and batters



2.6.2 Examples of multiphase fluid flow behaviour models

2.6.3 Flowmodels for particulate dispersions





2.6.4 Foam structure and flow



2.6.5 Behaviour of foams under shear deformation

2.6.6 Between domain interactions in biopolymer containing fluids

2.6.7 Yield stress behaviour of dispersions and foams



2.6.8 Uneven development of flow in foams and dispersions

2.6.9 Rheological testing of Food Ink flow behaviour

2.7 Rheometric test systems

2.7.1 Test systems for pipe flow behaviour



2.7.2 Back extrusion test system



2.7.2.1 Method for back extrusion rheological testing

2.7.3 Pipe flow of pastes

2.7.4 Test systems for slump and spread



2.8 Design considerations for pipe flow in the Food Inks 3D printer

2.9 Flow behaviour in model xanthan particulate dispersions on shearing

2.9.1 Initial pumping trials for the first 3D printer prototype.



2.9.1.1 Method for xanthan stock preparation

2.9.2 Xanthan solutions adapt rapidly to static and dynamic states



2.9.2.1 Method to prepare model xanthan particulate dispersions

2.9.2.2 Particulate size in model xanthan particulate dispersions





2.9.3 Behaviour of model xanthan particulate dispersions under shear

2.9.3.1 Static yield stress determination under rotational shear

2.9.3.2 Methods for yield stress determination



2.9.3.3 Static yield stress behaviour in model Food Inks



2.9.3.4 Modifying slumping behaviour by manipulating yield stress



2.9.3.1 Yield stress and shear thinning flows in model particulate dispersions





2.9.3.1 Calculated Carreau Yasuda parameters



2.9.3.2 Calculated power law parameters



2.9.3.3 Comparison with flow parameters for other structured food fluids



2.9.3.4 Normal force and torque data did not indicate discontinuous flow



2.9.3.5 Determination of fluid behaviour under elongational (stretching) flow

2.9.3.6 Flow curve appearance



2.9.3.7 Localised fluid response to shear

2.9.4 Managing Food Ink structure formation during piping, mixing and

deposition

2.10 Calculated parameters for flow behaviour of a model Food Ink

2.10.1 Laminar pipe flow range





2.10.2 Pressure drop of a power law Food Ink in a small diameter pipe





2.10.3 Estimation of maximum shear rates for pipe flow



2.10.4 Relevance of pipe flow models to observed flow of structured fluids



2.11 Rheological testing of stop start STOP flow behaviour

2.11.1 The Three Interval Thixotropy test

2.11.2 Method for the Three Interval Thixotropy test

2.11.3 Stop start STOP response of rice flour–xanthan dispersions





2.11.4 Time to recovery of structure in fluids



2.11.4.1 Method to calculate structure recovery in the Three Interval Thixotropy test

2.12 Models for flow of structured fluids in small diameter pipes



2.13 Limitations in testing approach for piping and deposition



2.14 Considerations for Food Ink flow onmixing

2.14.1 Voxel colour matching is a micro mixing task

2.14.2 Options for mixing Food Ink with food colour



2.14.3 Static mixing as a model for Food Ink flow behaviour onmixing





2.14.4 Residence time in mixers



2.15 Critical flow properties for Food Ink design: Summary and conclusions









3. Chapter 3. A suite of tests for SP structure development

3.1 Testing batters and cooked sponge products

3.1.1 Key events in the development of sponge product structure



3.1.2 Abbreviations

3.2 Methods for general statistical tests

3.3 Ingredient characterisation

3.3.1 Compositional analysis

3.3.1.1 Methods for compositional analysis

3.3.2 Particle size analysis



3.3.2.1 Methods to analyse particle size

3.4 Preparation of idli batters and testing fractions

3.4.1 Method to prepare idli batter

3.4.1.1 Method to prepare supernatant fractions of buttermilk and bean buttermilk



3.4.2 Preparation of batter fractions

3.4.2.1 Method to prepare fractions for low amplitude oscillatory shear testing

under batter equivalent conditions

3.4.2.2 Method to prepare fractions for flour pasting under batter equivalent

conditions

3.4.2.3 Method to prepare washout fractions for foaming tests

3.4.2.4 Method to prepare batter samples for light microscopy analysis

3.4.3 Batter characterisation

3.4.3.1 Method for batter density determination



3.4.3.2 Method to determine flour titration capacity

3.4.3.3 Method to measure water activity of batter

3.4.3.4 Method to determine flour water binding capacity on hydration

3.5 Methods to determine batter foaming properties

3.5.1 Method for heat treatment of batter washout fractions

3.5.2 Method for foaming capacity determination

3.5.3 Method for foam stability determination



3.6 Cooking conditions

3.6.1 Characterisation of microwave oven

3.6.1.1 Method to determine microwave oven energy



3.6.2 Batter weight loss, heating rate and expansion on cooking



3.6.3 Method for microwave cooking of idli batters

3.7 Cooked product attributes

3.7.1 Volume, shape and mesostructure characterisation

3.7.1.1 Methods to determine weight, volume and water content of cooked products



3.7.2 Mechanical properties of sponge products

3.7.2.1 Texture Profile Analysis

3.7.2.2 Method for Texture Profile Analysis of cooked sponge product





3.8 Flow behaviour of batter fractions

3.8.1 Back extrusion test on whole batter before bicarbonate addition

3.8.2 Low amplitude oscillatory shear testing of batter fractions

3.8.3 Testing for wall slip



3.8.4 The linear viscoelastic range under low amplitude oscillatory shear



3.9 Observation of events in structure setting

3.9.1 Water binding capacity of flour on hydration at room temperature

3.9.2 Onset of starch gelatinisation by differential scanning calorimetry



3.9.2.1 Method for Differential Scanning Calorimetry of batter fractions



3.9.3 Timing of rapid viscosification by rheological testing

3.9.3.1 Rapid viscosification of batter fractions under low amplitude oscillatory

shear

3.9.3.2 Pasting of batter fractions



3.9.3.2.1 Method for RVA pasting of batter fractions



3.9.3.3 Flour and batter fraction response on pasting



3.9.3.4 Influence of flour content on RVA pasting response

3.9.3.5 Influence of liquid fraction on RVA pasting response



3.10 Gel formation in pasted flours

3.11 Testing limitations



3.12 Summary of SP test systems







4. Chapter 4. Deconstructing a non wheat sponge product

4.1 Approach rationale

4.1.1 Approaches to deconstruct the development of sponge product structure



4.1.2 Novel system level designs to control sponge product structure

4.2 Filling the knowledge gap: deconstructing a non wheat bread



4.2.1 Idli: a steamed non wheat bread with white colour

4.2.2 Idli ingredient preparation and function

4.2.3 Preliminary study



4.2.4 Idli formulations used in this study



4.2.5 Idli batter fractionation reconstitution

4.3 Overview of events in SP mesostructure formation

4.3.1 Characterisation of sponge product bubble populations



4.3.2 Bubble formation in sponge products



4.3.3 Bubble population change on standing



4.3.4 Attributes determining the size of a bubble at equilibrium



4.3.5 Induction of bubble expansion with bicarbonate addition to idli batter





4.3.6 Bubble formation and expansion in the idli formulation

4.4 Idli flour and batter characterisation

4.4.1 Ingredient composition





4.4.2 Size distribution of batter particulates

4.4.3 Flow properties of uncooked idli batter



4.4.4 Batter expansion, heating rate, weight loss and product volume



4.4.5 Flour buffering capacity



4.4.6 Change in batter viscoelastic properties with heating

4.4.7 Batter foaming capacity and foam stability

4.4.7.1 Foaming of batter washout fractions





4.4.7.2 Surface active components in idli batters



4.5 Structures in uncooked idli batter
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E.2.2 ImageJ Macro: granulometry _arith_100.txt
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