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Abstract 

 Bread is a staple food in the human diet. It is a ‘convenient’ product delivering 

both satiety and nutrition, and is therefore highly desired worldwide. Traditionally, 

bread is made using high protein wheat as consumers generally do not like the quality of 

bread made with lower protein wheat. Most high protein wheat is grown in North 

America and exported to other countries to make bread products. However, low protein 

wheat is more prevalent worldwide. Attempts to improve soil conditions, plant genetics 

and fertilizers to bolster protein levels in non-bread making (low protein) wheat have 

been made. While there have been some improvements in crop health and yield, and 

even protein content, the improved wheat has not been comparable in bread making 

functionalities to those grown in North America.  

 Looking at bread as a material, it is easy to recognize that breads have a foam-

like structure. While many attempts have been made to develop the wheat varieties 

needed to make bread, little knowledge has been generated regarding the creation of an 

optimal foam structure. It is from this angle -- engineering the foam structure in bread -- 

that this work was carried out. This project examined the role of bubbles in bread 

quality, how dough is transformed into bread, the relevant properties for bubble growth 

in proofing dough, and whether or not pore structure in bread and bubble structure in 

dough could be generalized.  

 The study was divided into four components: (1) establish the importance of 

pore structure on bread texture by examining a range of breads varying in texture and 

composition using x-ray microtomography and mechanical testing, (2) examine the 

importance of porosity on a given bread by developing digital versions of breads 

examined in (1), and changing porosity and pore structure without changing the 

properties of solid phases, (3) examine the growth of bubbles in dough made with 

Australian and Canadian flours using x-ray microtomography and rheological properties 

of dough, and (4) apply the percolation theory to determine the critical parameters 

required for defining bread structure. 

 The results from each of the above components are: (1) demonstrated that 

porosity is mostly due to one large, tortuous, interconnected structure with the 

remainder (<1%) as closed cells trapped in the solid matrix. However, closed cell 

characteristics correlated best to Young’s moduli, or ‘softness’; (2) resulted in the 

creation of digital breads which delineate the effects of porosity from solid properties, a 



- ii - 

challenging task in a laboratory environment. Altering the distribution of pore structure 

in digital bread had a significant impact on mechanical behavior; (3) revealed that an 

interconnected structure through partial coalescence of bubbles is established during 

proofing. It also highlighted the importance of dough elasticity in maintaining dough 

layer thickness thereby governing bubble coalescence. Lower elasticity dough exhibited 

smaller overall dough layer thicknesses with higher variability resulting in faster bubble 

coalescence due to disproportionation. The importance of dough elasticity for bubble 

retention in puffed layers was also demonstrated for chapattis (flat breads made with 

whole wheat flours); and (4) established a critical porosity of percolation for bread 

structure of 20–30%, irrespective of flour quality, at which all breads fully percolate. 

Variations in critical porosity may reflect different textural attributes. 

 These results indicate that opportunities exist to tailor bread making processes 

for specific flour and dough characteristics. This work identified that dough elasticity 

resulting from flour quality affects the development of bubble structure and has 

implications for bread quality. Using Australian flour in a process designed for North 

American flour simply will not work as the dough proofs too quickly. The development 

of specialized processes for specific flours which incorporate knowledge about the 

development of the structure (e.g. sheeting methods for lower elasticity Australian 

flours) will expand functionality and add value to low protein flours. The methods 

developed in this thesis could be used to assess this. 
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1. Introduction 

 Wheat is one of the most important crops in the world with total annual yields 

exceeding 680 million tons (UN Food and Agriculture Organization estimate for 2009). 

Wheat contains gluten proteins which form cohesive dough when wheat flour is mixed 

with water. Dough is turned into food products like bread, noodles and pasta, which are 

staples in the human diet. The subject of wheat selection for product application lies at 

the heart of cereal sciences as the wheat harvest is apportioned into various classes for 

various products. The pricing structure for the sale of wheat is linked to which products 

are made with the wheat flour. The global trade pays a higher premium for bread wheat. 

Hence, effort is focused on testing wheat flours’ suitability for making breads. A battery 

of tests is performed with flour to determine the protein amount, water absorption 

qualities, dough strength, and the quality of baked breads. The amount of protein is a 

key driver for selecting flour for bread making applications. The results of these tests 

determine the fate of wheat, i.e. whether they are used for food products or for animal 

feed. 

 Australia is the world’s fourth largest wheat exporter, exporting over 20 million 

tons valued at more than $5 billion dollars (AEGIC, 2011; Wheat Exports Australia, 

2011). Much of the wheat grown in Australia contains 10–12% protein, which is 

considered too low for making bread. Although Australian wheat is used in domestic 

markets and high quality bread products can be made, the same wheat is discarded for 

bread making in Australia’s export markets (primarily Southeast Asia). In these 

markets, the higher protein (12–16%) North American (NA) wheat is widely used. In 

comparing flours, loaves made with Australian flour are consistently smaller than those 

made with NA flour. The feedback from SE Asian markets has been that loaves are 
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crooked and small and the texture sub-standard (Bell, 2010; discussions with Dr. Nasir 

Azudin, Interflour Mills, Malaysia) when breads are made with Australian flours.  

 Research efforts to improve functionalities of wheat have rested on plant 

breeders who have concentrated on growing higher protein wheat. Success has been 

limited (Mann et al., 2009; Stojceska and Butler, 2012). Bakeries attempt to control 

dough formulations using various emulsifiers and dough improvers, but to date no 

ingredient has been identified that raises the functionality of low protein wheat flour so 

it could substitute for high protein flours. Alternate approaches have not yet been widely 

considered.  

 Breads are highly porous materials. The quality of the crumb -- appearance, 

texture, flavor -- significantly influences consumer preference for breads (Scanlon and 

Zghal, 2001). Little is known about how to control the pore structure of breads and how 

it affects the quality attributes mentioned above. In non-food industries, as in metals or 

polymers, there are examples of purpose-specific foams that have been developed for 

functionality by controlling foam structures (Elzey and Wadley, 2001; Gibson and 

Ashby, 1988). Whether such approaches could be applied to create breads with pre-

defined functionality is not known. Nor is it known whether these methods would allow 

for the use of unconventional, low protein flours to make high quality breads. While 

bread making has been and continues to be widely studied in cereal sciences, such 

approaches have not been tried.  

 It should be acknowledged that there are significant differences between 

synthetic foams and breads. Synthetic foams are made with control for introduction of 

gas and the materials are well-characterized. However, bread making is an art. Even 

standard procedures used in flour quality testing are guided by subjective assessment of 

dough quality, proofing time, etc. by the operator. Thus, a key requirement in 
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developing methods to control pore structure in bread is to understand how the structure 

forms in breads and how flours affect the formation of these structures.  

 To that effect, a material science approach is needed to examine the mechanisms 

in baking processes so that the effect of pores on bread quality can be clarified, 

generating an understanding of the interaction between flours, bubble growth in dough 

and bread quality. It is also important to relate microstructure to performance of dough 

and bread. Given the economics of the globalized wheat and bread industry, it is 

justifiable to undertake such investigations and re-analyze wheat quality from the 

stability of bubbles. Hence, the title: ‘ab initio bread design’ for this study.  

 The research plan includes scientific visualization of bread and dough structures 

and using statistical models to relate microstructure to material properties. However, 

before preparing project plans, it is important to review prior knowledge in this area. 

The nomenclature used in this thesis and topics covered by this thesis are first 

explicated. An overview of the physics of baking, concepts of texture and how breads 

are characterized, interactions between dough rheology and bubble stability, scientific 

visualization methods, and models to relate microstructure to material properties is then 

given. 

1.1. Nomenclature used in this thesis 

 This thesis is multidisciplinary in nature. Therefore, it is necessary to define the 

focus of this work.  

1.1.1. Notes on terminology 

 The term ‘ab initio’ is commonly interpreted in science as a first principle 

approach. It starts directly at the basic physics of the processes and does not use an 

empirical laboratory-based approach. The term is used in slightly different ways in 



- 4 - 

different science communities. It is used most prominently in computational chemistry 

to simulate discrete interactions at a quantum level in a statistical mechanics sense. This 

thesis does not cover ‘ab initio’ in statistical mechanics, nor does it delve into an 

application of fluid or solid mechanics theory. Instead, this thesis understands ‘ab initio’ 

as meaning ‘from the beginning’ and uses the term in a simple manner. Bubbles are a 

consistent but constantly changing factor throughout the bread making process. By 

investigating the impact of bubbles, knowledge can be leveraged to improve product 

quality by, for example, manipulating processing mechanisms or changing formulation.  

 While the concept of entrapped gasses is easily relatable, the terminology used 

to describe the concept is surprisingly complex and differs depending on the field of 

research. For cereal scientists working with wheat flour dough, entrapped gasses are 

referred to as ‘bubbles’. Once dough is baked, the porous structures are more commonly 

referred to as voids or pores. In material sciences, ‘bubble’ specifically refers to gas 

trapped in a fluid held by surface tension. Gas trapped in a solid is referred to as a ‘void’ 

or ‘pore’. Using ‘bubble’ would be inappropriate. Therefore, care ought to be taken as 

the terminology (e.g. bubble vs. void vs. cell vs. pore) may have subtle nuances attached 

depending on the research area. However, this thesis uses the terms interchangeably and 

makes no special considerations. A bubble (or pore or void or cell) refers to entrapped 

gas and could be perfectly spherical or irregularly shaped or even a partially-coalesced 

collection. When talking about the porous structure in breads, ‘pore’ becomes the more 

prevalent term.  

1.1.2. Scope of thesis 

 This thesis focused on the impact of flour quality on the final product, 

specifically structural differences in dough and bread made from North American 

versus Australian flours. The impact of milling and mixing is outside the scope of this 
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thesis, although dough is mixed optimally, i.e. to a peak on the power curve. The 

development of porous structures is investigated from an experimental perspective 

supplemented with theoretical assessments when appropriate. Assessment of theoretical 

concepts relating to bubble growth (e.g. nucleation, coalescence or formation of 

clusters) and mixing (e.g. chaotic flow, pressure and temperature effects) are outside the 

scope of this thesis. The research in this thesis aimed to relate differences in 

microstructure to observed differences in mechanical behavior and understand the key 

factors behind differences in texture and perceptions of quality. The thesis tested the 

hypothesis that it is possible to tailor how bubble structure in dough transitions into pore 

structure in bread to manufacture breads with superior quality. 

1.2. Prior knowledge 

1.2.1. Physics of baking 

 Breads have been around for 10,000 years and continue to be part and parcel of 

the human diet. Bread making remains an art because bread quality depends on the 

skills of the baker when made by hand. In industry, mixing dough by ‘baker’s feel’ is an 

integral part of the bread manufacturing processes. Until the product is baked, the 

quality of the flour used remains as uncertain as the quality of the crumb inside the 

crust.  

 Mixing dough under vacuum results in breads of unacceptable quality (Baker 

and Mize, 1941). Thus dough must contain air bubbles even if not visible to the naked 

eye. The existence of bubbles has been confirmed from microtomography studies by 

Bellido et al. (2006). An analysis of the baking process tells us that breads must contain 

open air cells. During proofing, carbon dioxide—produced by yeast or other leavening 

agents—migrates to bubbles present in the dough and the dough expands, commonly 

known as ‘dough rise’ in baking. Further expansion of the bubbles takes place in the 
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oven when the starch gelatinizes and imparts solidity to the structure. The gas bubbles 

rupture and pressure inside equilibrates with that of the atmosphere. If bubble structure 

does not equilibrate with the atmosphere, then the bread collapses when taken out of the 

oven. The mechanistic view is that when gas bubbles expand, dough strain-hardens, i.e. 

the solid layer becomes increasingly rigid as it deforms, limiting expansion and 

coalescence of bubbles. This gives more time for the gas to distribute throughout the 

dough so bubbles expand more evenly. As such, premature coalescence of bubbles is 

considered detrimental to loaf volume (Bloksma, 1990; Dobraszczyk and Morgenstern, 

2003; Dobraszczyk, 2008; Gan et al., 1990).  

1.2.2. Assessment of bread texture 

 Texture is a sensory experience, which varies between people and cannot be 

measured. However, when developing food products, it is essential to rate products for 

texture. Thus, sensory panels are widely used in the bread making industry to screen 

between product prototypes and use the selected prototypes for consumer testing 

(Cauvain and Young, 2006). Texture is only one aspect of food quality, the others being 

appearance and flavor (Bourne 1982). Another way to view texture is that it is a carrier 

of appearance, flavor and nutrition.  

 Sensory perceptions are ‘reactions’ to handling/mastication of foods. Thus, they 

lack predictability and cannot be used to derive structure–function relationships. 

Sensory panels use many attributes to define texture. Callejo (2011) reported 50 

different textural attributes for characterizing bread texture. Use of sensory measures to 

characterize pore effects on bread quality is outside the scope of this study. Instead, 

recourse is taken to use objective measurements.  

 Chakrabarti (2006) presented an approach that determines material properties to 

fingerprint food products. Just as the material properties of steel determine the strength 
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of steel beams, the mechanical properties of foods could be used to determine how 

foods bend, break, flow and adhere to surfaces. Such approaches have been applied to 

describe cheese texture (Charalambides et al., 1995; Goh et al., 2003). There are two 

avenues for validating such approaches: (1) statistical correlations with perceptions, or 

(2) finite element simulations of specific operations that define texture. These 

simulations can be simple handling operations of products, e.g. compression of breads 

(most consumers compress breads in supermarkets to check for freshness) or complex 

events like mastication. Scanlon has published extensively on compression and 

extension testing of breads (Z. Liu and Scanlon, 2003; Scanlon et al., 1997; Scanlon and 

Zghal, 2001; Zghal et al., 2002). Attempts have also been made to relate moduli of 

breads to foam structures of products. Such an approach can be used in this ‘ab initio 

bread design’ to relate microstructure to material properties of breads. 

1.2.3. Dough rheology and bubble stability 

 Figure 1-1 shows the complexity of operations involved in converting wheat to 

bread. Each stage of the process contains variables which can affect bread quality, e.g. 

milling methods impact flour quality, mixing methods affect dough aeration, and dough 

processing and baking conditions determine final bread quality. 

 

Figure 1-1. The process for creating dough based baked products from wheat.  

 Measuring stretching characteristics of dough is central to wheat quality studies. 

It is thought that the more dough stretches, the longer bubbles expand during proofing. 

However, such logic does not explain why noodle dough, which stretches much more 

than bread dough, does not make good bread. Hence, the force to stretch dough to 
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tearing is also measured. These measurements are carried out using either Chopin 

Alveograph (Charalambides et al., 2002) or Brabender Extensograph (Bennett and 

Coppock, 1956; Department of Agriculture of Food Western Australia, 2008) methods. 

The Chopin Alveograph test involves a thin disk of dough being held in place while air 

is injected below resulting in a spherical bubble. Total dough expansion is recorded and 

related to the strength characteristics. The Brabender Extensograph involves a pad of 

dough which is rested for a certain time and then stretched via a hook. The forces 

required to stretch the hook are recorded. Dough which can generate higher forces is 

considered to come from stronger flour. Data from these tests have been used to derive 

correlations with bake qualities and protein content of flours. The correlations are poor 

for both parameters. It has been shown that, despite being widely used, these testing 

methods do not necessarily correlate with baking performance of wheat flours 

(Cavanagh et al., 2010; Mann et al., 2009; Stojceska and Butler, 2012) and are functions 

of sample size (Patel et al., 2012).  

 To explain the limited effectiveness of protein content (which is used to set the 

price of wheat), a term called ‘protein quality’ was introduced. To improve the accuracy 

of the test data, the alveograph test was altered such that stress–strain plots could be 

derived from raw data for pressure and bubble height during expansion of dough film. A 

strain-hardening index was derived from the stress–strain plots and used to characterize 

flours. The correlations with bake volumes for dough rheology, as given by strain-

hardening indices, improved but the impact of protein content on bake volume remained 

uncertain and the NA flour, with less protein than other EU flours, still formed bigger 

volume loaves (Dobraszczyk and Morgenstern, 2003). Note that the superior baking 

qualities of NA wheat were first reported by Halton and Scott Blair (1936) who also 

reported that NA doughs are more elastic. As to how strain-hardening could impact 

bake volume, it is thought to slow down the rate of bubble expansion in the dough. No 
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mechanism was given by Halton and Scott Blair (1936) for how elasticity could affect 

bubble growth.  

 Given the consistent superior performance of NA wheat flour in baking, and 

given the confusion regarding the role of mechanical properties of dough on bubble 

expansion, it was important to determine both strain-hardening and elasticity of dough 

in this study. Methods to measure elasticity of dough were reported by Chakrabarti-Bell 

et al. (2010) and applied by Patel and Chakrabarti-Bell (2013) to characterize a range of 

Australian and NA flours. Such methods were applied in this study to characterize 

dough and analyze the relative importance of strain-hardening and elasticity on bubble 

growth in dough.  

1.2.4. Methods to visualize voids in bread and bubbles in dough 

 As previously mentioned, breads are commonly judged by their appearance. If 

their appearance is unacceptable, e.g. voids in bread are too large or bread appears too 

dense, then the product is discarded. Therefore, quantifying the visual perceptions of 

consumers became an immediate goal, which led to the development of the C-cell to 

quantify 2-D characteristics of a slice of bread (Whitworth et al., 2005). The C-cell 

scans the surface of a slice of bread using a standardized light source in a dark 

environment and images the resulting structures. From the scanned image, solid 

structures can be segmented from surface voids and then quantified in order to compare 

between the structures of various products, e.g. shape of slice, cell wall thickness, 

average number of cells, area of cells, etc. The C-cell remains a tool commonly used to 

derive 2-D slice characteristics (Mann et al., 2009; van Riemsdijk et al., 2011). 

 In addition to appearance, voids in bread and dough impact the resulting product 

quality (Chin et al., 2005; Scanlon and Zghal, 2001). To this end, the challenge is 

capturing how the structure changes. A variety of scanning techniques including 
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scanning electron microscopy (Datta et al., 2007), fluorescence imaging (Kokawa et al., 

2012), magnetic resonance imaging (Bajd and Serša, 2011; Lassoued et al., 2007), and 

x-ray and synchrotron microtomography (Babin et al., 2006; Falcone et al., 2006) have 

been employed to capture the bread making process. The challenge with selecting a 

method to use is the trade-off between scanning resolution, image quality and dataset 

size, and often depends on the area of research. Higher resolution images will scan a 

smaller volume if the dataset size remains constant and vice versa, meaning important 

details can be lost if the scanning volume is not well defined for the question at hand.  

1.2.5. Models to relate microstructure to material properties  

 The mechanical behavior of breads has been studied from the perspective of 

cellular solids as first described by Gibson and Ashby (1988) (Keetels et al., 1996). 

Gibson and Ashby derived mathematical models to describe the behavior of foam 

structures, e.g. materials which contain pores and a solid matrix, finding that the stress–

strain behavior of cellular solids in compression can be segmented into three portions: 

(1) linear elasticity, where stresses are absorbed by the solid matrix causing cell walls to 

bend; (2) plateau, where cell walls buckle or fracture depending on the material; and (3) 

densification, where the cell walls fail and collapse in on themselves. Breads also 

exhibit this behavior in compression. Relative density was presented as the most 

important characteristic in the theory of cellular solids as it relates well with all 

mechanical metrics, e.g. Young’s modulus, shear modulus, yield stress, etc. The scaling 

differs depending on whether cells are open or closed. Keetels et al. (1996) noted that 

the challenge in applying cellular solid theory to breads is that it was developed for 

idealized foams with a uniform structure whereas bread structure varies significantly. 

Furthermore, the equations for predicting behavior depend on knowing the material 

properties of the solid cell walls. This becomes challenging as isolating the mechanical 
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properties of the solid matrix in breads is difficult due to the porous nature of the 

material. 

 Alternatively, Guessasma et al. (2008) took a structural rather than mechanical 

approach to investigate food foams by incorporating various-sized bubbles into a solid 

matrix. They then used computational mechanics to determine relative properties and 

behavior. The use of a structural model is better able to incorporate non-uniformity in 

the cellular structure that occurs in breadcrumbs, but such approaches have so far been 

limited.  

1.3. Challenges in the study 

 The aim of this thesis was to investigate the impact of flour quality on bubble 

structure in dough and the formation of pore networks in bread. By developing this 

understanding, knowledge on the formation of the microstructure could be leveraged to 

design products based on flour quality. A hybrid approach combining experimental and 

theoretical techniques was taken. An overview of the topics covered in this thesis is in 

Figure 1-2. 
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Figure 1-2. Overview of main chapters and topics addressed in this thesis. 

1.3.1. Defining objective measures for structure-function relationships 

The importance of bubble and pore structure is not limited to wheat flour bread and 

dough. The characterization of pore structure is an active research topic in the earth 

sciences due to the role of pores and porosity in fluid transport. The focus of 

understanding pore structure in rocks generally comes from a desire to understand the 

influences on permeability as opposed to the focus on mechanical properties in cellular 

solids and breads. To that extent, earth scientists have developed multi-scale 

frameworks incorporating pore structure and statistics to understand influences of 

microstructural properties on macroscale behavior via computational modeling (J. Liu et 

al., 2009; J. Liu and Regenauer-Lieb, 2011; Regenauer-Lieb et al., 2009).  
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 Due to the high cost of extracting core samples from deep underground, much of 

the research on rocks is performed using computational tools. A general workflow for 

investigating pore structure involves scanning the rock sample using x-ray 

microtomography or synchrotron tomography, identifying components of the rock 

samples, e.g. pore space, generating 3-D digital models, deriving statistical properties, 

and determining upscaling characteristics (Fusseis et al., 2009; J. Liu and Regenauer-

Lieb, 2011). The variation in different samples is considered by determining a 

representative volume element using stochastic analysis. Stochastic analysis generates a 

probability distribution for a given sample by using increasing sub-sample sizes and 

analyzing the sub-sample for the specified property, e.g. pore space (J. Liu et al., 2009). 

The probability distribution either converges, meaning a representative volume element 

has been found, or does not. These microstructural properties are then extrapolated to a 

larger scale using scaling laws and used to predict and calculate macroscopic properties 

via computational modeling (Fusseis et al., 2009; J. Liu and Regenauer-Lieb, 2011).  

 It is not known whether the methods developed for rocks apply directly to bread 

given the large difference in the porosity of rocks (~20%) and bread (~80%) which 

would result in different structural characteristics. However, combining such analytical 

techniques, not currently employed for breads, with material testing techniques which 

are used for breads would be helpful in defining objective structure–function 

measurements. 

1.3.2. Applicability of theoretical concepts 

1.3.2.1. Representative volume elements 

 Heterogeneity is an inherent part of researching breads. It is impossible to 

perfectly replicate the creation of two different bread loaves. Because of this, slight 

variations in mechanical behavior between samples occurs when testing both bread and 
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dough as pore structures differ (Charalambides et al., 2002; Scanlon and Zghal, 2001; 

Wang et al., 2011). However, it is possible to immediately differentiate between breads 

made using the same process, but with different flours, simply by interacting with them 

and assessing sensory characteristics, e.g. size, softness, color (Halton and Scott Blair, 

1936; Scanlon and Zghal, 2001). Therefore, quantitative differences between breads 

must exist to some extent.  

 In bread, heterogeneity is a significant challenge to determining representative 

volume elements (Ramírez and Aguilera, 2011). Results are less significant if the 

sample being investigated is not statistically representative of the overall structure 

(Kanit et al., 2003). Quantifying how much variation exists within a sample would be 

beneficial.  

1.3.2.2. Computational challenges 

 The use of computational resources to assist researchers is widespread, ranging 

from simple tasks such as data analysis using software packages and data storage to 

complex distributed numerical computing using supercomputing facilities. The need for 

better computational resources often lags behind the research itself, i.e. improvements in 

technological capabilities happen after the fact, not beforehand (Evans Jr. et al., 2006). 

This limits the potential knowledge to be gained.  

 Computer-aided x-ray microtomography (microCT) is a commonly used method 

to image the microstructure of materials based on variations in x-ray absorption of 

phases in a given material (Stock, 1999) and is used throughout this thesis. The method 

has been applied successfully to capture 3-D microstructures in a variety of aerated 

foods (Lim and Barigou, 2004). Current scanning techniques and detector resolutions 

produce datasets upwards of 25 GB for a static scan (Stock, 2008). The current trend 

towards dynamic time-resolved microtomography experiments using synchrotron 
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radiation means experiments capable of producing terabytes of data per day will become 

more prevalent (Evans Jr. et al., 2006). Data storage, transport and analysis capabilities 

traditionally have not kept up with the amount of data produced (Evans Jr. et al., 2006; 

Falcone et al., 2006).  

 Multicore processing and high performance computing involve multiple 

machines and/or processors to solve a given problem. By dividing the problem and 

distributing parts of the problem to multiple machines, the overall computational time 

required should be reduced. Most popular software packages, including Windows 

(operating system) and Abaqus (finite element package), provide this multicore 

processing functionality as it improves the efficiency of the program. Despite this, 

calculations can still require hours, days or even weeks to complete when dealing with 

large datasets (e.g. 3-D x-ray microtomographic datasets) or complex problems (e.g. 

finite element analysis, stochastic analysis or parameter inversion), and often depend on 

the algorithm itself. This thesis makes a note of these challenges as they are rarely 

mentioned in the literature.  

1.4. Project plans  

 This study covers a broad range of topics and investigates the role of bubbles 

throughout the bread making process with an emphasis on deriving models to relate 

pore structures to bread and dough qualities. An overview of relevant literature is given 

at the beginning of each chapter. 

 In accordance with The University of Western Australia policy, most of this 

thesis is organized as a series of scientific publications. Each publication is its own 

chapter and researches a specific aspect of the overall thesis. Each chapter covers a 

unique set of topics and a comprehensive review of relevant literature is given within 

the chapter. A brief introduction at the beginning of each chapter illustrates how the 
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specific chapter fits in with the other chapters and within the aims of this thesis. In food 

sciences, the term bubble is established as a common descriptor for voids in bread and 

dough. Therefore, papers targeting food sciences will use the term ‘bubble’ to conform 

to this standard. 

 The research topics addressed in each chapter are as follows: 

 Chapter 2 defines the problem investigated in this thesis. What are the 

differences between breads of varying quality? How does one quantify, 

identify and define these differences? This chapter is published in the 

Journal of Cereal Sciences (Wang et al., 2011).  

 Chapter 3 addresses the impact of the development of pore networks on 

mechanical behavior in breads. Can pore connectivity and distribution in 

bread be quantified using statistical distributions? Is it possible to test the 

impacts of pore networks digitally where pore structures can be changed ad 

hoc? This chapter is published in the Journal of Food Engineering (Wang et 

al., 2013).  

 Chapter 4 investigates the impact of flour quality on bubble growth during 

proofing. How do bubble structures in dough lead to void networks in 

breads? What are contributing factors in dough that restrict or hinder volume 

growth? This chapter has been published in Food Research International 

(Chakrabarti-Bell et al., 2014).  

 Chapter 5 applies percolation theory as theoretical framework to understand 

bread structure. Do bubble structures in dough and void structures in bread 

percolate? If so, can percolation theory be used to connect the transformation 

of bubbles in dough to void networks in bread? What light does percolation 

theory shed on the impact of flour quality on network structures? 
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 In addition to the main work presented regarding breads, research techniques 

developed during the course of the thesis were also applied to other materials. 

Publications relating to experimental rock physics, bubble structure in chapattis, and 

automated analysis of microtomographic datasets are presented as Appendices. 

Publication details for these chapters are as follows: 

 Appendix A - Iglauer, S., Wang, S., and Rasouli, V. (2011). X-ray 

Microtomography Measurements of Fractured Tight Sandstone. 2011 Asia 

Pacific Oil & Gas Conference and Exhibition. September 20–22, 2011, Jakarta, 

Indonesia.  

 Appendix B - Chakrabarti-Bell, S., Wang, S., Patel, M. J., Weiss, R. M., and 

Austin, P.J. (2013). Bubbles in chapatti doughs. Journal of Cereal Science, 

57(3), 504–513.  

 Appendix C - Jensen, S., Samanta, S., Chakrabarti-Bell, S., Regenauer-Lieb, K., 

Siddique, K., and Wang, S. (2014). Automated Thresholding and Analysis of 

MicroCT Scanned Bread Dough. Journal of Microscopy. 256(2), 100-10.  

 Appendix D - Chakrabarti-Bell, S., and Wang, S. Digital bread. Materials 

Today Blog. 15 May 2013.  

1.5. Contribution of the candidate 

 The individual contribution of the candidate and co-authors to publications is 

given below: 

 In Chapter 2, the candidate made bread products with Sumana at Polytechnic 

West, Perth. Peter Austin carried out the x-ray microtomography tests and 

provided the candidate with data files to analyze using Avizo. The 

quantification of pore structure was performed using codes provided by Jie Liu 

(the code was originally developed under the auspices of a State Government 



- 18 - 

funded UWA/CSIRO collaboration by the Premier’s Fellow Klaus Regenauer-

Lieb for a theoretical workflow investigating rocks). The candidate adapted 

portions of the workflow for bread. Sumana Bell provided project aim and 

guidance for mechanical testing and interpretation of all data. Sumana Bell and 

the candidate wrote the manuscript.  

 In Chapter 3, with guidance from Klaus Regenauer-Lieb and Ali Karrech, the 

candidate wrote the digital bread generation code and executed the finite 

element analysis. The candidate performed the cell wall thickness analysis and 

visual comparison between real world samples with guidance from Sumana 

Chakrabarti-Bell to focus on the practical implication of the work. Ali Karrech 

and Klaus Regenauer-Lieb also provided guidance for assessing pore structure 

as Weibull distributions. Ali Karrech provided guidance in the application of 

homogenization techniques and finite element analysis. Sumana Chakrabarti-

Bell and the candidate wrote the manuscript. 

 In Chapter 4, the candidate performed dough rheology testing, microCT 

scanning, scientific visualization, and quantification of doughs and breads. 

Sumana Chakrabarti-Bell and the candidate interpreted the data and derived the 

implications of dough elasticity. Kadambot Siddique provided edits of 

manuscript and suggestions for journals to submit. Sumana Chakrabarti-Bell 

and the candidate wrote the manuscript. 

 In Chapter 5, the candidate applied percolation theory concepts to dough and 

bread microstructures, and visualized and quantified derivative models. Klaus 

Regenauer-Lieb suggested the application of percolation theory to dough 

microstructures and contributed to discussions. Sumana Chakrabarti-Bell 

contributed insights about the implications of percolation thresholds for flour 

quality and bread texture and guided the writing of the chapter. 
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 In Appendix A, the candidate created visualizations of hydraulic fracture 

experiments from x-ray microtomographic data. The candidate identified 

relevant structures and quantified fracture angles and other data. Stefan Iglauer 

and Vamegh Rasouli provided technical analysis and wrote the manuscript. 

 In Appendix B, the candidate provided visualization of chapatti dough 

microstructures and quantification of cell wall thickness measurements. Robin 

Weiss and the candidate provided weka automation and bran detection 

algorithms. Milan Patel performed dough rheology measurements. Peter Austin 

provided x-ray microtomographic data of chapatti dough. Sumana Chakrabarti-

Bell designed the project, and contributed to the overall understanding and 

assessment of the work. The manuscript was written by the Sumana 

Chakrabarti-Bell, Milan Patel and the candidate. 

 In Appendix C, the candidate provided guidance and assistance to Saxon Jensen 

and Sneha Samanta. The candidate contributed ideas for the visualization of 

dough structures which Sneha Samanta developed into a workflow. Saxon 

Jensen wrote the algorithms to automate the analysis of microCT datasets. 

Sumana Chakrabarti-Bell and Klaus Regenauer-Lieb provided guidance to the 

work. Saxon Jensen and the candidate wrote the manuscript with suggestions 

from Sumana Chakrabarti-Bell. 
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2. Relationship between pore structure and mechanical response in bread 

crumb 

 

2.0. Introduction to chapter 

 In order to better understand why the perception of North American flours being 

superior for bread manufacturing exists, a set of experiments were developed to 

investigate differences in bread microstructure between “Gold Standard” commercial 

breads made from North American flours versus those made from Western Australia 

flours. The aim of the research in this chapter was to establish quantifiable differences 

between North American and Western Australian flours in terms of both mechanical 

behavior and structural properties, a primarily experimental approach. Note that while 
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the original aim was to identify differences between NA and OZ flours, differences in 

pore structure due to flour origin are not discussed in this chapter because the results 

were cohesive when assessing solely by pore structure characteristics. This chapter has 

been published as “It’s a maze: the pore structure of bread crumb” in the Journal of 

Cereal Sciences. 
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2.1. Abstract  

Bread has a foam-like structure, but to date there is little information about the 

morphology of void structure in breads in three dimensions. In this paper, permeability 

testing and analysis of computer aided micro-tomography data were used to investigate 

the structure of breads as a function of connectivity of voids in a range of breads. The 

findings were related to bread properties obtained via material testing. Results indicated 

that a single, massively interconnected, open cell was responsible for approximately 

99% of bread’s total porosity. Closed pores are also present with the number and 

average volume of closed pores significantly affecting strengths of bread crumbs. Bread 

behaved similarly to foams described by Gibson and Ashby (1988). The role of open 

and closed pores in affecting bread toughness and texture requires further investigation 

via structural-mechanical models. 

2.2. Introduction 

 The characterization of the foam structure in breads has been a long standing 

goal in cereal sciences. The properties of the foam influence the perceptions of texture, 

starting from how the bread looks to how it deforms during handling and mastication. 

Flour selection is based on desired bread quality attributes in appearance and eating. 

The price of wheat in the global market is largely driven by the composition and 

functionality of such flours. At the present time, high protein wheat flours are 

considered superior for making breads and are highly sought after by bread 

manufacturers world-wide. Besides flour, mixing and kneading doughs are also 

important in making high quality breads. Presumably, the processing affects dough 

quality and the crumb structure in breads. A comprehensive understanding of the crumb 

structure in breads would lead to a better understanding of the structure and texture of 

breads.  
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 The essential ingredients in making breads are flour, water and a leavening 

agent. Carbon dioxide is generated from the leavening reaction (yeast or soda), which 

accumulates in pre-existing gas cells inflating the dough matrix. Much of the inflation 

takes place during proofing. Further expansion occurs during baking, which leads to 

coalescence and eventual fracture of gas cells. The latter helps to equilibrate pressure 

inside bread with respect to atmospheric pressure. Simultaneously, starch gelatinizes 

providing strength to the dough matrix and all together bread is created. The fact that 

some of the gas cells in bread must be internally connected providing passage for air 

flow can be evidenced by blowing air into a slice of bread and feeling it coming out 

from the other side. Presence of closed cells is also reported, as the permeability of air 

flow varied between different breads (Baker, 1939; Chaunier et al., 2008). A qualitative 

correlation is reported linking permeability of air flow with bread texture with finer 

texture corresponding to less permeable breads and brittle texture.  

 A scaling law has been identified (Gibson and Ashby, 1988) relating structure of 

foams with mechanical properties. An inspection of data from a wide range of foams 

has shown that the Young’s Modulus of foams, when normalized with respect to the 

modulus of the solid phase alone, is positively correlated with relative density of foams. 

The slope of the linear relation (on log – log plot) between normalized Young’s 

modulus and relative density is found to be 1, if the cells are ‘open’ and 2, if the cells 

are ‘closed’. The relative density is defined as the density of the foam normalized with 

that of the solid phase without voids. A cell is considered to be ‘open’ when the solid 

material is only around the edges of the void and ‘closed’ when both the edges and faces 

are made of the solid material. Thus, closed cells are isolated from other cells.  

 The interdependence between density and mechanical properties of breads was 

utilized by Scanlon et al. (2000) in attempts to characterize the open cell quality of 

breads and in assessing how flour quality affected mechanical and fracture properties of 
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breads. Measuring density of the solid phase in breads has not proved to be simple. The 

density of the compressed bread crumbs could increase by 2 to 40-times that of the 

corresponding breads (Scanlon and Zghal, 2001). Such large variation in density of the 

solid matrix implied presence of stable, closed cells in cell walls. An alternate approach 

of estimating density of solid phase by assessing proportion of ingredients in dough (dry 

starch, dry protein and other solid phases) has been reported (Babin et al., 2005; Keetels 

et al., 1996), but no definitive conclusion is obtained. Zghal et al. (2002) used a 

pycnometer to measure density of the solid phase and reported the slope of relative 

Young’s modulus to relative density of breads to vary from 0.98 to 1.75. The results 

implied that breads were mostly composed of closed cells, which does not explain why 

these breads did not collapse coming out of the oven and maintained the expanded 

structure acquired during baking.  

 Macroscopic inspection of bread slices and crumb structure is a common 

practice to assess consistency and quality in large scale manufacturing of breads. This 

visual texture relates to consumer perception of bread quality and is affected by the cell 

distribution in bread crumb. Two dimensional digital image analysis tools for bread 

slices have been created and used as a means of providing objective assessment of 

visual texture of bread slices (Cauvain and Young, 2006; Whitworth et al., 2005). They 

ascertain mean slice characteristics and standard deviation through a loaf of bread, 

providing objective information about appearance. Cell diameters ranging from 1.23 

mm to 2.00 mm have been reported for breads. These tools provide a two-dimensional 

assessment of the distribution of cells, but cannot be used to ascertain open or closed 

nature of the voids in breads.  

 With the introduction of computer aided microtomography, non-destructive, 

non-invasive imaging of bread microstructure in three dimensions was made possible. 

Methods are developed to characterize bread quality by creating three dimensional 
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reconstructions from two dimensional image slices and measuring cell wall thickness in 

breads (Falcone et al., 2006, 2004; Lim and Barigou, 2004; Pérez-Nieto et al., 2010). 

The above methodology has been applied to distinguish textural differences between 

breads (Lape et al., 2008). The Wonder bread, which is known to be soft in texture, was 

found to have the highest volume fraction of cell walls as well as the highest void 

volume compared to artisan breads. 

 A method for visualizing voids in bread doughs using fast X-ray tomography 

analysis has been reported by (Babin et al., 2006). The CT images were reconstructed in 

three dimensions and digitized on a 256 level grey scale. Gas cell size and cell wall 

thickness were measured by granulometry, which provided measures for expansion as 

voids grew in three dimensions. The growth of bubbles in dough was visualized by this 

method at various times during proofing and baking. Results showed that many bubbles 

coalesced and ultimately fractured during baking. Primo-Martín et al. (2010) 

investigated the change in bread morphology as a function of proving condition by 

analysis of microCT imaging and visualization. The connectivity of void structure in 

breads was not reported. 

 Quantifying the characteristics of the pore structure provides the information 

necessary to relate those characteristics to material properties. However, the 

arrangement of pores in bread crumb has thus far remained uninvestigated. The aim of 

this work is to establish the method for tracking the connectivity between voids in 

breads using microtomography measurements in order to definitively establish the 

morphology of cell structure in bread crumbs and to relate cell structure with physical 

properties of breads.  
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2.3. Materials and methods 

2.3.1. Materials  

 For this study, five different sandwich breads were sourced from commercial 

vendors. They will be referred to as A, B, C, D, and E. Bread A was sourced from a 

retail market, while B, C, D, and E were obtained from a local bakery. Breads B, C, D, 

and E were made in this bakery by keeping dough moisture and flour amounts constant 

while varying the composition of flour. Using locally available commercial baker’s 

flour, a range of flours varying in amount of gluten proteins were generated by adding 

gluten and cake flours. Five kilogram batches of dough were made in a spiral mixer and 

scaled off into 770g pieces which were molded, proofed, and baked in closed top 

sandwich tins. Figure 2-1 shows photos of scanned images of the bread crumb surfaces 

for all breads. Table 2-1 lists all properties of different breads obtained via testing and 

analysis mentioned throughout the paper. This information will be referenced 

throughout the paper and is compiled for brevity. 

 Breads were double bagged in plastic containers and stored in a deep freezer 

until needed for testing. In the sample preparation stage of the experiments, breads were 

cut while frozen and allowed to thaw to room temperature while covered by either saran 

wrap or a plastic sheet, limiting staling due to exposure to air. 
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 (a) (b) 

   

 (c) (d) (e) 

Figure 2-1. Bread crumb of A, B, C, D, E depicted in (a), (b), (c), (d), (e) respectively. 

Table 2-1. Compiled properties of different breads. See text for details. 

  A B C D E 
Protein (%) 13.20 11.83 11.50 10.15 9.47 

Specific Volume (cm3/g) 6.30 8.00 6.22 5.52 3.08 
Standard Deviation of Specific Volume 0.63 1.14 0.24 0.27 0.32 

κ (Darcy) 2.37 136.97 1.85 0.28 n/a 
Young's Modulus (kPa) 3.70 5.68 15.89 21.71 39.89 

Yield Strain 0.15 0.10 0.04 0.05 0.05 
Yield Stress (kPa) 0.54 0.58 0.67 0.99 2.11 

Densification Strain 0.47 0.44 0.32 0.33 0.33 
Densification Stress (kPa) 1.63 1.82 2.30 3.37 8.34 

Porosity (%) 79.75 84.00 72.48 79.00 64.411 
Standard Deviation of Porosity 4.40% 0.97% 3.53% 3.03% 5.07% 

Number of Pores 1706 614 1826 1779 7872 
Standard Deviation of Number of Pores 337 72 662 433 66 

Volume of Largest Pore / Total Pore Volume 99.95% 99.97% 99.66% 99.70% 98.59% 
Average Closed Pore Volume (mm3 * 10-4) 2.00 3.04 6.42 8.46 10.00 

 

                                                 
1 A larger porosity value was previously reported due to an error in one of the sample. This has been 

corrected. Previous reported porosity was 72.87 ± 11.35%. This error does not change the results or 

conclusions of this paper. 
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2.3.2. Methods 

2.3.2.1. Permeability testing 

 A method, similar to that used by Chaunier et al. (2008), was developed for 

measuring permeability of breads utilizing Darcy’s law. An apparatus passes 

compressed air at a measured rate through a sample material for a given amount of time. 

A computer records the measured air pressure before and after passing through the 

material. The total amount of air passing through the system is gauged by an outlet flow 

meter. Two valves are placed before and after the inlet and outlet pressure transducers 

to control the air pressure within the system.  

Darcy’s law,  

 μΔx
κΔPυ 

, (eq. 1) 

relates fluid flow rate (υ, liters/second), permeability (κ, Darcy), viscosity of fluid (μ, 

Pascal seconds), pressure (P, Pascals), and material thickness (x, meters), which for 

bread is the length of the sample.  

 For measuring the permeability of bread, the system was first base-lined without 

any test samples and checked for leaks. The pressure drop in the absence of bread due to 

the system was recorded. Frozen loaves of bread were cored by hand using a 2” pipe 

with a sharpened edge. These cores were immediately cut into cylindrical pieces of 

approximately 8 cm long and left to thaw to room temperature under the cover of 

plastic. The side of the cylinder was wrapped with medical tape and a 2” rubber seal 

was placed at the top and bottom of the sample to provide a snug fit with the sample 

container. This ensured that the air passed solely through the core sample and not the 

sides of sample container. The sample was then deposited into the sample container and 
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compressed air was allowed to flow through the system for 5 minutes while data was 

recorded.  

2.3.2.2. Mechanical testing of breads 

 An Instron 8872 Fatigue Testing System with a servo-hydraulic actuator 

(http://www.instron.us) with a 250N DynacellTM load cell and noise factor of +/- 0.5N 

was used to perform uniaxial compression testing. Samples were compressed between 

two cylindrical plates which were attached to the load cell and actuator arm, 

respectively. Instron’s WaveMatrixTM software was used to program and control the 

actuator arm during compression. Time, compressive force, and displacement data were 

recorded by the software as well.  

 Bread slices were taken out of the deep freezer and cut using a metal cookie 

cutter into circular samples of 2” diameter. Samples were covered by plastic and left to 

thaw for 20 minutes. Samples were placed on the cylindrical plate attached to the load 

cell. The load cell was zeroed with the weight of the material on it. The sample was 

compressed by the actuator arm at a rate of 10 millimeters per minute to a final height 

of 0.3 millimeters from a starting height of approximately 15 millimeters. Data was 

recorded for the entire duration of the test. Each type of bread was tested multiple times 

to mitigate effects of heterogeneity. Recorded data was converted into true stress and 

true strain using the following equations, 

 True Strain = -ln (1 - Δh / h0) (eq. 2) 

 Stress = F / A (eq. 3) 

where Δh is the measured displacement, h0 is the starting height of the sample, F is the 

compressive force, and A is the calculated cross sectional area of the sample.  

2.3.2.2.1. Determination of yield and densification criteria 

http://www.instron.us/
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 The stress-strain curves from experimental testing indicated a gradual transition 

between linear elastic, plateau, and densification regions, making it difficult to identify 

cross-over points. The second derivative of the stress-strain curves was taken to rectify 

these difficulties. The zero values of the second derivative provide the points of 

inflection on the curve, providing a method to distinguish between the linear elastic, 

plateau, and densification regions of the foam. Therefore data curves were reduced by 

averaging and first and second derivatives were calculated using Microsoft Excel. The 

onsets of yield and densification were considered to be the values at which the second 

derivative was equal to 0. Figure 2-3c shows an example plot of this process for D 

bread. The method description refers to an image in the results section as a concrete 

example. The values for yield point and densification point were cross-referenced with 

the original data to calculate young’s modulus, yield stress, yield strain, densification 

stress, and densification strain and are given in Table 2-1. 

2.3.3. MicroCT scanning 

 Computed aided x-ray microtomography (microCT) scanning is a commonly 

used technique to identify and investigate the microstructure of materials non-

destructively. A SkyScan 1172A MicroCT machine running Control software (version 

1.5 build 8) equipped with a Hamamatsu 10Mp camera with a pixel size of 11.48 um 

was used in this study. Scans were acquired at an accelerating voltage of 59 kV and a 

current of 149 µA. Scan exposure times of 79 ms were used, and 16 frames were 

averaged for each exposure to reduce noise. A rotation step of 0.3 degrees was used for 

all scans. The camera was operated in 1Mp mode, with camera pixels binned into 4 x 4 

groups to increase pixel area and decrease scan times. Images were reconstructed using 

NRecon (version 1.6.1.2).  
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 Samples to be scanned were prepared by cutting frozen slices into cubes of 

approximately 10mm per side. Three samples were taken from each type of bread: one 

from an upper section, one from a middle section, and one from a bottom section. 

Samples were loosely wrapped in saran wrap to prevent movement of the specimen in 

the test chamber. Micro CT scanning produced a stack of 470 images each of 

1000x1000 pixels. Image pixel sizes varied from 16-20 µm resulting in resolutions of 

50 to 60 µm (based on 3 pixel resolutions). Tests were carried out with thawed samples 

at room temperature. 

2.3.4. Image analysis and visualization 

 Creating three dimensional models of bread structure from x-ray tomography 

images required a significant amount of computing power. A single stack of images 

stored as bitmap images is approximately 1GB in size. For this investigation, stacks of 

CT scanned images were combined on a iVEC’s (http://www.ivec.org) visualization 

machine (Intel® Xeon machine running Windows 7 64-bit with 96 GB of ram and an 

nVidia Quadro FX5800 graphics card) using Avizo Earth 6.1 (formerly Amira).  

a)  b)  

Figure 2-2. a) Theoretical representation of segmented bread as a dataset with 0 representing 

cell wall and 1 representing void space. b) Dataset after applying Hoshen-Kopelman algorithm 

to label each pore cluster. Labeling proceeds downwards first and then to the right. (Hoshen 

and Kopelman, 1976) 

http://www.ivec.org/
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 Each microCT image of the stack of 470 was layered sequentially. The 

dimension of the each image was 1000 pixels x 1000 pixels. Each pixel within the 

image had a value that represented its grayscale intensity which ranged from 0 (black) 

to 255 (white), depicting the amount of absorption by the material with 0 values being 

void space due to no absorption. This resulted in a three-dimensional collection of pixel 

intensity data with dimensions of 1000 x 1000 x 470. This dataset was segmented into 

two parts representing void space or cell wall based on the intensity of the pixels and 

analyzed. Figure 2-2a is a sample of what such a representation might look like in two 

dimensions. 

 The analysis implemented the Hoshen-Kopelman algorithm (Hoshen and 

Kopelman, 1976), which is widely used for cluster identification. For this study, clusters 

are considered to be grouping of void space in the three-dimensional dataset. The 

algorithm iterates over a dataset searching for a specific item, void space in this case. 

When a void space is found, it is determined whether or not the void space is connected 

to any other void spaces. If it is not connected, it is given a unique identification 

number; otherwise, it inherits the same identification number as the voids it is connected 

to. Figure 2-2a and 2b shows a theoretical representation of segmented bread before and 

after applying the Hoshen-Kopelman algorithm. Notice the unique identification 

numbers of various clusters.  

 When completed, void clusters are uniquely labeled and identified and can be 

analyzed for information such as size, shape, porosity, and orientation for all the clusters 

(J. Liu et al., 2009). 
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2.4. Results 

2.4.1. Permeability 

 Pressure drop due to sample cores was consistent throughout the duration of the 

experiment. The flow rate through the sample core was the sole variable since pressure 

drop due to the material  remained consistent. Permeability of the bread samples 

are listed in Table 2-1. 

 The viscosity of air was taken to be 1.82 x 10-5 Pa.s at a room temperature of 20° 

C when calculating permeability (Chemical Rubber Company, 1984). Pressure 

measurements were recorded by the computer in atmospheres and converted to Pascals. 

Pressure drop due to the B sample was extremely small, resulting in high Darcy value 

compared to the other samples.  

2.4.2. Compression testing 

2.4.2.1.  Stress-strain plots 

 Stress-strain curves were derived from force-displacement data as described in 

section 2.3.2.2 and plotted for all bread samples to estimate a representative stress-strain 

curve. Figure 2-3a shows the resulting stress-strain curve of six specimen of bread D 

from uniaxial compression testing. Notice that five of the curves are clustered following 

a similar path, while one deviates significantly. This outlier may be due to heterogeneity 

of the material and was disregarded. An average mean and standard deviation of the 

remaining curves was calculated. If there were no outliers, an average mean and 

standard deviation was taken for all curves. This averaging was performed for all breads 

and resulting curves are shown in Figure 2-3b.  
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a)  

b)  
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c)  

Figure 2-3. Using stress-strain curves to compare breads: a) demonstrating the process to 

derive an average curve and disregarding outlier samples, b) compilation of averaged stress-

strain curves for different breads; order from low to high stress at 1.2 strain is bread B, A, C, 

D, and E, c) method used to obtain yield and densification points, where the second derivate is 

0; the magnitude of the second derivative has been reduced by a factor of 10. 

 Note that the magnitude of stress of bread increased as specific volume 

decreased. All breads exhibited the three phases of a cellular solid (linear elasticity, 

plateau, and densification) as described by Gibson and Ashby (1988). 

2.4.3. Image analysis and visualization 

 CT scan images show that in two-dimensional space some pores are enclosed by 

cell wall while others are connected to the atmosphere either directly or through another 

pore via broken cell walls. To definitively establish if the cells continued to remain open 

in the bulk of the bread samples, three-dimensional analysis is required. 

2.4.3.1. Open cells 

 Three-dimensional visualization is a method to explore the internal structure of 

breads and examine their textural characteristics. Since each type of bread had three 

separate sections that were MicroCT scanned, models were generated and analyzed for 
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all sections. Data was converted from volumetric pixels to millimeters cubed, 

standardized for total volume as necessary, and averaged. Appendix 2-A discusses this 

process in more specific detail. Table 2-1 presents averaged statistical data derived from 

the computational analysis of the 3-D models generated by Avizo. 

 Porosity is the amount of void volume within the total volume, as measured by 

counting pixels after thresholding. Thresholding at a grayscale value of 40 instead of 20 

or 60 affects less than ±1% of pixels, so thresholding is not a significant source of error. 

The number of pores is the number of unique pores found and labeled during the 

Hoshen-Kopelman algorithm iteration. Each pore has multiple data associated with it, 

one of which is the volume. Volume of Largest Pore / Total Pore Volume is the 

percentage of void space encompassed by the largest pore cluster in the model. Average 

Closed Pore Volume is the arithmetic mean volume of pores ignoring the open cell. 

 Bread is clearly highly porous with the samples from this study ranging between 

72% to 84% porosity. This is above the percolation threshold, meaning that bread is 

infinitely connected. Additionally, a single pore generally comprises more than 99% of 

the total porosity of bread, similar to the void volume fraction of bubbles in proofed 

dough (Babin et al., 2006). These two facts together mean that not only is bread 

percolating on all sides, but the cause for the percolation is a single pore. However, 

since the percolating pore does not comprise all void space, other pores must be closed 

cells which are embedded within the cell walls. 

2.4.3.2. Closed cells 

 Whereas the open pore of bread comprised a massive portion of the total 

porosity with no distinct impact on material properties, analysis of closed pores 

demonstrated linkages. The distribution of the closed cells is in the breads tested are 

shown in Figure 2-4a-f. Bread A had the smallest and most uniformly size closed cells 
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with the highest densification point. It also had the lowest Young’s modulus with other 

breads following based on their average closed pore volumes. As the Young’s modulus 

of breads increased, the volume and density of the closed pores increased as well, as 

shown in Figure 2-4. 

(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 2-4. Visualization of cells embedded within the cell wall for A, B, C, D, and E breads in 

(a), (b), (c), (d), and (e), respectively. Density of the closed pores increases with material 

hardness. Visualization of closed pores in cake (f) is shown for comparison. Ranges of volumes 

in mm3 are 0-0.001 (red), 0.001-0.01 (green), 0.01-0.1 (yellow), and 0.1+ teal. 

2.5. Discussion 

2.5.1. Physical properties  

 The Young’s moduli of breads increased linearly as specific volume decreased 

(R2 = 0.84) and exponentially with increase in the number of pores. Both behaviors are 

line with observations made by Gibson and Ashby (1988) for foams. As the open cell is 

a single cell in breads, an increase in the number of pores reflects an increase in the 
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number of closed cells. However, no simple correlation is identified between specific 

volume and stress-strain data for densification. Permeability appears to be a highly 

sensitive function for closed cells. As closed cells are proving to be critical to bread 

texture, permeability measurements could provide a simple tool for assessing bread 

texture along with specific volume.  

2.5.2. Shape and texture  

 

Figure 2-5. Breads with similar loaf volumes, but different toughness. 

 As the concentration of the clusters of closed cells increased, so did the friability 

of breads (Figure 2-5). This led to a hypothesis that in tearing a slice of bread, crack 

propagation was facilitated by clusters of closed cells disrupting the continuity of the 

open cell. To confirm this hypothesis of how clusters of closed cells impacted friability, 

a white cake (cakes are more friable than breads) was analysed for cell structure (Figure 

2-4f). The porosity of the cake was 62.4% with the open cell still occupying 99.94% of 

the void space. The closed cells permeated the structure although the open cell was also 

present. Pieces could be broken off from both bread e and cake f, but not from bread A, 

B or C. Thus the tortuosities and the extensively, permeating nature of the open cell 



- 40 - 

provide qualitative explanation for why pieces can be chipped off cakes, but must be 

torn off breads. 

 What controls the shape and cell structure in bakery products? The effect of 

processing on crumb structure of breads is well acknowledged in cereal sciences 

(Marchant et al., 2008). The rule of thumb in preparing cakes has been to lightly mix the 

flour in the cake batter with the aim to form a weak gluten matrix. For breads, flours are 

sourced to form strong gluten matrices. Bread doughs exhibit stress softening, which 

could lead to formation of voids in doughs (Chakrabarti-Bell et al., 2010). Breads and 

cakes, with all closed cells, will collapse under ambient conditions. On that basis, it 

stands to reason that a non-uniform distribution of open cells would lead to total or 

partial collapse forming misshapen products. Such malformations commonly occur in 

large scale productions of cakes and breads. Thus, the control of processing could be a 

key to controlling both shape and texture of bakery products. The interaction between 

processing, pore structure in doughs and impact on bread texture would be addressed in 

future studies using structural – mechanical models utilizing finite element analyses for 

deformation of breads. 

2.6. Summary and conclusions  

 New methods for comprehensive characterization of foam structure in breads 

have been developed. The visualization workflow for analysis of pore clusters in 

tomography data in three dimensions was applied to breads. The results from the 

workflow showed that breads and cakes exhibit a maze-like structure as all the open 

cells were connected, creating a single, large, highly tortuous cell that is open to 

atmosphere and accounted for 99% of total porosity. The three dimensional 

visualization helped to isolate the closed cells from the open cell in breads. This is the 

first time such delineation of closed and open pores in bakery products is reported. 
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Whether closed cells existed in single or cluster forms appeared to affect the mechanical 

properties of breads. The existence of an extensive, open cell explains why breads (and 

cakes) do not collapse under ambient conditions when taken out of oven. Hypotheses 

have been proposed for the importance of the extensively propagating open cell in 

controlling toughness of breads. Future work utilizing structure-mechanical models has 

been proposed for investigating the role of open and closed pores on the physical 

properties and texture of breads.  
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2.8. Appendix 2-A. Averaging of statistical analysis of three-dimensional models 

 As mentioned in section 2.3.3, three separate samples of each type of bread were 

microCT scanned that produced three unique three-dimensional models. Because of the 

heterogeneity of bread as a material, each model produced different numerical results 

from computational analysis. The table below displays the heterogeneity between 

samples as well as the various calculations that were considered. All parameters in the 

table are either dimensionless or in pixels.  
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Table 2-A.1. Example of various data derived from analysis of three-dimensional model 

Bread D Bottom Middle Top 
X (pixel) 554 554 590 
Y (pixel) 490 447 414 
Z (pixel) 469 470 470 

Total Volume (pixels3) 127314740 116389860 114802200 
CT Scan Resolution (mm/pixel) 0.01698 0.01833 0.01766 

Number of Pores 1634 1437 2265 
Total Pore Volume 97751315 95968506 89272680 

Volume of Pores without largest pore 410735 146446 279473 
Largest Pore / Other Pores 237.0 654.3 318.4 

Largest Pore Volume / Total Pore Volume 99.58% 99.85% 99.69% 
Porosity 76.78% 82.45% 77.76% 

Average Pore Volume 59823.3 66783.9 39413.9 
Average Closed Pore Volume 251.5 101.9 123.4 

Volume Open Pore / Total Volume 76.5% 82.3% 77.5% 
Volume Closed Pore / Total Volume 0.32% 0.13% 0.24% 

 

 The data used in Table 2-1 is an average mean of the three different samples 

from each type of bread. For example, the Average Closed Pore Volume of Bread D 

given in Table 2-1 is calculated by converting from volumetric pixel to cubic 

millimeters by multiplying by the cubed mm/pixel measurement, which is ((251.52 * 

0.01698 * 0.01698 * 0.01698) + (101.98 * 0.01833 * 0.01833 * 0.01833) + (123.44 * 

0.01766 * 0.01766 * 0.01766) / 3). There is more data presented in here in this appendix 

section than used in Table 2-1. Excess data was disregarded for the purpose of brevity. 
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3. Delineating effects due to porosity versus pore distribution using digital 

bread crumb analysis 

 

3.0. Introduction to chapter 

 The previous chapter investigated the differences in perceived bread quality due 

to the use of North American vs. Western Australian flour during product. The chapter 

established the use of x-ray microtomography and scientific visualization to quantify 

differences investigating not only the overall porosity, but also specific morphological 

characteristics of the microstructures. Breads were found to exhibit a highly 

interconnected pore structure (>99%) irrespective of quality. Differences between 

breads were rooted in the closed pore structures in bread. Closed pore volumes were 
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found to correlate linearly with young’s moduli. The number of closed pores within a 

structure was hypothesized to be related with friability. 

 The challenge in investigating samples experimentally is dissociating effects due 

to overall porosity versus closed pore microstructure, both of which are known to have 

an impact on material behavior. The research in this chapter aimed to explore the 

individual contributions of both porosity and pore distribution. The research also aimed 

to identify scale-invariant and representative behavior. This chapter has been published 

as “Digital bread crumb: Creation and application” in the Journal of Food Engineering. 
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3.1. Abstract 

Bread is a foam and the softness of breads is an important quality attribute. For many 

non-food foams, digital environments have been implemented which can be used to 

characterize the structure to optimize products for specific functionalities. For breads, 

structure based models that incorporate pore structure, which is comprised of the pore 

distribution and overall porosity, with solid matrix properties are lacking. For the first 

time, such structure based models have been stochastically, or randomly, generated for a 

range of breads using previously published X-ray microtomography data (Wang et al., 

2011). The Weibull probability distribution has been used to characterize closed pore 

distributions, stochastic probability theory has been used to obtain representative 

porosities, and digital bread crumb models which incorporate pore structure have been 

created. Digital bread crumbs have been compared against real world samples via visual 

texture and small strain compression experiments. Digital bread crumbs exhibited 

similarities to real products in terms of cell wall thicknesses as seen from surface 

appearance. Results from digital compression experiments using finite element analysis 

showed differences in Young’s moduli between breads can be attributed to both 

differences in pore distribution as well as porosity. 

3.2. Introduction 

 Texture is defined as “the sensory and functional manifestation of the structural, 

mechanical and surface properties of foods detected through the sense of vision, 

hearing, touch and kinesthetics” (Szczesniak, 2002). Texture dictates consumer 

perceptions of quality and acceptability of food products. For breads, texture is dictated 

by its pore structure, a combination of how the pores are distributed as well as its 

overall porosity, which in turn has a significant impact on consumer perceptions of 

quality (Scanlon and Zghal, 2001). 
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 Visual texture defines the appearance of the product, ranging from the color of 

the crust to the loaf volume to the cellular structure of the individual slices (Cauvain and 

Young, 2006). Visual texture accounts for up to 20% of the weighting score when 

assessing bread quality (Scanlon and Zghal, 2001). The common method of quantifying 

visual texture remains separating pore structure from cell wall structures and identifying 

relevant features from two dimensional surface scans. This quantification is performed 

through the use of specially-designed machines like the C-Cell (van Riemsdijk et al., 

2011) or through computational algorithms (Lagrain et al., 2012). Cell wall thicknesses 

and distributions are measured using techniques adapted from the medical fields in 

conjunction with three-dimensional computer aided x-ray microtomography, also 

known as MicroCT (Bellido et al., 2006; Falcone et al., 2006). Non-proprietary methods 

to quantify cell wall thickness distribution from two-dimensional surface scans are not 

prevalent. 

 Physical texture of breads considers the mechanical behavior of bread under 

handling and mastication. Mechanical behavior is dictated by a combination of solid 

matrix properties and porous structure, which includes both porosity and distribution of 

pores (Cauvain and Young, 2006; Scanlon and Zghal, 2001). Breads with high baked 

specific volumes, implying higher porosity, are softer and more desirable. The 

interaction of pores throughout the pore structure is also considered to be important in 

breads (Aguilera and Stanley, 1999), but the extent to which it contributes to 

mechanical behavior is not well understood. 

Understanding and Characterizing Bread Structure 

 The impact of porosity and pore distribution on mechanical properties of foams 

can be evaluated by inspecting the scaling laws established by Gibson and Ashby for 

cellular solids (Gibson and Ashby, 1988). Linear relationships on a log-log scale are 
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identified between the relative density and Young’s moduli of solid foams; the slopes of 

the lines depended on whether foams were comprised of open or closed cells. Zghal et 

al., (2002) applied the above scaling laws to breads and found results that implied a 

combination of both open and closed cells. Three-dimensional visualization of a range 

of breads has since confirmed the presence of both open and closed cells (Wang et al., 

2011). It was found that while 99% of overall porosity was due to one larger highly 

interconnected and tortuous open cell (at a resolution of at least 15 µm), it was the 

average volume of closed cells, not overall porosity, that explained best the differences 

in the Young’s moduli of the breads. Qualitatively, the images also explained the 

differences in pliability between breads, i.e., would a slice of bread break or bend when 

flexed? Thus, the effect of pore structure on mechanical behaviors of breads has major 

implications for texture of breads.  

Separation of pores from solid phase in foams  

 The occlusion of air bubbles during mixing, the alteration of bubble structure 

during dough manipulation, proofing and baking are areas of active research in cereal 

sciences. However, there are no established methods by which the pore structure can be 

controlled such that the impact of pore structure on properties of breads could be studied 

in laboratory controlled experiments. Recently, efforts to investigate the effects of pore 

structure on mechanical behavior in bread crumb have moved from experimental 

environments to digital ones. The use of x-ray MicroCT, has become a popular 

technique in this process due to its non-destructive nature. The technique is similar to 

medical tomography which is used to identify bone fractures but operates on smaller 

samples and resolves to micron sizes pixel resolutions. Stock (2008) has written an 

extensive overview of MicroCT and applications. Babin et al. (2005) presented a one-

to-one translation of bread samples of differing formulations to digital structures 

through use of x-ray MicroCT. The authors found differences in Young’s moduli 



- 50 - 

became significant at relative densities of less than 0.3. The digital models considered 

only the structures under investigation and did not explicitly consider the effects of 

heterogeneity. Guessasma et al. (2008) investigated the effects of pore interactions on 

Young’s moduli by considering spherical pore structures, created using a Random 

Sequential Addition (RSA) technique with volumes governed by a Gaussian 

distribution, as well as varying amounts of overlap, which were specified, at various 

relative densities. The volume size distribution was hypothetical in nature and not 

derived from real world samples. Like Babin et al. (2005), Guessasma et al. (2008) 

found that for relative density of less than 0.3, variations in pore structure resulted in 

differences in Young’s moduli. Guessasma et al. also found that an increasingly higher 

overlap between pores resulted in a decreasingly lower Young’s moduli. 

 In studies of fluid flow through rocks, the porous structure of rocks is re-

constructed from MicroCT images of rocks (Arns et al., 2002; J. Liu et al., 2009; J. Liu 

and Regenauer-Lieb, 2011). This technique allows separation of pore structure from 

overall porosity. The pore structure can be changed in the digital version of the rock to 

analyze how pore structure affects permeability of rocks during fluid flow. More 

recently, Hyman et al. (2012) have used randomly generated digital rocks of varying 

porosity to understand the causes of heterogeneous instead of homogenous flow and the 

effects on the overall flux due to pore structure. Digital rocks have been shown to be 

useful in investigating the effects of structure on permeability and fluid flow. 

 Such a technique would be beneficial for breads, whose structures are highly 

heterogeneous by nature and thus effects due to structure are difficult to test. Using 

digital breads, the effects of pore structure on bread quality could be analyzed holding 

solid properties constant and vice versa. However, it is not known if the method could 

be applied given the large difference in porosities of rocks (~20%) to those in breads 

(~80%). With the significance of closed cells and the dominance of the open pore 
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structure on porosity, discriminating closed cells may lead to a more direct application 

of techniques developed for rocks onto breads. The consequence of discarding the open 

pore structure in breads is unknown. A key criterion is checking if representative 

volume elements (RVEs) for pore structure could be established for such highly porous 

materials as breads.  

 In this paper, we present the results of the scaling up the method for determining 

RVEs developed for rocks to higher porosity breads. The objective is to develop 

techniques to analyze the impact of pore structure on the texture of bread. We check for 

the validity of the method by assessing the visual and mechanical texture of these digital 

bread crumbs. The methods and results are presented below. 

3.3. Materials and methods 

3.3.1. Materials 

 In a previous publication, Wang et al. (Wang et al., 2011) investigated the 

effects of closed pore distributions of breads on their corresponding Young’s moduli. 

The breads are referred to as A, B, C, D, and E. Bread A was sourced from a retail 

market made with commercial bread flour, for which the protein amount in the flour 

was known. Breads B, C, D, and E were made at a bakery using locally available 

commercial baker’s flour with variable amounts of gluten and cake flours added to vary 

the amount of protein. Protein content, young’s moduli, porosity, and specific volume 

obtained in the previous work for all breads are given in Table 3-1. The 

interconnectivity index, defined by Babin et al. (Babin et al., 2006), is the ratio of 

largest pore volume to the total pore volume and also given. The values given are the 

averaged results of three samples for each type of bread.  

Table 3-1. Various material characteristics of breads used for analysis. (Wang et al., 2011). 
Representative Porosity,  , is obtained through a stochastic analysis method described 
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later in this paper. It is included here for brevity. A-E refer to different quality breads and 
are described in section 3.3.1. 

 A B C D E 

Protein (%) 13.20 11.83 11.50 10.15 9.47 

Young’s modulus (kPa) 3.70 5.68 15.89 21.71 39.89 

Porosity (%) 79.8 ± 4.4 84.0 ± 1.0 72.5 ± 3.5 79.0 ± 3.0 64.4 ± 5.1 

Representative porosity,   (%)  81.6 ± 0.9 83.7 ± 1.3  72.8 ± 3.7  79.3 ± 2.3  65.1 ± 4.7 

Specific volume (cm3/g) 6.30 ± 0.63 8.00 ± 1.14 6.22 ± 0.24 5.52 ± 0.27 3.08 ± 0.32 

Interconnectivity index (%) 99.95 ± 0.05 99.97 ± 0.02 99.66 ± 0.30 99.70 ± 0.13 98.59 ± 0.76 
Average closed pore volume  

(mm3 x 10-4) 2.00 3.04 6.42 8.46 10.00 

 

 Pore structures were previously rendered using MicroCT and three-dimensional 

visualization as described in Wang et al. (2011). The analysis and methods of this paper 

are described below and were applied to all breads samples. 

 After analyzing the pore microstructures, three distinctly different samples were 

selected for further investigation. Specific samples were characterized by their level of 

interconnectivity and size of pores. HS possessed high interconnectivity and small 

closed pore volumes, MM possessed medium interconnectivity and medium closed pore 

volumes, and LL possessed low interconnectivity and large closed volumes. Their data 

are aggregated in efined later in the manuscript. 

3.3.2. Quantifying pore structure 

3.3.2.1. Stochastic analysis of pore distribution 

 Liu et al. (2009) describe the use of a local porosity theory, a type of stochastic 

analysis process, to establish the representative porosity necessary for upscaling from 

microscale to macroscale in sandstones. The technique is applied to bread samples and 

compared against a deterministic approach.  

Table 3-2 for brevity and may be defined later in the manuscript. 
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3.3.3. Quantifying pore structure 

3.3.3.1. Stochastic analysis of pore distribution 

 Liu et al. (2009) describe the use of a local porosity theory, a type of stochastic 

analysis process, to establish the representative porosity necessary for upscaling from 

microscale to macroscale in sandstones. The technique is applied to bread samples and 

compared against a deterministic approach.  

Table 3-2. Characteristics of three distinctly different bread microstructures based on 
interconnectivity index and closed pore volume sizes selected for further discussion and 
investigation. MicroCT values are obtained from experimental data, while digital values 
are generated through a pseudo-random process. 

 HS MM LL 

k 0.4543 0.4011 0.3403 

λ 4.5814 18.7086 45.2512 

Representative porosity,   (%) 82.16 74.33 78.74 
Average closed pore volume 

(mm3 x 10-4) 0.6 3.2 12.3 

Interconnectivity index (%) (MicroCT) 99.98 99.90 99.58 

Interconnectivity index (%) (Digital) 99.99 99.95 99.84 

Mean Cell Wall Thickness (µm) (MicroCT) 66.3 97.3 171.4 

Mean Cell Wall Thickness (µm) (Digital) 23.8 38.1 59.4 

 

 The local porosity theory considers a three-dimensional sample which is 

parallelepiped in shape. A subvolume of a given size is located at every possible 

position within the sample and the local porosity of the subvolume is recorded. The 

process is then repeated with a larger sized subvolume. Each subvolume size will have 

its own, or local, probability of porosity. A representative porosity,  , is derived if 

local porosities are convergent as subvolume sizes increase. Once the probability of 

porosity is greater than 50%, the subvolume length at which it occurred is considered 

the representative volume element length. 
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 The stochastic analytical method has been further refined and applied for the 

upscaling of properties for various materials. See Liu and Regenauer-Lieb (2011) for a 

more detailed overview. 

3.3.3.2. Pore distribution as a Weibull probability distribution function 

 A requisite for creating random digital microstructures is the ability to generate 

structures which are different, but statistically similar. The Weibull probability 

distribution function is selected to encapsulate the pore microstructure of breads since 

the Weibull honors the condition that pore volumes must always be positive. 

 The Weibull distribution first applied to describe particulate distributions (Rosin 

and Rammler, 1933) and was later described in detail by examining a range of empirical 

data for varying materials (Weibull, 1951). The Weibull distribution itself is highly 

flexible and widely applicable and characterized by two parameters, k and λ, which 

govern the shape and scale, respectively, of the resulting distribution. A few examples 

of the application of the Weibull include the estimation of wind speed probability as a 

function of rate of change in wind speed (Seguro and Lambert, 2000), the potential of 

fracture in manufactured materials (Lu et al., 2002), and the analysis of wear on 

machinery through the analysis of particle size distribution (Roylance and Pocock, 

1983).  

 The Weibull probability distribution function is as follows,  
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where λ is the scale parameter, given in units of desired prediction – volume size in the 

current case, k is the Weibull shape parameter, and x is the desired volume. k dictates 

the probability of occurrence for a pore of given size x. The shape of the probability 
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distribution will change for different values of k and λ, as seen in Figure 3-1. It should 

be noted that k and λ are purely scaling parameters for the Weibull distribution and do 

not have a direct physical meaning. Note that pore volume sizes were considered in 

terms of volumetric pixels (voxels) due to the digital nature of the analysis. Voxels are 

converted to real world units by multiplying the scanning resolution. 

 Values for k and λ were obtained using the Solver function in Microsoft Excel 

2007 by relating the mean and variance equations of Weibull distribution function with 

the experimental mean and variance of pore volume distribution obtained from the 

analysis of three-dimensional MicroCT datasets. The open pore was not considered.  

 

 (a) (b) 

Figure 3-1. Examples of resulting Weibull Probability distributions by varying (a) the shape 

parameter, k, and (b) the scale parameter, λ, on a log-log scale. 

3.3.4. Creating random digital microstructures based on Weibull parameters 

 While cell wall thickness and distribution continues to be an area of interest in 

the cereal sciences, creating a random digital microstructure based on the addition of 

cell walls of random thicknesses is more challenging than by removing pores from a 

solid. Determining and defining the connectivity and orientation between the nodes 

(where cell walls intersect) and the vectors (the cell walls themselves), would all require 

descriptors adding to the complexity of the creation algorithm. 
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 The final structure in bread is the result of the continuous expansion of gas cells 

starting from when the dough is formed until the pore structure has equilibrated. During 

the process, individual gas cells coalesce with one another during the expansion process. 

We attempt to replicate this process in order to create the pore structure in digital bread 

crumb. 

 Initially, a completely solid structure is created. A pore whose random volume is 

governed by Weibull parameters is created and located randomly within the solid 

structure. The porosity of the structure is now equal to the volume of the pore divided 

by the volume of the structure. The pore is assumed to be perfectly spherical for 

simplicity. All elements that fall within the boundaries of the pore are removed from the 

digital mesh. This process is repeated with many pores being created and placed within 

the structure until a desired porosity is reached. The locations of pores are considered to 

be purely random, while their volumes are dictated by the Weibull distribution with 

varying k and λ parameters. Values for k and λ were derived from experimental data 

using solver as described at the bottom of section 3.3.3.2. When the process is 

completed, the pores have created a randomly created digital bread crumb 

microstructure with an interconnected, open pore structure as well as closed pores 

similar to real bread microstructures. This workflow is depicted in Figure 3-2.  
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Figure 3-2. Workflow description of digital bread crumb creation process. 

 When used digitally in finite element analysis, these structures are considered a 

“mesh” comprised of “elements”. Each element is assigned a material property. All 

elements together describe the effective behavior of the structure. 

 Due to the nature of the removal process, there were elements that occasionally 

remained unconnected to any other element and were left dangling in an empty space. 

These were considered to be erroneous and were identified and removed, adding to the 

overall porosity of the structure. The frequency of dangling elements was dependent on 

the digital microstructure, leading to slight variations in final porosity of the digital 

structures. Final porosity of the digital bread crumb was calculated after dangling 

elements were removed. 

3.3.5. Validation of digital bread crumb 

3.3.5.1. Quantification of visual texture 
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 A 2-D Euclidian distance transform was applied to cell wall structures using 

Matlab (R2011b, The MathWorks, Inc.). The Euclidian distance transform is commonly 

applied as a measurement in trabecular bone thicknesses and has been previously 

applied to bread (Falcone et al., 2006). Each cell wall pixel is given a value based on its 

minimum Euclidean distance from a non-cell wall pixel. Thinner cell walls will have 

lower distances values, while thicker cell walls will have larger values. The values of all 

cell wall pixels were tabulated and a probability distribution of distance map values, 

which represented cell wall thicknesses, was generated. The 2-D Euclidean distance 

transform method was applied to all CT scan images and no noticeable differences in 

the probability distribution were found within a sample, though differences were found 

between samples. It was similarly applied to slices of the digital breads with same 

results, no differences were found within a sample, but differences were found between 

samples. 

3.3.5.2. Digital small strain compression experiments 

3.3.5.2.1. Experimental design 

 Finite element analysis (FEA) replicating straight compression experiments were 

performed using Abaqus 6.9-FE by Dassault Systemes. Since these numerical 

experiments examine only the small strain region of compression, it is assumed that the 

breads are linear elastic. For this reason, the elements of the digital bread crumb are 

assigned to be linear elastic defined by Young’s moduli and Poisson’s ratio. The 

elements were three-dimensional 8-noded brick elements (Abaqus type C3-D8) and 

represent the material properties of the cell wall in breads. Many elements are connected 

at their faces to generate an overall structure. 

 Digital compression experiments were performed by applying a displacement 

boundary condition in Abaqus at the top of the digital bread crumb. The elements 

comprising the bottom, front, and left faces in the digital bread crumb were fixed in 
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order to eliminate inertial movement. These elements were allowed to shift and rotate 

parallel to their face, but not allowed to move past the boundary. The moving boundary 

condition was set at a velocity of 1% of the total height of the digital crumb per time 

step to a total deformation of 10% of the original height. 

 The overall deformation on the digital bread crumb was obtained by using 

python programming language to analyze the proprietary results file from the output of 

Abaqus. The results file contained the time steps and data regarding forces and 

deformations observed by all nodes and elements. The effective stress was obtained 

taking an average of the individual stresses on the elements in the respective direction. 

The displacement of each individual face was obtained by averaging the displacement 

of the elements comprising the specific face. The displacements were then converted 

into strain values by comparing with the original height of the digital sample. Effective 

properties such as bulk moduli, Young’s moduli, and Poisson’s ratio were derived from 

numerical stress and strain data. 

3.3.5.2.2. Homogenization theory 

 The use of digital bread microstructures for exploring the structure-mechanics 

relationship has been previously explored (Babin et al., 2005). However, the 

heterogeneity inherent to bread products limits the usefulness of a one-to-one translation 

from MicroCT datasets to digital experiments with finite element analysis. 

 Part of the limitation of finite element analysis is that digital experiments on any 

single sample will not determine whether the results are representative or not. 

Homogenization theory claims that the macroscopic or homogenous elastic properties of 

a sample can be obtained by investigating the microstructure (Sab, 1992). The process is 

defined by the equation 

  HomL

L
ωlim RR 
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where L is the side length of a digital cube, ω is a random parameter, RL(ω) is the 

resultant property at a given side length L, and RHom is the homogenized property. The 

equation states that as the side length of a material becomes infinitely larger, the effect 

due to randomness becomes smaller, until the homogenized property is obtained. 

3.4. Results and discussion 

3.4.1. Representative porosity and Weibull parameters of microCT datasets 

 The mean and standard deviation of closed pore volume sizes was obtained for 

all samples. The average closed pore volume exhibited a power law relationship (R2 = 

0.93) with the standard deviation of closed pore volume, see Figure 3-3. Higher quality 

breads as determined by previous work (Wang et al., 2011) tended towards a smaller 

closed pore volumes with less variation, while lower quality breads tended were 

comprised of larger closed pore volumes with more variation. This data implies the 

efficiency with which closed pores connect to the open pore structure during could be 

an indicator of the quality of bread, with poorer quality breads retaining larger pores 

within the solid structure. While the rate of bubble coalescence has been studied (Babin 

et al., 2005), the relationship to bread quality remains undefined. 

 

Figure 3-3. A comparison of average closed pore to standard deviation of closed pore volumes 

with a power-law fit.  

 Figure 3-4a shows the application of the local porosity theory (J. Liu et al., 

2009) as described in section 3.3.3.1 to a MicroCT scanned sample of bread HS. As the 
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subvolume size increases, the probability of porosity at the local scale converges 

towards 82 to 83%. Porosities are binned at 1% intervals for simplicity. At the 

maximum subvolume size of 448 pixels per side, there is an 84% probability that the 

porosity is 82% and 16% probability that the porosity is 83%. These probabilities are 

averaged to obtain the representative porosity. Figure 3-4b shows the application for the 

digital HS bread structure generated using k and λ parameters. As the subvolume size 

increases, a similar type of convergence is seen in the digital bread structure, although 

convergence is reached much sooner.  

 Both the deterministic and the stochastic analysis resulted in similar porosity 

values and are listed in Table 3-3. The main improvement of the stochastic analysis was 

to decrease the standard deviation within samples of the same bread type. Using the 

stochastic method, a representative volume element length was also determined when 

the probability of porosity was greater than 50%. This length was similar for all breads. 

a)  b)  

Figure 3-4. Probability of porosity by subvolume size to determine representative porosities. a) 

demonstrates the analysis as applied to a microCT dataset of HS while b) is applied to the 

digital bread crumb generated from the Weibull parameters for HS (k=0.4543, λ=4.5814). Note 

the differences in subvolume side length between the microCT and digital bread crumb. 

Table 3-3. Comparison between results from a deterministic and stochastic analysis for 
porosity and the representative length required for convergence in the stochastic analysis. 
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 Deterministic Analysis Stochastic Analysis Representative Volume Element 

 
Porosity 

(%) 
Standard Deviation 

(%) 
Porosity 

(%) 
Standard Deviation 

(%) 
RVE Length  

(mm) 
Variation 
(+/- mm) 

A 79.75 4.40 81.57 0.87 6.37 0.60 

B 84.00 0.97 83.65 1.30 6.66 0.67 

C 72.48 3.53 72.79 3.74 n/a n/a 

D 79.00 3.03 79.31 2.31 6.96 0.57 

E 64.41 5.07 65.13 4.70 7.61 0.63 
 

3.4.2. Comparison of Weibull Probability and Experimental Pore Probability 

Distributions 

 A key question to this work is how well the Weibull probability distribution 

encapsulates the experimental data. Figure 3-5 overlays the volume data randomly 

generated using Matlab’s random Weibull generation function with derived k and λ 

values, in blue, with the experimental data for LL, in red. Qualitatively, the shape and 

spread of the randomly generated closed pore probability distribution is nearly identical 

to the experimental data. HS and MM exhibit similar characteristics.  

 

Figure 3-5. Comparison between experimental pore volume distribution versus randomly 

generated Weibull based pore volume distribution. The spread and shape between the two 

distributions are similar. 

 Figure 3-6 compares the curves created using the Weibull probability 

distribution function with respective k and λ parameters with the pore volume 
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distributions obtained experimentally. Probability distributions are plotted on a log-log 

scale. Pore probability is represented as a percentage of total pore number. 

 The Weibull probably distribution function with the derived k and λ parameters 

are in line with the pore probability distribution in all three breads. The fit of the 

Weibull distribution is much closer to pore probability distribution at smaller pore 

volumes, which comprise a higher percentage of the pores. At larger pore volumes, the 

Weibull distribution with derived k and λ parameters tend to under predict occurrences. 

However, larger pore volumes tend to occur as unique cases. Overall, the Weibull 

probability distribution with derived k and λ parameters serves as a good foundation 

from which to generate digital bread structures. 

3.5. Validation of digital bread crumb 

3.5.1. Qualitative comparison of appearance 

 Digital structures for all breads were generated with their corresponding k and λ 

Weibull parameters at their representative porosities. These digital bread structures are 

compared with their MicroCT and macroscale counterparts in Figure 3-7. There were 

two main considerations that needed to be satisfied; 1) digital bread crumbs should be 

distinguishable from one another, and 2) digital bread crumbs should be similar to their 

MicroCT counterparts. 
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a)  

b) c)  

Figure 3-6. Comparison of the pore volume probability distribution with Weibull probability 

distribution for breads a) HS, b) MM, and c) LL. The Weibull distribution captures the general 

shape of the pore distribution in all cases. 

 A qualitative analysis of 2-D microstructures shows differences between all 

breads. A continual increase in both cell wall thickness as well as pores embedded in the 

cell walls is seen from A-E highlighting differences between samples in both the 

MicroCT images and digital bread crumb slices. When comparing between digital bread 

crumb slices and their MicroCT counterparts, similarities are found. A has fine cell 

walls and is fairly dense. B has fine walls while being airy. C has slightly coarser cell 

walls with small embedded pores. D has coarse cell walls and the large pore structures. 

E has coarse cell walls with many interspersed pores. Differences in the MicroCT scale 

could translate to sensory differences at the macroscale, e.g. fine vs. coarse texture. 

 Differences in the coarseness or fineness of the digital breads will be reflected 

by variations in the k and λ parameters. Differences in porosity will be reflected by 

variations in the   parameter. The combination of parameters gives rise to the digital 
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microstructure. Note that the interconnectivity in the digital microstructure arises 

natural from the aggregation of closed pores. 

 It should also be noted that while the digital structures do appear similar to the 

MicroCT structures, the length scales vary. The length scale of the MicroCT is 

approximately 1cm compared to 0.3cm for the digital bread crumb. Differences in 

length scale may be due to only considering closed pores volumes. 

 Macroscale Image Slice MicroCT Scan Image Slice Digital Image Slice 

A 

   

B 

   

C 
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D 

   

E 

 
  

Figure 3-7. Comparison of macroscale surface scans (left, ~10cm), microstructure of microCT 

scanned images (center, ~1cm) and digital crumb slices generated from Weibull distribution 

(right, ~0.3cm) of breads A-E. The solid matrix in microCT and digital images are colored 

white and blue, respectively. 

3.5.2. Quantitative comparison cell wall thicknesses 

 Two methods have been reported for calculating cell wall thicknesses distances 

in bread crumb: the 2-D Euclidean distance map transform approach used here and in 

Falcone et al. (2006) and a granulometry based approach based on a sieving algorithm 

(Guessasma et al., 2008; Lassoued et al., 2007). Both were applied, but values reported 

are from the 2-D Euclidean distance map transform approach. It was found that cell wall 

thickness results from the granulometry approach were sensitive to the type of sieving 

element used. 

 Probability distributions of distance values from the Euclidean transform tended 

to be dominated by the lower values due to the calculation of the distance map. High 

values occurred only when pixels were in the center of a thicker cell wall. Distances 
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values were converted to cell wall thicknesses by multiplying by the scanning resolution 

and a mean cell wall thickness was obtained. Figure 3-8 compares plots the mean cell 

wall thicknesses obtained of MicroCT scans versus digital structures. A linear 

correlation (R2 = 0.881) was found. Similarities in mean thickness values support the 

similarities found from the qualitative inspection of the visual texture. Mean cell wall 

thickness values obtained from MicroCT ranged from 63 to 197µm. The values 

obtained within the order of magnitude of the results reported by Lassoued et al. (2007) 

as well as those reported by Guessesma et al. (2008).  

 

Figure 3-8. Mean cell wall thickness measurements values of microCT scan datasets versus 

digital bread crumb structures. A close linear correlation is observed. 

 Specific means cell wall thickness and interconnectivity indexes for HS, MM, 

and LL are given in efined later in the manuscript. 

3.5.3. Quantifying pore structure 

3.5.3.1. Stochastic analysis of pore distribution 

 Liu et al. (2009) describe the use of a local porosity theory, a type of stochastic 

analysis process, to establish the representative porosity necessary for upscaling from 

microscale to macroscale in sandstones. The technique is applied to bread samples and 

compared against a deterministic approach.  

Table 3-2. Mean cell wall thickness values for MicroCT scans and digital bread crumb 

correlated linearly (R2=0.99), but values obtained for digital bread crumb were 
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underestimated by a factor of 3. Similarly, interconnectivity indexes also correlated 

linearly (R2=0.99), but digital interconnectivity were also underestimated by a factor of 

3. The underestimation of cell wall thickness and interconnectivity indexes may relate 

to the differences in length scales. However, randomly generated digital bread crumb 

are able to encapsulate differences in pore structures, both in terms of pore distribution 

via the k and λ parameters and porosity via  , while being quantifiably similar to the 

original MicroCT dataset. Because of this, randomly digital bread crumb 

microstructures are deemed suitable for use in investigating the effects of pore structure 

on mechanical properties with the caveat that this is only a first-step approach and 

refinements are required. 

3.5.4. Effects of pore structure on mechanical behavior 

3.5.4.1. Minimizing heterogeneity using homogenization techniques 

 Figure 3-9 shows the resulting graph of applying homogenization technique 

described in section 3.3.5.2 to MM. A number of digital structures are generated based 

on a predefined random seed at varying length scales. The resulting ratio of effective 

bulk moduli of the sample, k, to the prescribed bulk moduli of the elements, k0 is 

recorded. Smaller sized samples exhibit significant amounts of variation due to the 

randomness of the structure. When the sample is sufficiently large, a homogenized 

property independent of heterogeneity in the microstructure is obtained. 

3.5.4.2. Finite element simulations of small strain uniaxial compression 

 A detailed overview of the current state of the art in the mechanical modeling of 

food products is given by Guessasma et al. (2011). The majority of investigations center 

on the linear elastic behavior of food products. Until a constitutive model of bread 

crumb behavior is developed, the functionality of using digital bread crumbs for non-
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linear mechanical behavior, such as bending, may be limited. Nonetheless, we 

demonstrate the capabilities of digital bread crumbs. 

 

Figure 3-9. An application of homogenization technique on digital bread crumb of MM at 70% 

porosity as a ratio of the effective bulk moduli (k) versus prescribed bulk moduli of the elements 

(k0). Each pore distribution is generated with a specific random seed. 

 Figure 3-10a is the stress-strain curve of a full scale compression experiment 

previously reported (Wang et al., 2011). A small box is drawn around the experimental 

small-strain compression region in Figure 3-10a and is enlarged in Figure 3-10b. 

Differences in experimental stress-strain curves are affected both pore distribution and 

overall porosity.  

3.5.4.2.1. Linear elastic elements 

 Figure 3-10c shows resulting stress strain curves from finite element analysis 

experiments on digital bread crumbs HS, MM, and LL at homogenized size scales. 

Elements were assigned a Young’s moduli of 100 kPa, which is within an order of 

magnitude of the Young’s moduli of the solid reported in the literature (Zghal et al., 

2002), and a Poisson’s ratio of 0.3, which has been previously used in the literature 

(Babin et al., 2005). Porosity was fixed at 80%. Differences in pore distribution resulted 

in a Young’s modulus for LL which almost doubles that of HS. Digital compression 

experiments exhibit the same general trend as experimental data indicating that 

differences in softness between breads can be partly explained by variations in pore 

distribution. 
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a)  b)  

c)  

Figure 3-10. Stress-strain curves for a) full scale experimental compression, b) experimental 

small strain linear elastic region, and c) digital small strain linear elastic compression 

experiments of HS (blue line), MM (green line), and LL (red line). Digital experiments were 

performed at 80% porosity, with linear elastic elements (Young’s modulus, 100 kPa and 0.3 

Poisson’s ratio). Digital compression experiments performed at identical porosities follow the 

same trend as real world experiments. Differences in stress-strain curves can be partially 

attributed to different pore distributions. 

3.5.4.2.2. Elastoplastic elements 

 Digital experiments were extended to test bread as elastoplastic elements 

(Young’s moduli, 100kPa, 0.3 Poisson’s ratio, and 10kPa yield stress), as shown in 

Figure 3-11. Compression experiments were also run with digital samples at porosities 

of 70%, 75%, 80%, and 85% to investigate the effects of porosity on the equivalent 

stress-strain characteristics. Increasing the porosity of the sample not only decreased the 

stresses during compression, but also highlighted differences in mechanical response 

due to pore distribution. With a more advanced constitutive model, digital bread crumb 

can be used to predict the friability of products as well as other sensory properties. A 

better understanding of the effects of pore structure could also lead to more specific 

product designs, e.g. breads created to have extra springiness.  
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a) b)  

c) d)  

Figure 3-11. Stress-strain curves for digital compression experiments of HS (blue line), MM 

(green line), and LL (red line) at a) 70%, b) 75%, c) 80%, and d) 85% porosity with 

elastoplastic elements (Young’s modulus, 100 kPa, 0.3 Poisson’s ratio, 10 kPa yield stress). 

Increasing porosity decreases stress-strain curves as expected, but pore distribution effects are 

dependent on overall porosity. 

3.5.5. Future improvements to digital bread crumb 

 Development of a material model for the solid phase is an essential next step for 

the application of digital bread crumb. Nano-indentation tests could serve as viable 

techniques for identifying the behavior characteristics of solid bread crumb. A validated 

material model for the digital bread crumb would open up opportunities to innovate 

texture on porous materials, developing products of controlled appearance and with 

specific properties. 

3.6. Conclusions 

 A method has been developed to create random digital bread crumb 

microstructures based on the pore structures of real world materials. Digital bread 

crumb have been shown to be suitable for use in isolating the effects of porosity and 
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pore structure for the simple compression of materials. Digital bread microstructures 

have been shown to be quantifiably similar to real world products in terms of cell wall 

thickness measurements, though they are not yet equivalent. Digital small strain 

compression experiments were performed, demonstrating significant differences in 

Young’s moduli which can be attributed solely to differences in pore microstructure. 

Future efforts to incorporate the open pore characteristics in addition to closed pore 

structure as presented in this paper should increase the similarity between digital bread 

crumb and real world products. Deriving an improved constitutive model for bread 

could expand the use of digital bread crumb for more advanced material design, such as 

obtaining an optimal bubble structure for maximum flexibility.  
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4. Growth of bubble structures in strong and weak doughs 

 

4.0. Introduction to chapter 

 Chapters 2 and 3 investigated the importance of the pore structures on bread 

quality. It was found that breads are made of one massively interconnected, single, open 

cell with solid strands that are also porous and contain closed cells (Chapter 2). The 

porosity of breads is dominated by the size of the single cell but mechanical properties 

of breads are influenced by both open and closed cells (Chapter 3). Prior knowledge 

says that doughs, from time of mixing, contain numerous air bubbles, too small to be 

visible by naked eye. However, to date there is no information for how bubbles present 

in doughs expand to create the single, open cell in breads or how the selection of flours 
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affect the above phenomena. The aim of this chapter is understand the interactions 

between flours and bubble expansion in doughs. This chapter has been published Food 

Research International as “Flour quality and disproportionation of bubbles in bread 

doughs”.  
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4.1. Abstract 

The bread making process transforms wheat flour doughs into highly porous breads. 

Bread has been shown (Wang et al. 2011) to be a single, open cell that is massively 

interconnected giving it a maze-like structure that encompasses the entire volume. The 

solid strands are also porous and contain closed cells. How the bubbles in dough mix 

partition into these open and closed cells in bread is not known. This study was 

undertaken to track changes in bubbles in doughs using 3-D x-ray microtomography 

techniques as doughs proofed and were baked. The mechanical properties of doughs 

were measured to establish how dough rheology impacted bubble growth. The doughs 

were made with ‘medium strong’ Canadian flour (CWRS) and ‘weak’ Australian flours 

(Wylk). Both doughs had similar protein amounts and strain-hardening characteristics; 

however the CWRS dough was more elastic. The scans identified formation of clusters 

of partially-coalesced bubbles from which one cluster grew to form a massively 

interconnected, single, closed cell in doughs as doughs proofed. Microscopy studies 

confirmed that the open cell in breads was made of partially-coalesced bubbles. 

Compared to the dough made with the Australian flours, the dough made from Canadian 

flour had a thicker dough layer separating bubbles, smaller size bubbles and a slower 

rate of formation of the continuous structure. This study highlights the critical role of 

dough elasticity and the disproportionation phenomena of bubble growth in controlling 

the quality of cell structures in dough and baked products. 

4.2. Introduction 

 Conventionally, flours with high levels of gluten protein (12–14% by flour 

weight) are used to make breads. The cereal industry measures the amount of protein in 

flour and dough strength to characterize and thereby, select wheat for baking (Hoseney, 

1994). Although the amount of protein influences the selection of wheat for baking, 

studies (Dobraszczyk and Morgenstern, 2003) have shown that protein content 
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correlated only poorly with bake volumes, which implies that protein amount is not the 

sole driver for baking functionality of flours. To date, short of baking, there are no 

assured methods to select flours for baking. Generally, high protein North American 

(NA) wheat are known to bake larger loaves and are preferred for baking (Dobraszczyk, 

1997; Halton and Scott Blair, 1936). The reasons for superior baking qualities of NA 

wheat are not understood. In the grain industry, flours are classified as either strong or 

weak for baking performances. Breads made of weak flours tend to lack proofing 

tolerance, produce smaller loaves which can be crooked in shape and have sub-standard 

bread texture.  

 Breads are highly porous materials. Air bubbles are trapped in doughs during 

mixing. These bubbles act as nucleation sites for leavening gases to collect and dough to 

rise (Baker and Mize, 1940; Chin and Campbell, 2005; Gan et al., 1990). In the oven, 

the bubbles expand further, starch gelatinizes and moisture evaporates leading to the 

formation of crusts and crumbs of breads. Ultimately, gas bubbles fracture which 

stabilizes the internal pressure in breads with that of the atmosphere. This explains why 

breads do not collapse when taken out of the oven. The sizes of loaves together with 

quality of crumbs (hard versus soft, crumbly versus pliable, springy versus plastic, etc.) 

define bread quality. Wang et al. (2011) have showed that breads made with ‘strong’ 

flours had soft, pliable crumbs while those from ‘weak’ flours had firmer, brittle 

crumbs.  

 How dough rheology affects expansion and coalescence of bubbles in doughs 

has been the subject of much research. The wheat flour doughs have the unique ability 

to stretch. It is thought that the more dough could stretch without rupturing, the greater 

the likelihood of bubbles expanding more and loaves to become large (Gan et al., 1990). 

However, as bubbles expand, the likelihood of coalescence between bubbles increases, 

compromising of crumb quality and loaf volume. It has been suggested that bubble 
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growth is likely controlled by Ostwald ripening or the process of disproportionation 

(Mills et al., 2003) which would mean that larger bubbles will grow at the expense of 

smaller bubbles.  

 It is known that dough strain-hardens during stretching. It has been hypothesized 

that by hardening up, dough would limit the growth of bubbles, reduce coalescence 

between bubbles and thereby increase loaf volumes (Dobraszczyk et al., 2003; van Vliet 

et al., 1992). However, bread doughs are elastic and large loaves are formed from high 

elasticity doughs (Halton and Scott Blair, 1936). The North American flours are known 

to mix more elastic doughs than those made obtained from Australian flours (Halton 

and Scott Blair, 1936; Patel and Chakrabarti-Bell, 2013). With the introduction of shear 

rheometers, dough elasticity has been measured at low shear strains, but no correlation 

with baking qualities has been observed (Stojceska and Butler, 2012).  

 Recent studies by Chakrabarti-Bell et al. (2013) have shown that dough 

elasticity, measured from large deformation, true strain rate, compression-recovery 

tests, successfully differentiated between a range of chapatti doughs (a type of Indian 

flatbread) for their gas holding abilities. By visualizing bubble structures using 

microtomography techniques, the authors reported that in chapatti doughs of atta flour 

(wheat grown in India, preferred for making chapattis), the solid layers in-between air 

bubbles were thicker, presumably due to greater elasticity of dough which meant 

doughs regained thickness better when rolled. The atta doughs lost fewer bubbles, the 

puffed layers in baked products were more porous and thus, softer in texture. To date, 

there is no information how dough elasticity affects the formation of crumbs in breads.  

Visualization of bubbles 

 The importance of crumb quality on bread quality is well established in cereal 

sciences (Cauvain, 1999). Attempts to visualize bubbles in doughs continue to be 
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researched. MRI was used by Rouille et al. (2005) to see if bubbles were encased by a 

liquid film. No conclusive evidence was found. Using 3-D microtomography, Bellido et 

al. (2006) reported that dough contained numerous bubbles, mostly invisible to the 

naked eye. Dough proofing was studied by Babin et al. (2006) using 3-D high speed 

synchrotron tomography. These authors reported that bubbles coalesced and became 

‘non-spherical’ during proofing and that the thickness of dough layers around bubbles 

first decreased and then increased. Visualizing the voids in breads using 3-D 

microtomography techniques, Wang et al. (2011) reported that bread is a single, open 

cell that is massively interconnected and has a maze-like structure that encompasses the 

entire volume of a loaf. The solid strands are also porous and contain closed cells. The 

differences in bread porosity and the distribution of open and closed cells largely 

defined firmness and texture of loaves. The ‘weaker’ flours produced firmer and cakey 

texture breads. How the bubbles in doughs separate into open and closed cells in breads 

is not understood at this time and that is the aim of this study. 

 The study is designed to analyze the interactions between flour, dough elasticity 

and growth of bubbles as doughs are mixed, proofed and baked. A Canadian and an 

Australian flour of similar protein amounts were selected. The amount of water was 

adjusted between doughs such that doughs had similar strain-hardening characteristics 

but differed in elastic responses. To incorporate kneading effects in preparing samples 

for testing, dough samples were stretched and released under controlled conditions of 

rate of stretch using an Instron. Portions were cut from the stretched strands of doughs 

and either frozen immediately to represent dough at zero time of proofing or proofed for 

various times and then frozen. Methods were developed to scan frozen doughs using 3-

D microtomography technique. The breads corresponding to various periods of proofing 

were baked and scanned. The study has given insights into the mechanisms of bubble 

growth and how flours affect quality of breads. Results are discussed below.  
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4.3. Materials and methods 

4.3.1. Materials 

 The Australian flour was Wylkatchem (Wylk), a single variety wheat flour 

(Australian Premium White, considered ‘weak’ for baking) and the Canadian flour was 

a single variety Canadian Western Red Spring (CWRS), considered ‘medium strong’ for 

baking. The optimal water absorption for Wylk and CWRS were 59.9% and 54.9% 

dough moisture, respectively (measured from Farinograph mixing, forming doughs of 

500BU). Doughs were formulated to have similar rheological characteristics. The 

CWRS flour had 11.8% protein and 7.4% damaged starch, while Wylk had 11.7% 

protein and 7.0% damaged starch.  

Mixing doughs: Optimal water doughs were mixed in 400 g batches using only flour, 

water and yeast. A six pin mixer (National MFG Co, Lincoln, NE) with an adjustable 

frequency drive (GE AF-300g11) operating at a speed of 100 rpm was used to mix the 

dough. Doughs were mixed optimally as given by mixer power curves with CWRS 

requiring 8.3 and Wylk 5.7 WHr/kg respectively. Portions were cut and frozen for CT 

scanning. Unleavened doughs were mixed only for dough rheology testing.  

Samples used for visualization:  

Doughs 

 During kneading, dough is exposed to varying levels of stretch and stretch rates. 

To incorporate kneading effects, dough strands were stretched in an Instron 8872 servo-

hydraulic material tester at true strain rates of 0.05, 0.5 and 5/sec. to strains of 1 and 

then released from stretch. Thus, dough strands were stretched and had elastic 

recoveries. A portion was cut from the recovered strands, proofed for 0, 10, 20 or 30 

minutes and then frozen for later visualization. Thus, for each rate, samples proofed for 
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different times had identical mechanical deformation. The above procedure was 

repeated for both flours giving two sets of dough samples with identical histories for 

sample preparation. These samples were not baked.  

Breads 

 A fresh mix of leavened dough was divided into 5 g samples and shaped into a 

cylinder using a molder. Samples were placed in a proofer and proofed for up to 50 

minutes at 10 minute intervals. After proofing, samples were baked (Moffat Turbofan 

E32M) at 180°C for 10 minutes. Baked bread samples were cooled. Samples were 

weighed on a digital scale and lengths and diameters recorded to calculate specific 

volume (SV, inverse of density). 

4.3.2. Methods 

4.3.2.1. Dough rheology testing and characterization 

 True strain rate, uniaxial, compression tests were performed using dough 

cylinders and an Instron 8872 servo-hydraulic material tester. An actuator arm 

controlling the location and movement of the top platen was programmed using 

Instron’s WaveMatrix Dynamic Testing Software (www.instron.com.au). Test methods 

similar to those used in this work have been previously reported (Chakrabarti-Bell et al., 

2010; Patel and Chakrabarti-Bell, 2013).  

 Samples were shaped using a mold to form cylinders (22 mm high, 22 mm 

diameter). Samples were placed on lubricated platens and compressed to a strain of 0.8 

at rates of 0.05, 0.5, and 5/sec. Displacement and force data were automatically 

recorded and converted to stress and strain data. 

 True Strain = –ln (1 – Δh / h0) (eq. 1) 

 True Stress = F / A = F / (πr2 h0 / Δh) (eq. 2) 
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where Δh is the change in height of the sample, h0 is the initial height, F is the measured 

force, A is the cross sectional area of the dough. With lubricated platens, frictional 

effects are eliminated and dough samples deformed uniformly. After testing, samples 

were immediately frozen. 

 The strain-hardening coefficients were derived by fitting a power law to 

maximum stress, all at the same strain of 1 vs. the three different strain rates. The 

recovery strain was the difference between strain at point of reversal of direction of 

actuator, i.e. point of maximum stress, and the strain at which the force became zero.  

4.3.2.2. X-Ray microtomography scanning  

 Leavened doughs were molded into cylindrical samples with flared ends (35 mm 

long, 10 mm diameter). Samples were glued at the ends and placed on platens of an 

Instron 8872 servo-hydraulic material tester. The tests followed methods reported by 

Patel and Chakrabarti-Bell (2013). Dough samples were prepared as described in 4.3.1. 

Stretched samples were cut near the ends and the middle portion was placed into the 

proofer for 10, 20 or 30 minutes. Samples were placed into a plastic bag and 

immediately frozen after proofing. A fresh batch of dough was mixed to get samples to 

correspond to each strain rate of dough extension. A freshly stretched sample without 

proofing was also prepared and frozen.  

 Frozen dough samples were rotated 360° along the vertical axis. Over the course 

of the scan, doughs often became less rigid due to thawing and shifted in position. 

These sample movements caused errors in reconstruction and were unusable for 

analysis. A custom made polystyrene sample apparatus containing dry ice above and 

below the dough sample was used to keep samples frozen for the duration of the scan.  

 XRadia software included with the VersaXRM-500 was used for both image 

acquisition and reconstruction. Samples were scanned at 110 kV and 10 W. 1200 
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projection images were acquired at 4 magnification. Ten reference images were 

averaged every 400 images. The source and detector were positioned 23 and 131 mm, 

respectively, from the sample container for a resolution of 10.19 m per pixel. Exposure 

time was 0.25 seconds and images were binned by 2. The total scan time per sample 

was approximately 30 minutes. Approximately 1000 2-D tiff images were reconstructed 

using the detected center shift. 

4.3.2.3. Visualization of microstructure 

4.3.2.3.1. Image pre-processing 

 Stacks of 2-D cross sectional CT images were analyzed using a pseudo-

automated method. Images were cropped using ImageJ (rsbweb.nih.gov/ij/) to include 

only portions of the dough and not the surrounding empty space. The image stack 

underwent a static processing workflow to improve image quality before being 

binarized. The dough phase was labeled as ‘0’ and bubbles were labeled as ‘1’. Stacks 

of microCT images were then exported as a 3-D raw data for quantitative analysis. An 

automated thresholding and analysis method was developed to simplify this process 

(Jensen et al., 2014). 

4.3.2.3.2. Estimation of dough layer thickness  

 The dough layer thickness—the average distance between bubbles—was 

calculated using CTAn v1.11.4.2 (www.skyscan.be). 3-D raw data was loaded into 

CTAn and a 3-D analysis was performed with options for trabecular thickness, 

trabecular separation, degree of anisotropy and number of objects checked. This method 

is similar to one reported by Bellido et al. (2006). 

4.3.2.3.3. 3-D Visualization of bubble structure 

 3-D datasets were quantified using Avizo Fire (www.vsg3-D.com). Binarized 3-

D datasets were analyzed using the built-in ‘Quantification’ module to identify and 

characterize bubble structure. Individual bubbles were identified and data relating to 

http://www.skyscan.be/
http://www.vsg3d.com/
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volume, surface area and location were extracted. Bubble data was taken in aggregate 

and normalized to the volume size of the scanned area. Data such as porosity, 

normalized count, average bubble volume size and pore size frequency were then 

plotted to compare the evolution of these values over the course of proofing for each 

sample. For generated images, bubbles within a given size range were colored by a 

specific color with each change in color approximately representing a doubling of the 

radius. This allowed for smaller bubbles to be quickly distinguished from larger bubbles 

as reported by Chakrabarti-Bell et al. (2013). Bubbles were assumed to be perfectly 

spherical when calculating radii values. These data are presented in section 4.4.4. 

4.3.2.3.4. High resolution optical microscopy of breads 

High resolution optical microscopy (Nikon Inverted Eclipe TiE with a diffusion filter, 

www.nikoninstruments.com) was performed on baked bread samples to further 

investigate differences in crumb quality. Bread samples for CWRS and Wylk baked 

after 0, 30 and 50 minutes of proofing were imaged. Original images were 2560  1920 

with a resolution of 0.34 m per pixel or an area of 0.87  0.65 mm2. 

4.4. Results 

4.4.1. CDN and Wylk breads 

 Figure 4-1 shows that the specific volume of both Wylk and CWRS doughs 

increased during the first 30 minutes of proofing. After 30 minutes the SV of Wylk 

began to decrease while the SV of CWRS continued to increase. Thus, if compared at 

optimal proofing time for CWRS, Wylk would score less in baking qualities. The 

CWRS bread had a finer crumb structure than Wylk.  
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Figure 4-1. Comparison of SV values in baked CWRS and Wylk samples over proofing time. 

Samples at 20 minutes are shown. Note the finer crumb structure in CWRS bread. 

4.4.2. Dough rheology  

a)  

 

b)   CDN Wylk 

 Type of 
Test Sn Rate Elastic 

Recovery (sn) 
Peak 

Stress (kPa) 
Elastic 

Recovery (sn) 
Peak 

Stress (kPa) 
 C 0.05 0.100 2.107 0.086 1.997 
 C 0.5 0.074 3.624 0.061 3.811 
 C 5 0.011 6.840 0.004 6.859 
 T 1 0.167 15.061 0.131 9.739 

 

c)  Flour-water ratio w/w K (kPa sn) n 
 CDN 1.67 4.46 0.26 
 Wylk 1.82 4.50 0.27 

Figure 4-2. Results from dough rheology testing: a) An example of a typical stress–strain curve 

of a compression test marked with peak stress and elastic recovery measurements for 

CWRS1.67, b) elastic recovery vs. peak stress data for CWRS and Wylk dough samples showing 

higher elasticity for CWRS doughs (C = compression test, T = tensile tests) and c) power law 

coefficients obtained from compression tests. Reported values are the averaged results of two 

replicates. 
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 Figure 4-2a shows the stress–strain–recovery plot of CWRS dough at 1.67 flour-

to-water ratio for two replicates over two orders of magnitude of stretch rates. Note the 

similarity in stress-strain behavior between replicates. Differences in strain value 

between samples were due to initial sample height. The lower total strain reached in 

5sn/s testing is due to the acceleration and deceleration behavior in the machine. Since 

elastic recovery is a function of stress (Chakrabarti-Bell et al., 2010), recoveries at 

various rates of compression were compared against onset stress for recovery in Figure 

4-2b. Note that peak stresses were similar between flours but elastic recoveries of 

CWRS were measurably higher than those of Wylk. A greater elastic recovery for 

CWRS dough was also observed in extension. Strain-hardening values were similar 

between CWRS and Wylk doughs, see Figure 4-2c.  

4.4.3. 3-D visualization of bubble structures in doughs  

 3-D images of bubbles in dough at various times of proofing are shown in 

Figure 4-3a. At the start of proofing (t = 0 min), bubbles exist as individual entities. In 

CWRS, most of the bubbles were 13–19 µm radius (green) and an average dough 

porosity was 1.5%. For Wylk, most of the bubbles were 29–62 µm radius (red) with an 

average dough porosity of 2.5%. The higher porosity of Wylk doughs is explained by 

bubbles being larger in this dough. Formation of clusters of bubbles was detected after 

10 minutes of proofing. By 20 minutes, a large, interconnected structure (pink) with 

partially-coalesced bubbles had formed in Wylk dough. A similar interconnected 

structure with partially-coalesced bubbles was observed in CWRS after 30 minutes of 

proofing. This network of bubbles is reminiscent of the maze-like structure of the open 

cell in breads. It appears that the maze-like, single, closed cell in proofed doughs 

convert into the maze-like, single, open cell in breads. Not all bubbles became part of 

this massive, single cell as plenty of smaller bubbles remain dispersed throughout the 

dough.  
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a) CDN Wylk 

0 
min 

  

 1.5% average porosity 2.5% average porosity 

10 
min 

  

 4.1% 10.7% 

20 
min 
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 15.0% 25.5% 

30 
min 

  

 33.3% 39.9% 

Figure 4-3. Visualization of bubble structures in dough in 3-D. Examples of a) the 3-D bubble 

structure of CDN and Wylk dough stretched at 5sn/s and after 0, 10, 20, and 30 minutes of 

proofing. Bubbles are colored by volume size. The order of colors is blue (smallest, <13µm 

radius), green (13-29µm), red (29-62µm), yellow (62-134µm), teal (134-288µm), grey (largest, 

>288µm). The pink structure is interconnected. Samples volumes ranged between 200-300mm3 

with average dimensions of 6.5 x 4.5 x 7.5mm3. 

 The formation of this highly tortuous single, closed bubble that is proofed dough 

is being reported here for the first time. This maze-like structure explains how a fragile 

substance like proofed dough can remain upright and hold its shape. It should be noted 

that in the event of a few cell walls breaking, the whole cell may not necessarily 

collapse. The weakening of internal structures may not become apparent until the dough 

is baked. It is understandable why doughs with weakened cell structure could turn out 

smaller and/or crooked in shape.  

 Networks of partially-coalesced droplets have been reported for food emulsions 

and foams, e.g., ice-creams, whipped cream (Dickinson, 2010). Such structures explain 

how mixes of fluids become self-supporting. A common mechanism of instability in 

bubbles, which leads to coalescence, is that of disproportionation by which smaller 

bubbles either shrink or not grow while bigger bubbles grow faster (Ettelaie et al., 2003; 
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Hunter et al., 2008; van Vliet, 2008). This is due to increased Laplace pressure of 

smaller bubbles, which means gas preferentially migrates to larger bubbles. This 

concept, also seen in metal foams (Elzey and Wadley, 2001), is captured in the 

schematic in Figure 4-4. These images provide conclusive evidence of the importance 

of bubble size distribution and Ostwald ripening or disproportionation of bubbles on 

baking qualities of doughs. A consequence of the disproportionation phenomenon is the 

formation of a critical size cluster. Once this critical size cluster is formed, expansion 

accelerates. In the baking industry, this quickening of the rate of proofing is a well-

established phenomenon. It was thought to arise from an increase in the rate of gas 

production by yeast. This study shows that it is indicative of formation of crucial size 

cluster of bubbles.  

 

Figure 4-4. Schematic describing the formation of single interconnected cluster of voids from 

Elzey and Wadley (2001). Image has been slightly modified for clarity. Reproduced with 

permission. 

 As to how individual bubbles are stabilized in dough or more specifically the 

composition of the interfacial layer between gas and liquid in dough remains to be 

established. Mills et al. (2003) concluded that the interface could consist of more than 

one component including lipids, polysaccharides and surface-active proteins. Dubreil et 
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al. (2002) has shown presence of puroindolenes. Brooker (1996) has shown fat crystals 

at the gas-liquid interface. Stabilization of bubbles by particles is another mechanism 

(Hunter et al., 2008). That proteins could act as particles and stabilize bubbles in food 

systems has been proposed by (Dickinson, 2010), as proteins are widely used in food 

systems as stabilizers for food foams and emulsions. 

4.4.4. Flour quality effects on bubble structures  

 The scans of dough at various times of proofing were analyzed for normalized 

count, sizes, porosity and interconnectivity indices of bubbles in dough (Figure 4-5). 

Bubble size and dough porosity: Figure 4-5a shows the normalized count for CWRS 

and Wylk over the course of proofing in the unit volumes of dough selected for 

comparison. Both flours reach a peak normalized count of ~200 bubbles/mm3 after 10 

minutes of proofing. These values are larger than those reported for ‘stiff’ and ‘slack’ 

doughs (30 and 56 bubbles/mm3, respectively) (Bellido et al., 2006). Porosity is driven 

by the number and size of bubbles. Wylk dough, with larger bubbles, was more porous 

than CWRS at all proofing times (Figure 4-5b and c). Specifically, at 0 minutes, average 

bubble volume in Wylk was 2.9 ± 1.1  105 µm3 versus 1.0 ± 0.1  105 µm3 in CWRS, a 

significant difference. However, higher porosity of dough, arising from larger bubbles, 

does not necessarily translate into higher baked volumes (Figure 4-1), but it explains the 

faster rate of proofing as seen for the plots of interconnectivity indices. The 

interconnectivity indices (Figure 4-5d) followed an S-curve, similar to that reported by 

Babin et al. (2006). The rapid increase in interconnectivity occurred between 10-20 

minutes of proofing for Wylk and 20-30 minutes for CWRS. As discussed earlier, gas 

preferentially migrates to larger bubbles, which leads to dominance of large cluster 

growth with eventual creation of maze-like single, closed cells. The characteristic 
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acceleration in proofing rate is due to the formation of the critical cluster, not from the 

increased rate of gas production.  

a) 

  

b) 

  

c) 

  

d) 

  

e) 
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Figure 4-5. Quantitative comparison of bubble structure characteristics in Wylk and CWRS 

doughs during proofing as a measure of a) normalized count, b) porosity, c) average bubble 

size, d) interconnectivity indices and e) bubble size distribution. CWRS exhibits a gradual 

increase in bubble size as dough proofs compared with the more non-uniform growth seen in 

Wylk. 

Bubble size distributions in doughs: Bubble size distribution curves for both CWRS 

and Wylk dough shifted to the right with proofing time indicating an increase in average 

bubble size (see Figure 4-5e). The shift in bubble size distribution was more steady and 

uniform for CWRS dough and less uniform for Wylk dough. Non-uniform distribution 

of gas bubbles in pumice rocks has been cited as a cause of de-gassing during magmatic 

explosions, i.e. large variations in bubble sizes encourage faster bubble coalescence and 

more readily creates a permeating structure for which gas can escape (Klug and 

Cashman, 1996). Similarly, the non-uniform distribution in bubble sizes explains the 

faster proofing of Wylk. An interesting observation is that there existed a subset of 

bubbles which remained the same size at both time 0 and after 30 minutes of proofing. 

This could be another consequence of Ostwald ripening. 
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4.4.5. Dough elasticity and dough layer thickness  

 In the case of chapattis, dough with higher elasticity maintained bubble 

separation better than less elastic dough (Chakrabarti-Bell et al., 2013). However, 

strain-hardening characteristics had differed between chapatti doughs. In the case of 

CWRS and Wylk, doughs had similar strain-hardening but differed only in elasticity.  

 Figure 4-6a gives a typical result of plotting the dough’s cell wall thickness 

distributions for CWRS and Wylk dough. The results can be described by a normal 

distribution function (Bellido et al., 2006; Chakrabarti-Bell et al., 2013; Turbin-Orger et 

al., 2012). Cell wall thicknesses can be characterized as a mean thickness with a 

standard deviation. For Wylk, mean thickness values are consistently lower than CWRS 

(Figure 4-6b), but differences diminish after 30 minutes of proofing when the 

permeating structure of a single, interconnected bubble has been established for both. It 

follows that dough that maintains the thickness of the solid phase in between bubbles 

are better positioned to restrict the rate of coalescence, allowing bubbles to grow more 

slowly.  

 The thickness values of 400 μm and 325 μm for CWRS and Wylk, respectively, 

at 0 minutes were similar to values of 460 μm and 338 μm cited for ‘stiff’ and ‘slack’ 

dough Bellido et al. (2006). Similarly, 30 minute thickness values ~200 μm were similar 

to values reported by Turbin-Orger et al. (2012) for dough after an hour of proofing. 

However, dough was not tested for elasticity by the above authors.  

 Standard deviations in cell wall thickness highlight variability in cell wall 

structure. The coefficient of variation (COV, ratio of the standard deviation divided by 

mean cell wall thickness) of cell wall thicknesses are shown in Figure 4-6c. As bubbles 

grow, COV increased for both suggesting decreasing uniformity in the dough layer, 

although the value is consistently greater for Wylk. As the bubbles grew, the bubble 
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separation distance decreased. It can be envisaged that after gas migrates into a cell, the 

cell expands, and then could deflate if the gas supply does not increase to maintain the 

rate. This deflation would contract the bubble, allowing the dough layer to stretch and 

recover. If the dough is more plastic then the separation layer may not recover as much 

as a more elastic layer. Short of dynamic experiments in a synchrotron, it is not possible 

to confirm the exact dynamics of bubble expansion and thinning of the dough layer. For 

now, it can be said that dough with higher elasticity could provide a more uniform 

growth of bubbles, as seen with CWRS. This relationship needs to be confirmed in 

future studies with a larger number of flours and doughs. 

a)  b)  

c) d)  

Figure 4-6. Comparison of dough thickness in CWRS and Wylk. a) Example of thickness 

distribution fitted with a normal distribution. Changes in b) mean dough layer thickness, c) 

coefficient of variation and d) mean bubble size in dough structure are tracked over 30 minutes 

proofing. Higher elasticity in CWRS doughs retains larger separation between bubbles and 

limits growth of bubble size. 
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4.4.6. Analyses of breads 

4.4.6.1. Partially coalesced voids in breads 

 Imaged optical microscopy baked CDN and Wylk samples are shown in Figure 

4-7a and Figure 4-7b, respectively. The pore structure begins as a dense structure and 

transitions into a more open structure as proofing time increases in both cases. The finer 

structure in CWRS breads has comparatively fewer and smaller bubbles than the Wylk 

counterparts. Furthermore, the solid structures in CWRS breads are more opaque than in 

Wylk breads with greater thickness of layers. Figure 4-7c confirms the existence of the 

open structure, partial coalescence of bubbles and closed cells in bread microstructure. 

This is the first microscopic identification of these structures from real samples.  

 

a)    

 0 min 30 min 50 min 

b)    
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c)  

Figure 4-7. High resolution optical microscopy of the bubble structure in a) CDN and b) Wylk 

baked breads at 0, 30, and 50 minutes. c) confirms the existence of the open structure, partial 

coalescence, and closed cells in bread crumb. Scanning resolution was 0.34μm/pixel with an 

image size of 2560x1920. 

4.4.6.2. SV and porosity in baked breads 

 A quantitative comparison of baked CWRS and Wylk bread samples over 50 

minutes of proofing found minimal differences in terms of bubble size distribution, 

interconnectivity indices or bubble size distributions for a given proofing time. Mean 

cell wall thickness differences originating due to dough elasticity persist through 

baking, but COV values become nearly identical (see Figure 4-8a and Figure 4-8b). Cell 

wall thicknesses alone are not enough to explain why CWRS has higher SV but lower 

porosity than Wylk after 40 minutes of proofing (see Figure 4-1 and Figure 4-8c). Note 

that the SV for Wylk dropped after 30 minutes implying porosity had decreased more 

relative to mass (moisture loss during baking). In the samples imaged, porosity for 

Wylk breads varied little from 30 minutes onwards, while that for CWRS continued to 

increase. The decrease in SV may be caused by collapse due to low levels of over-

proofing in doughs. Cracks in the microstructure due to this may not captured by the 

microtomographic bread data and would not be reflected in porosity measurements. 

This anomaly demonstrates a challenge when scanning doughs and breads. 
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a) b)  

c) d)  

Figure 4-8. Comparison of quantitative data for voids in baked CWRS and Wylk breads. Note 

the higher count of closed bubbles in CWRS. The porosity of Wylk remained invariant over time 

beyond 30 minutes of proofing while that of CWRS continued to increase. This is an anomaly 

and discussed in the text. 

 In breads, bubble count (Figure 4-8d) refers to the closed cells since there is only 

one open cell. Note that counts of closed cells in breads are smaller than in doughs. The 

high porosity and interconnectivity indices for breads (99%+ for all breads, including 

dough baked without an interconnected bubble structure) indicate thermal expansion is 

widespread during baking. In both CWRS and Wylk, bubble count declined by 80% in 

transitioning from dough to breads but porosity increased by only ~25%. This is 

because porosity is driven by big bubbles. In line with dough observations, CWRS 

baked breads had a thicker dough layer. The greater SV of CWRS breads is due to 

continued growth of bubbles while the maze-like structure continues to collapse in 

Wylk. Since the rheological properties of these two doughs were similar but for 

differences in elasticity, the results point to the importance of dough elasticity in 

maintaining integrity of bubbles, in line with observations made for chapatti doughs 

(Chakrabarti-Bell et al., 2013). 
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4.5. Discussion  

 This study shows that bubble size plays a critical role in defining dough quality. 

The question arises why bubble shapes and sizes differ in doughs when flour changed 

since both doughs are mixed under identical conditions. It is likely that in dough with 

low elasticity, bubbles break up and coalesce during mixing, while in more elastic 

dough they become spherical and smaller as dough contracts. It was thought that 

bubbles must grow maintaining individual identity and, after baking, there would be 

many open cells in breads (Gan et al., 1990). The present study projects a different 

image; it showed that a tortuous, single, closed cell forms in dough during proofing, 

which turns into a tortuous, single, open cell in bread. The rate of formation of this 

network of bubbles has a significant effect on the resultant loaf volume and crumb 

texture. It is highly likely that bubbles excluded from the single cell structure in dough 

become the closed cells in breads. In ‘weak’ flours, the rate of formation of critical size 

cluster is faster since the bubbles are larger in fresh dough mixes. The precise 

relationship between dough’s elasticity and bubble size distribution as a result of mixing 

merits further studies.  

 In the traditional breadmaking processes, which were developed using ‘strong’ 

flours, doughs are rested and kneaded by repeat stretching and folding with the goal of 

creating a uniform mix of yeast and gluten in dough matrices. The effects of resting and 

kneading were briefly investigated in this study. Results showed that resting led to more 

bubbles in CWRS dough while stretching and folding (as in sheeting doughs) elongated 

bubbles (shown in Appendix A). While such effects on bubbles are beneficial to 

CWRS-type doughs which start with small bubbles, such effects would be detrimental 

to Wylk type doughs as it would increase the sizes of bubbles and lead to poorer baked 

qualities. Thus, it is transpiring that the methods established for ‘strong’ doughs would 

not be suitable for processing ‘weaker’ doughs.  
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4.6. Conclusion 

 A link between dough elasticity and development of bubble structure has been 

established. Visualizing the bubble structure showed qualitative differences in growth 

behaviour in 2-D and 3-D. Higher elasticity CWRS doughs maintained more uniform 

bubble size distribution throughout the proofing process resulting in slower 

development of a permeating structure. Bubble structures were quantified by assessing 

individual bubbles, overall bubble characteristics and dough layer characteristics. 

CWRS and Wylk doughs shared similar trends in terms of overall characteristics, but 

differed significantly in bubble size distribution and cell wall thickness distribution. 

Dough elasticity not only impacted mean cell wall thickness, but also the relative 

variability in cell wall thickness, which could promote chancy coalescence of bubbles in 

lower elasticity doughs. The impact of high variability in bubble size distribution has 

been described for pumice rocks, resulting in faster creation of a permeating structure 

and degassing. A similar phenomenon could explain why lower elasticity Wylk doughs 

have lower SVs but higher porosity values after baking than their CWRS counterparts. 

The hypothesis for how bubble structure and dough rheology affect volume growth 

during baking has been presented. Understanding the impact of dough elasticity, and 

cell wall thickness and its variability could lead to the development of processing 

methods for lower quality flours to create high quality breads by controlling bubble 

growth, development of the bubble structure and the resultant bake product. 
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4.8. Appendix 4-A. Dough processing effects on bubble structures 

 It is standard practice to let dough rest after mixing and to stretch and fold dough 

repeatedly during kneading. Do the above events affect bubble structure in dough? Two 

separate experiments were performed examining (1) the effect of resting on unleavened 

CWRS doughs and (2) the effect of sheeting folded dough on bubble structures in 

dough. Samples were prepared and frozen before scanning as described in 0. Results 

showed that the number and size distribution of bubbles increased significantly in rested 

dough (Figure A-1).  

a)  b)  

Figure A-1. Bubble structure in unleavened CWRS dough after a) 0 minutes and b) 150 minutes 

of resting. A noticeable shift in the density and distribution of bubbles occurs. 

 It was reported by Chakrabarti-Bell et al. (2010) that dough strands tear during 

relaxation given high localized stress. Such internal tears, if occurring inside solid 

gluten strands could create voids, which also could act as nucleation sites for gases to 

collect. This mechanism differs from that of new bubble creation which is extremely 

unlikely given high Laplace pressure. An increase in bubble concentration in CWRS 
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type dough is favorable for improving baking qualities given that bubbles grow slowly 

in such dough. On the other hand, an increase in bubble concentration in Wylk dough 

would be detrimental to baking qualities since bubble expansion would be even faster 

with the likelihood of excluding more bubbles to participate in the maze-like structure. 

A higher concentration of closed cells leads to brittle crumbs, a characteristic of breads 

made with weak flours (Wang et al., 2011).  

 Figure A-2 demonstrates that bubbles deform in the direction of stretch, when 

Wylk doughs were folded and sheeted. Bubbles are flattened and elongated in the 

direction of the sheeting process. As dough was folded during sheeting, the layering 

effects are visible in the images. The bubbles retained the elongated shapes as dough 

lacked elasticity. Further studies are required to understand how bubble deformation 

could impact proofing and baking of doughs of Wylk flours.  

 

Figure A-2. Flattened bubble structures in Wylk doughs sheeted at a roll speed of 500 mm/min.  
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5. Application of percolation theory to pore structures in bread and 

doughs 

 

5.1. Introduction to chapter 

 Chapters 2 and 3 demonstrated how the size and spatial distribution of pores 

affect quality of breads. Chapter 4 showed how air bubbles, trapped in doughs during 

mixing, turn into pores in breads and affect bread quality. A single, closed cell of 

interconnected bubbles was seen to form in doughs during proofing, which turned into a 

single, open cell with interconnected voids upon baking. The bubbles that did not 

become part of the single closed cell in doughs presumably became the closed cells 

entrapped in bread’s solid matrix. The theory of percolation, derived from statistical 



- 106 - 

physics, is widely used to characterize network structure of materials. It is used for 

various purposes including upscaling of structure and relating microstructure to material 

properties. The theory helps to derive threshold values for formation of networks. The 

premise of this chapter is that the formation of the interconnecting bubble structure in 

bread is a percolation problem. This chapter investigates whether the application of 

percolation theory can identify differences in bubble microstructure and identify their 

impact on product quality, as was hinted at in Chapter 4. If confirmed, percolation 

theory would be a powerful tool with which cereal scientists can study flour and product 

quality from a theoretical perspective. Further work is necessary to establish how 

percolation theory could have practical applications in cereal science. Note that this 

thesis chapter may undergo some modifications before being submitted for publication. 
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5.2. Introduction 

 Microtomography studies have shown that bread is made of a single, massively 

interconnected, open pore that explained 99% of the porosity of breads (Wang et al., 

2011). Porosity of breads that were soft and ‘bready’ (indicative of high quality) was 

~80%, which decreases to ~60% in firm and cakey texture breads. The solid strands in 

all breads are also porous. The average volumes of closed pores are higher in firm, 

cakey breads.  

 It is known that air bubbles (also called voids or pores), trapped in doughs 

during mixing, turn into the pores in breads after doughs are proofed and baked. 

Microtomographic studies investigating the changes bubble dispersion in doughs during 

proofing have shown that bubbles start to coalesce early on during proofing but, 

ultimately, one cluster dominates growth and a single cell of interconnected bubbles 

form. The rate of growth of bubbles (or clusters) was dictated by elasticity of doughs 

and the phenomenon of Ostwald ripening. When dough is more elastic, the bubbles are 

spherical and the thickness of the solid phase between bubbles/clusters is greater, 

restricting bubble coalescence. Ostwald ripening explains why large bubbles grow at the 

expense of smaller bubbles. Since the pressure in larger bubble is lower, the leavening 

gases during proofing preferentially migrate to larger bubbles. This results in the 

formation of a critical size cluster which grows at the expense of other clusters. In 

doughs, this critical size cluster ends up creating a maze-like structure spanning the 

entire volume of dough. Since yeast continually produces gas, the cluster grows 

continually, eventually causing cells walls to rupture and the dough to collapse. This is 

called overproofing of doughs. It stands to reason that the bubbles which remain 

isolated (i.e. bubbles which do not become part of the interconnected cluster) become 

the closed cells in the solid strands in breads. This study showed that size and 

distribution of bubbles play deterministic roles on proofing and baking qualities of 
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doughs. These network structures are integral to quality of doughs (and flour) and 

breads.  

 The theory of percolation provides parameters that are used to connect 

microstructure to material properties. The theory is used widely to describe network 

structures using a set of universal constants. Some examples of continuous systems are 

gels (Winter and Mours, 1997), foams (Elzey and Wadley, 2001), pores in rocks that 

define path of fluid flow (J. Liu and Regenauer-Lieb, 2011), or even the formation of 

coffee in a coffee percolator. By using this method, the minimum level of contacts, 

known as percolation threshold, that is necessary to create the continuous path could be 

derived. Below percolation threshold, clusters of pores can exist, but only in isolation. 

Percolation theory is able to mathematically relate geometry and statistics of both 

infinite and finite clusters (Stauffer and Aharony, 1994). Thus, percolation concepts are 

universal and scalable. These concepts have been previously applied to investigate 

conductivity (Stauffer and Aharony, 1994).  

 In an infinitely large grid, a percolating cluster exists when a single cluster spans 

the entire range of the grid. This occurs at P=0.59274 in the 2-D square array case and 

is called the percolation threshold (Christensen, 2002; Kapitulnik et al., 1983). Below 

the percolation threshold, only isolated clusters occur. Above the percolation threshold, 

the percolating cluster is guaranteed even as individual clusters continue to exist. The 

percolation threshold therefore represents a change in behavior for the system, e.g. from 

sets of isolates clusters to an infinitely interconnected cluster. 

 Percolation theory can also be used to derive critical exponents for correlation 

lengths and fractal dimensions, which are useful in upscaling material structures. 

Methods to derive percolation thresholds and critical exponents using Microtomography 

data have been reported by Liu and Regenauer-Lieb (2011). Percolation theory has not 
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been applied to describe dough proofing or bread baking. In this work we apply the 

methods of Liu and Regenauer-Lieb (2011) to determine percolation thresholds of 

network structures in doughs and bubbles and investigate how flour differences affect 

these constants. The experiments and the microtomography data were presented in 

Chapter 5.  

5.3. Materials and Methods 

5.3.1. Materials 

5.3.1.1. Doughs 

 Figure 5-1 shows the bubble networks formed in doughs of two different flours. 

The details of the doughs and the images are originally presented in Chapter 4. The 

flours used to make the doughs were a single variety Canadian Western Red Spring 

flour (CWRS, 11.8% protein, 7.4% damaged starch) and Wyalkatchem, a single variety 

Australian Premium White flour (Wylk, 11.7% protein, 7.0% damaged starch), 

respectively. 

a)  b)  

Figure 5-1. Bubble network structures after 30 minutes of proofing in doughs made from a) 

CWRS and b) Wylk flours. Note that the pink interconnected structure is more expansive in Wylk 

than CWRS.  

5.3.1.2. Breads 
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 Two sets of breads were analyzed. The first set was the products obtained by 

baking the doughs presented and discussed in Chapter 4. The second set was the 

commercial breads that were presented and analyzed in Chapter 2. Both sets of data are 

reproduced in Table 5-1. There were noticeable textural differences in these breads. 

Table 5-1. Various material characteristics of breads used for analysis. (Wang et al., 2011).  

 A B C D E 

Protein (%) 13.20 11.83 11.50 10.15 9.47 

Young’s modulus (kPa) 3.70 5.68 15.89 21.71 39.89 

Porosity (%) 79.8 ± 4.4 84.0 ± 1.0 72.5 ± 3.5 79.0 ± 3.0 72.9 ± 11.4 

Specific volume (cm3/g) 6.30 ± 0.63 8.00 ± 1.14 6.22 ± 0.24 5.52 ± 0.27 3.08 ± 0.32 

Interconnectivity index (%) 99.95 ± 0.05 99.97 ± 0.02 99.66 ± 0.30 99.70 ± 0.13 98.59 ± 0.76 
Average closed pore volume  

(mm3 x 10-4) 2.00 3.04 6.42 8.46 10.00 

Permeability (Darcy) 2.37 136.97 1.85 0.28 n/a 

Texture Bready  
(pliable) Bready Bready Cakey 

(crumbly) Cakey 

 

5.3.2. Methods 

 The sequence of steps in using microtomography data to derive percolation 

threshold developed Liu and Regenauer-Lieb (2011) are shown below. The developed 

workflow by Liu and Regenauer-Lieb (2011) includes a comprehensive derivation of 

stochastic probability for representative volume elements and other percolation theory 

constants for scaling laws and is replicated as  

Figure 5-2. This work primarily explores the percolation threshold as a function of flour 

quality differences. An assessment of fractal dimensions and critical exponents and their 

potential applicability to bread microstructure is given in Appendix 5-A. 
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Figure 5-2. Schematic of percolation theory workflow for microtomographic data from Liu and 

Regenauer-Lieb (2011). 

5.3.2.1. Determining percolation thresholds 

 Liu and Regenauer-Lieb (2011) demonstrate the applicability of percolation 

theory to directly assess microCT datasets. They developed a “critical model method” to 
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inflate and deflate digital structures boundaries in order to identify the volume fraction 

at which a percolation cluster appears. The method was applied to a range of materials 

including rocks, a tree branch, and bread. Volume fractions at which a percolating 

cluster occurred ranged from 0.31% (tree branch) to 24.48% (bread crumb) depending 

on the underlying structure. 

5.3.2.2. 3-D visualization and characterization of derivative models 

 Dough and bread samples were originally scanned and binarized into 3-D datsets 

with values of ‘0’ for pores or ‘1’ for solid. Derivative models were created using a 

Fortran program by analyzing the original 3-D binary datasets and shrinking or 

expanding the bubble structure by 1 as described in the critical model method. For 

example, given a bubble with a radius of 5 pixels, an inflation operation would result in 

a radius of 6 and a deflation operation would result in a radius of 4. For non-uniform 

structures, the boundaries were simply shrunk or expanded by 1 pixel. After each 

operation, the derived 3-D structure model was saved. 

 The bubble structures of 3-D derivate models were analyzed to identify whether 

a percolating structure existed. A percolating structure is a continuous path through the 

bubble structure that extends throughout the model in either the sagittal, coronal, or 

transverse plane. Two end points were defined. The first was the lack of a percolating 

structure. The second was when the percolating structure extended through all three 

planes, i.e. all six faces of the model were connected by a single highly interconnected 

structure. The derivative model with the largest void volume fraction but not containing 

a percolating structure was considered the percolation threshold case. The derivative 

model with the smallest void volume fraction which contained a percolating structure 

was considered the full percolation case. The difference in void volume fraction 

between full the percolation threshold and full percolation is considered a “transition 
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phase”. The void volume fraction is less at the percolation threshold than in the full 

percolation case.  

 Derivative models were imported into Avizo 7.1 (www.vsg3-D.com) for 

visualization and characterization. Data relating to overall porosity and individual 

bubbles, e.g. count and volume size distributions, were recorded.  

5.3.2.3. Stochastic probability analysis for isotropy and elongation  

 Liu et al. (2009) define an anisotropic permeability index which characterizes 

the shape of pores based on the isotropy and elongation values. Bubble structures in 

bread can be characterized similarly. First the orientation matrix of each bubbles are 

calculated by taking the arithmetic mean of all voxels comprising the bubble and their 

distance and relative direction from the center of the bubble. Then, the isotropy index I 

and elongation index E are calculated based on the eigenvalues of the orientation matrix. 

𝐼 =
𝜏1
𝜏3

 

𝐸 = 1 −
𝜏2
𝜏3

 

where τ1 and τ3 are the smallest and largest eigenvalues respectively. A stochastic 

analysis is applied by characterizing the structure as a series of subvolumes of 

increasing size. Isotropy and elongation values are tabulated for each subvolume and a 

probability distribution data for the given subvolume size is derived. As subvolume 

sizes increases, elongation and isotropy indices tend to converge. The point of 

convergence is estimated by selecting isotropy and elongation values with the highest 

probability of convergence at the largest subvolume size.  
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5.4. Results 

5.4.1. Percolation threshold of CWRS and Wylk doughs and breads 

5.4.1.1. Doughs made using CWRS and Wylk flour 

Table 5-2. Application of the critical model method to CWRS and Wylk dough samples. 
Porosity values are recorded for each sample at a) percolation threshold and b) full 
percolation. 

a) Percolation 
Threshold CWRS1.67 Wylk1.82 

0.05sn/s 

0min 18.3% 19.6% 
10min 16.5% 22.0% 
20min 25.0% 14.6% 
30min 22.1% 36.3% 

0.5sn/s 

0min 10.1% 19.7% 
10min 21.3% 17.6% 
20min 22.6% 20.1% 
30min 23.5% 22.0% 

5sn/s 

0min 19.6% 27.0% 
10min 14.1% 25.9% 
20min 22.4% 17.7% 
30min 22.0% 18.1% 

 
Average 19.8% 21.7% 

 
St. Dev. 4.3% 5.8% 

 

b) Full  
Percolation CWRS1.67 Wylk1.82 

0.05sn 

0min 28.6% 29.7% 
10min 30.6% 37.9% 
20min 30.2% 18.9% 
30min 29.7% 48.4% 

0.5sn 

0min 37.6% 30.4% 
10min 27.1% 29.0% 
20min 28.9% 26.0% 
30min 28.0% 31.5% 

5sn 

0min 29.5% 34.0% 
10min 29.2% 33.1% 
20min 27.9% 29.0% 
30min 26.3% 21.3% 

 
Average 29.5% 30.8% 

 
St. Dev. 2.9% 7.6% 

 

 

 The critical model method was successful in detecting percolation values for 

bread doughs. Porosity values for full percolation are similar to those reported of 31% 

for simple 3-D cubic structures (Christensen, 2002), 31% for spanning clusters of 

bubbles (Klug and Cashman, 1996), and 27.9% for a given bread sample (J. Liu and 

Regenauer-Lieb, 2011) indicating that the values obtained from applying the critical 

model and averaging over multiple samples are reasonable. Since porosity values in 

doughs are near values from random 3-D models, percolation theory concepts should be 

well suited for investigating the scalability and universality of structures in dough. 

 Table 5-2 shows the porosity values of individual dough samples at the 

percolation threshold and full percolation of CWRS and Wylk bread doughs. Porosity 

values at the percolation threshold and full percolation showed variability in both 
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CWRS and Wylk dough samples. This implies that bubble growth is dependent on the 

initial bubble structure. Porosity values at percolation threshold and full percolation 

were similar irrespective of proofing time or processing. The transition phase was 

slightly larger when inflating CWRS (9.7%) than Wylk (9.1%) dough structures. This 

implies CWRS doughs were capable of more bubble growth before an interconnecting 

structure is formed and may be related to thicker cell walls found in the previous 

chapter. Porosity values at full percolation are similar for CWRS and Wylk doughs at 

29.5% and 30.8%, respectively. 

 Wylk doughs exhibited a higher standard deviation than CWRS doughs at both 

percolation threshold and full percolation. Variability in dough structures may be related 

to chancy coalescence. Assessing how dough structures differ within a type of flour 

could be useful in predicting baked quality. 

a) b)  

Figure 5-3. Example of derivative models generated by the critical model method. a) Inflation of 

CWRS dough with 0 minutes of proofing and b) deflation of CWRS bread baked after 60 

minutes of proofing. Note that the boxiness of bubble structures is an artifact resulting from the 

inflation or deflation methods. 

 A limitation of the critical model method is the lack of consideration for the 

aspect ratio during the expansion or contraction phase (J. Liu and Regenauer-Lieb, 

2011). The consequence is that the anisotropy of the bubble structure changes 
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throughout the analysis. Figure 5-3 shows an example of this in both inflation and 

deflation. Smaller bubbles become more diamond shaped with inflation and large pore 

structures become more tetrahedral with deflation, potentially over- and under- 

estimating porosity values, respectively. Effects due to method are minimized by 

expanding dough structures and shrinking bread structures with an expectation that 

growth in porosity in a real world setting will fall in between. This means that in 

principle it would be possible to derive critical cluster sizes from scanning doughs, but 

the current method is suboptimal. 

5.4.1.2. Breads made from CWRS and Wylk doughs 

Table 5-3. Application of the critical model method to CWRS and Wylk baked bread 
samples. Porosity values are recorded for each sample at a) percolation threshold and b) 
full percolation. 

a) Percolation 
Threshold CWRS1.67 Wylk1.82 

 
0min 16.6% 18.4% 

 
10min 8.5% 6.0% 

 
20min 17.0% 15.0% 

 
30min 12.5% 21.5% 

 
40min 10.8% 20.4% 

 
50min 13.5% 18.9% 

 
60min 14.2% 20.1% 

 
Average 13.3% 17.2% 

 
St. Dev. 3.0% 5.3% 

 

b) Full  
Percolation CWRS1.67 Wylk1.82 

 
0min 20.5% 20.8% 

 
10min 14.5% 15.2% 

 
20min 22.6% 19.7% 

 
30min 18.2% 24.7% 

 
40min 27.3% 24.0% 

 
50min 25.9% 26.8% 

 
60min 21.5% 25.8% 

 
Average 21.5% 22.4% 

 
St. Dev. 4.4% 4.1% 

 

 

 Table 5-3 shows the results of deflating baked CWRS and Wylk breads. Similar 

to the case of inflating doughs, the deflation of breads resulted in variability between 

samples due to differences in the initial structure. Proofing time did not have a 

noticeable effect as resulting porosity values were similar when comparing within 

CWRS and Wylk samples. The transition phase for CWRS and Wylk breads was 8.2% 

and 5.2%, respectively, smaller than in the case of doughs. That both CWRS doughs 

and breads have a larger transition phase when compared to Wylk supports that CWRS 

bubbles are able to grow more before forming the interconnected structure. This 
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demonstrates how the ability of bubbles to grow before coalescing is important to 

specific volume.  

 Porosity values at full percolation are much less than the final porosities reached 

after baking is completed. Thus, expansion in the bubble structure continues even with 

the formation of the interconnected structure. Porosity values at full percolation are 

similar in both CWRS and Wylk doughs and breads, indicating that the formation of the 

interconnected structure is a common phenomenon that occurs near the same porosity 

values irrespective of flour quality. Porosity, which is an overall characteristic, does not 

explain differences in the bubble structure which may lead to BSV differences between 

CWRS and Wylk. Instead, differences in BSV may be explained by investigating the 

bubble microstructure in order to understand why CWRS has a larger transition phase. 

5.4.1.3. Impact of bubble structure in CWRS and Wylk breads at percolation threshold 

 Figure 5-4a and Figure 5-4b visualizes the pore structure at the percolation 

threshold for CWRS and Wylk breads, respectively, baked after 50 minutes of proofing. 

Breads at 50 minutes were chosen as they had the most time to proof which would 

emphasize differences that would result in bubble structures. Both CWRS and Wylk 

breads consist of a dominating structure (colored pink) which is deflated from the open 

pore structure in bread. A qualitative assessment of the visualizations shows pores are 

irregularly shaped and have a more varied distribution in CWRS. When analyzing the 

dominating pore structure, both have similar porosities, 7.2% and 6.6% for CWRS and 

Wylk respectively, but the irregular shape of the CWRS structure results in a surface 

area which is 1.7 times greater. Qualitatively, the dominating structure in CWRS 

appears to be the result of coalescence between many bubbles of various sizes while 

Wylk appears to be the result of a fewer larger sized bubbles. 
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a)  b)  

c)  

Figure 5-4. Comparison of the pore structure in 50 minutes proofed a) CWRS and b) Wylk 

breads after being deflated to the percolation threshold. c) quantifies the pore structure as 

cumulative volume and pore frequency distributions. Differences in pore structure at 

percolation threshold will affect further porosity growth. 

 The bubble structure at the percolation threshold is quantified in Figure 5-4c as 

cumulative pore and volume distributions. CWRS and Wylk have similar volume 

distributions with the majority of the volume being contributed by a few large bubbles 

in both breads. Smaller sized bubbles exist at a higher frequency in CWRS than Wylk. 

The higher abundance of a small isolated bubbles in CWRS could mean continued 

growth even as bubble coalesce into the open structure, possibly explaining why CWRS 

has a greater gap in porosity values between the percolation threshold and full 

percolation in section 5.4.1. This could continue as the massively interconnected 

structure continues to form. If the bubbles which become part of the open structure 

reduce their rate of expansion due to being equilibrated with the atmosphere, then 
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having a higher percentage of small, isolated bubbles would mean more overall growth 

before those one joined the open structure as well. This can be seen Figure 5-4 as the 

interconnected structure in CWRS is more irregular due to being comprised of generally 

smaller bubbles than Wylk. 

 A fractal dimension analysis of the pore structure in derivative models were 

undertaken following methods published in Liu and Regenauer-Lieb (2011). The results 

from this analysis are summarized along with percolation threshold values in Table 5-4. 

Fractal dimensions plots for both doughs and breads exhibited multi-fractal behavior. 

Fractal dimensions reported here are based off of a linear fit ignoring the multi-fractal 

behavior, as was done in Liu and Regenauer-Lieb (2011). The implications of the multi-

fractal behavior are outside of the scope of this work. A brief assessment of how fractal 

dimensions could potentially be used for breads and doughs is given in Appendix 5-

A5.7.  

Table 5-4. Summary data for CWRS and Wylk doughs and breads. 

  Percolation Threshold Full percolation Fractal Dimension 
 CWRS Dough 19.8 ± 4.3% 29.5 ± 2.9% 2.13 ± 0.40 
 Wylk Dough 21.7 ± 5.8% 30.8 ± 7.6% 1.98 ± 0.40 
 CWRS Bread 13.3 ± 3.0% 21.5 ± 4.4% 1.19 ± 0.25 
 Wylk Bread 17.2 ± 5.3% 22.4 ± 4.1% 1.19 ± 0.25 

 

5.4.2. Percolation thresholds of commercial breads varying in quality and texture 

 The implications for the continued development of the bubble structure and 

resulting BSV are readily seen from investigating CWRS and Wylk doughs and breads. 

How the eventual development of the bubble structure relates to the texture and quality 

is not obvious. Derivative models at the percolation threshold and full percolation are 

created for breads whose texture and quality are known to differ (see Table 5-1).  

Table 5-5. Percolation threshold and full percolation in commercial breads made in a 
bakery (Breads A, B, C, D, E from Chapter 2). 
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 Bread Protein (%) Specific Volume 
(cm3/g) Percolation Threshold Full percolation Texture 

 A 13.20 6.30 20.6 ± 1.6% 27.3 ± 1.8% Bready 
 B 11.83 8.00 12.8 ± 4.6% 23.7 ± 2.9% Bready 
 C 11.50 6.22 14.4 ± 2.9% 22.3 ± 1.9% Bready 
 D 10.15 5.52 23.0 ± 7.8% 31.0 ± 8.6% Cakey 
 E 9.47 3.08 17.9 ± 5.1% 34.0 ± 3.0% Cakey 

 

 Table 5-5 aggregates average porosity values at the percolation threshold and 

full percolation for all tested samples for brevity. The resulting porosity values at full 

percolation for breads A, B, C, D, and E are near porosity values obtained for CWRS 

and Wylk flours. The development of the fully percolating interconnected structure 

between 20-30% porosity appears to be universal. No simple correlation was identified 

between the quality of breads and porosity values, although breads with cakey texture 

tended to higher porosity values at full percolation. There may be a point near 30% 

porosity at full percolation which dictates whether breads will have bready or cakey 

texture. 

 Figure 5-5 visualizes the closed pore structures of A, B, C, D, and E at full 

percolation. The interconnected structure exists but is not pictured. The closed pore 

structures show a marked change in characteristic as the quality of the bread changes. 

Higher quality breads, e.g. A and B, are comprised of smaller, uniform sized pores 

which may promote uniform growth in the structure. Lower quality breads, e.g. D and 

E, are comprised of larger bubbles which may more readily coalesce into the 

interconnecting structure. Figure 5-5f plots cumulative volume and pore frequency 

distributions.  
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 (a) (b) (c) 

 

 (d) (e) 

 

(f) 

Figure 5-5. Visualization of closed pore structures at full percolation for breads A, B, C, D, and 

E in (a), (b), (c), (d), and (e), respectively. The order of colors is blue (smallest, <13µm radius), 

green (13-29µm), red (29-62µm), yellow (62-134µm), teal (134-288µm), grey (288-620µm), 

and orange (largest, >620 µm). Note that the permeating interconnected structure is not 

pictured. 

 Results for A, B, C, D, and E are similar to those for CWRS and Wylk breads. 

The majority of the porosity is due to a small number of large bubbles irrespective of 

quality. Higher quality breads, i.e. bready texture, tended towards smaller bubbles while 

poorer quality breads, i.e. cakey texture, tended towards larger bubbles. This may also 
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explain crumbly texture as closed bubbles in D and E will tend to be larger than those 

for A and B. 

Table 5-6. Bubble structure differences in commercial breads.2 

 A B C D E 
Closed pore % at full percolation 

(% of total volume) 8.8 ± 2.9 4.9 ±2.2 7.1 ± 1.2 12.8 ± 5.8 10.1 ± 4.4 

Peak Isotropy Index Value 0.85 ± 0.01 0.87 ± 0.05 0.89 ± 0.02 0.80 ± 0.04 0.81 ± 0.06 

Peak Elongation Index Value 0.05 ± 0.01  0.04 ± 0.01 0.04 ± 0.01 0.07 ± 0.02 0.06 ± 0.02 

Texture Bready Bready Bready Cakey Cakey 

 

 The distinction between bready texture and cakey texture can be seen as a 

function of the porosity represented by closed pores at full percolation, i.e. how much 

volume are closed pores when compared to the total volume of the sample and is 

quantified in Table 5-6. For A, B, and C, closed pores were on average 8.8%, 4.9%, and 

7.1%, respectively of the total volume. For D and E, closed pores were on average 

12.8% and 10.1% of the total volume.  

5.4.3. Stochastic analysis of isotropy and elongation 

 Isotropy and elongation characterize the average shape of the bubble by 

comparing the shorter axes to longest axes (see Figure 5-2 for details). In a perfect 

sphere, isotropy would be 1 and elongation would be 0. Figure 5-6a and Figure 5-6b 

give an example of resulting probability of isotropy and elongation indices, 

respectively, for bread C as a function of increasing subvolume sizes. As subvolume 

sizes increase, isotropy curves shift right, indicating the bread structure appears more 

spherical at larger size scales, while elongation curves grow linearly. 

                                                 
2 Fractal dimensions are not given here as they exhibited previously unreported multi-fractal behavior. 

See 5.7 for values and how fractals in commercial breads were assessed. 
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a)  b)  

Figure 5-6. Example of probabilities of a) isotropy index and b) elongation index for bread C is 

given as a function of subvolume size. Note the convergence of curves as subvolume sizes 

increase. A perfect sphere would have an isotropy index value of 1 and an elongation index 

value of 0. 

 The peak isotropy and elongation index values, i.e. highest probability index 

values resulting from asymptotic convergence, at the largest subvolume size are given 

in Table 5-6. A clear demarcation between bready and cakey texture is seen. Bready 

textures have higher peak isotropy index values (~0.87 vs ~0.80) and lower peak 

elongation index values (~0.04 vs ~0.07), indicating that bubbles are more uniformly 

spherical in higher quality breads, as seen in Figure 5-5. These structural differences 

could help explain the fundamental behavior between the growth in the open and closed 

pore structures.  

 Percolation theory concepts relating to scaling laws, fractal dimensions, and 

cluster characteristics could also be applied to further investigate and predict the effects 

of these differences. A comprehensive assessment of these concepts and their 

applicability to bread structure is outside of the scope of the present work, but an 

introductory overview is given in Appendix 5-A to familiarize the reader. At present, 

we conclude that differences in the pore structure that occur during the formation of the 

open structure have an obvious impact on the resulting quality of the bread and deserve 

further investigation. 
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5.5. Summary and conclusion 

 The method to derive percolation threshold from microtomography data 

following the technique developed by Liu and Regenauer-Lieb (2011) was applied to 

doughs and breads. These results have given useful measures for percolation thresholds 

for structures of proofed doughs and baked breads. Percolation thresholds were able to 

successfully differentiate between breads which were more pliable versus those which 

were more friable. Liu and Regenauer-Lieb’s microtomographic workflow was also 

capable of extrapolating fractal dimensions and critical exponents from dough and bread 

microstructures, although the implications for texture are less obvious. The implication 

of these results is that percolation theory could serve as a new theoretical paradigm from 

which to understand growth of bubble structures. 

 Generating a series of derivative models to obtain the upper and lower limits of 

percolation, this research found that the formation of the interconnecting structure is 

independent of flour quality, and occurring at ~20-30% porosity. However, as porosities 

in breads and proofing doughs can reach values of near 80%, the formation of the 

interconnected structure does not represent the cessation of porosity growth, as is the 

case in the creation of some metal foams (Elzey and Wadley, 2001). Instead, the pore 

structure at the percolation threshold was found to be important for the continued 

porosity growth in breads and doughs. Doughs without proofing (~1-3% porosity at 0 

minutes) baked to ~60% porosity. Doughs with proofing (~30-40% porosity at 30 

minutes proofing) baked to ~80% porosity. The specific characteristics in the critical 

size cluster which are important to continued porosity growth cluster remain unclear. 

Higher quality breads possessed a higher percentage of smaller bubbles which could 

allow for continued porosity growth even after a percolating structure was formed. 

Poorer quality breads on the other hand contained relative more large sized bubbles 
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resulting in fewer disconnected bubbles that could serve as a catalyst for growth after 

the interconnecting structure forms.  

 With more research, percolation theory could serve as a fundamental theory to 

bridge the gap between bubble structure and product texture by better understanding the 

dynamics of bubble growth. This would allow for a more structural emphasis on product 

design, e.g. focusing on the creation of an ideal pore structure in the dough. 
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5.7. Appendix 5-A. Other percolation theory concepts and their applicability to 

bread structure 

 In this paper, a simple application of percolation theory concepts involving the 

detection of the percolation threshold and the implications for bread texture has been 

presented. Here, a synopsis of strategies for applying fractal dimension and scaling law 

concepts from percolation theory to bread structures is given. 

Fractal dimensions 

 Fractal dimensions represent a scale invariant term that characterizes the 

uniform growth of specific structure, e.g. bubbles in bread. Liu and Regenauer-Lieb 

(2011) have previously defined the fractal dimension D as 
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 D = 
𝑙𝑜𝑔10𝑁(𝑙≥

𝑅
𝑅𝑚𝑎𝑥

)

𝑙𝑜𝑔10𝑙(=
𝑅

𝑅𝑚𝑎𝑥
)

  

where 𝑙 (= 𝑅

𝑅𝑚𝑎𝑥
) represents that normalized value between the radius of a given pore 

and the maximum radius of all pores and 𝑁 (𝑙 ≥ 𝑅

𝑅𝑚𝑎𝑥
) represents the number of 

remaining pores with a normalized radius greater than l. Fractal dimension plots were 

obtained by considering all pores in a given bread as a set of data for breads A, B, C, D, 

and E. Pore volume sizes were converted to radii assuming pores were spherical. Two 

sets of data were generated. One set was the pore volumes normalized with respect to 

the maximum radii value. The other was the number of pores volumes remaining with 

radius was greater than the prescribed normalized radius. The two datasets are plotted 

against one another in Figure 5-7. 

 

Figure 5-7. Fractal dimension analysis of scanned bread samples. Datasets exhibit multi-fractal 

behavior with differing slopes for smaller and larger sized pores. Color scheme for the image 

is: A (blue), B (pink), C (red), D (green), E (teal). 

 The fractal dimension curves exhibit multi-fractal behavior for all breads 

exhibiting a different slope for the large and small pore clusters. That differing fractal 
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values depending on length scales has been previously observed for breads and is 

thought to indicate a transition from heterogeneous to homogenous behavior (Gonzales-

Barron and Butler, 2008). Values for the slopes of both small and large clusters are 

given in Table 5-7. Fractal dimension values for large clusters ranged from 2.9 to 3.6, 

near previously reported values of 2.3 to 2.9 using the mass fractal method by Gonzales-

Barron and Butler, which is most similar to the method used in this study (2008). 

Fractal dimension values for small clusters ranged from 0.46 to 0.9 and trended 

inversely with effective Young’s moduli. The current data is in line with previously 

reported information that higher quality breads possessed smaller closed pores (Wang et 

al., 2011). 

Table 5-7. Derived slope values for breads A, B, C, D, and E for large and small clusters. 

 Large Clusters Small Clusters 
A -3.67 -0.90 
B -2.93 -0.69 
C -2.91 -0.54 
D -2.89 -0.42 
E -3.12 -0.46 

Critical exponents 

 According to percolation theory, in an infinite medium there exists a critical 

percolation threshold pc such that the average distance ξ, called the critical correlation 

length, between two sites in the same cluster diverges as the volume fraction p 

approaches pc in an exponential manner (Stauffer and Aharony, 1994). For breads, ξ 

could relate to separation distance between two bubbles coalescing with the open 

structure. 

 𝜉 ∝ |𝑝 − 𝑝𝑐|
−𝑣  

v is the critical exponent of correlation length and is a scale invariant parameter. In 

finite space, calculation of the critical exponent is achieved through the use of a finite-

size-scaling scheme involving the local percolation probabilities λ(p,L) of different 
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subvolume sizes L and different volume fractions p (J. Liu and Regenauer-Lieb, 2011; 

Stauffer and Aharony, 1994). The finite-size-scaling relationship is  

 𝑝𝑎𝑣 − 𝑝𝑐 ∝ 𝐿−1/𝑣  

where 𝑝𝑎𝑣 = ∫𝑝(𝑑𝜆/𝑑𝑝)𝑑𝑝 and pc is the first detected occurrence of percolation for in 

a given subvolume of size L. 

 The finite size scaling scheme described by Liu and Regenauer-Lieb (2011) 

places an increasingly larger bounding box size within a digitized dataset extract the 

probabilities of percolation. As the bounding box size increases, the probability of 

percolation versus volume fraction reaches an asymptotic peak. Difference between 𝑝𝑎𝑣 

and 𝑝𝑐 can be plotted against bounding box size on a logarithmic scale to derive the 

slope, which is equivalent to 𝑣. An example of this as applied to the solid phase of 

breads is given in Figure 5-8. 

 When applied to bread, it was found that the finite size scaling scheme was not 

suitable for breads due to their high porosity. The resulting probability of percolation vs. 

volume fraction curves were incomplete due to the inherent high porosity. For small 

bounding box sizes, there were no volumes that equated to 10% volume fraction of 

pores. Instead, the method was applied to the solid phase. Extracted values for v are 

given in Table 5-8. There are no simple correlations between v and quality attributes of 

breads, though a trend of higher quality breads having larger values and poorer quality 

breads having smaller values do exist. However, how the growth of the solid structure in 

breads relates to the growth of the bubble structure in bread is an unanswered question 

and thus deriving v for the bubble structure could be beneficial for understanding how 

the critical correlation length ξ affects bubble growth and bread quality. An alternative 

method may be the mass density method described by Kapitulnik et al. (1983) and is 

being investigated. 
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a)   

b)  

Figure 5-8. Extrapolation of critical exponent of percolation v. a) Examples of probability of 

percolation in 3 directions of the solid phase vs. volume fraction curves at increasing 

subvolume sizes. As subvolume sizes increase, probability of percolation becomes asymptotic. 

b) Fitting of the critical exponent v based on the results of a) and the finite-size-scaling 

relationship. 
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Table 5-8. Extracted critical exponent of percolation for solid phase in breads A, B, C, D, 
and E. 

 A B C D E 
Average Critical Exponent of Percolation, v -0.76 -0.96 -0.77 -0.67 -0.59 

Standard Deviation, v 0.06 0.09 0.02 0.04 0.16 
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6. Summary and discussion 

 The main hypothesis leading to the work undertaken in this Ph.D. thesis was that 

by controlling bubble structure, it is possible to control bread quality. A number of 

unknowns involved with researching this hypothesis were identified in the introduction, 

being: 

1. How does one quantify, identify and define differences in bubble structure (i.e. 

open vs. closed bubbles) using 3-D maps in breads of varying quality? 

2. Can bubble structure in bread be quantified using statistical distributions?  

3. How does flour quality impact bubble growth? 

4. Can growth of bubble structures in bread and dough be generalized? 

6.1. Key results 

 Significant contributions to understanding the impact of the porous structure in 

dough and bread have been made during the course of this work. Figure 6-1 summarizes 

the progress made in terms of characterizing bread and dough.  

 The main technical progress of this thesis was the development of a new 

numerical method to characterize dough and bread. This new method shed light on the 

drastic extent that bubble structure matters in both bread and dough. The application of 

the method also revealed fundamental new insights into the various stages of the bread 

making process. Flour quality was identified as an important aspect governing initial 

bubble structure in dough consequently resulting in two different key transitions: (1) the 

development of bubble structure from dough to bread, and (2) the change from a non-

percolating to percolating structure. The implications of these findings and the role of 

these transitions are discussed below. 
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Figure 6-1. Summary of chapter aims, results, and areas of future work. 

Impact of flour quality on initial bubble structure 

 The impact of flour quality on the development of bubble structure in dough 

mixed under similar conditions was seen immediately. Dough made with Australian 

flour was less elastic with higher porosity and larger bubbles than dough made with 

Canadian flour which was more elastic with lower porosity and smaller bubbles. It is 

not known if an interaction exists between dough elasticity and bubble size, i.e., do the 

bubbles get smaller because the dough is elastic or does the dough become more elastic 

because the bubbles are smaller. However, it is certain that differences in bubble size 

and the principles of Ostwald ripening (Schmelzer and Schweitzer, 1987) drive the rate 

of formation of clusters; dough with larger bubbles will proof faster. Hence, it may be 

possible to modify bread making functionalities of flour by controlling bubble size 

(through mixing and/or processing), bubble network structure (stronger interfacial layer 

stability, additives to control elasticity), pore throat sizes in the cluster of bubbles (flour 

characteristics through genetics), or all of the above. 
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Transition from bubble structures in dough to pore structures in bread 

 This thesis demonstrated that both the open and closed pore structure in bread 

significantly impacts mechanical behavior and texture. The pore structure in bread 

develops from the bubble structure in dough. How this occurs depends on a number of 

variables including the initial bubble structure in dough, rheological characteristics 

which depend on flour quality, duration of proofing, etc., all of which can change the 

quality of the baked bread. The challenge in developing this understanding lies in the 

continued need to address these issues from a multidisciplinary perspective. It is 

important to not only understand the physics underlying the bread making process, but 

also to efficiently leverage that knowledge in an applied environment to create a 

superior product irrespective of flour quality. 

Transition from non-percolating to percolating structures 

 Dough starts as a collection of isolated and unconnected bubbles which, when 

baked, develops into a single, interconnected open structure with closed pores. This 

non-percolation to percolation transition occurs in parallel with the transition from a 

semi-solid (dough) to a solid material (bread), but can also occur independently. Dough 

which is proofed for an extended amount of time can develop a percolating structure. 

Unproofed dough which is baked can also develop a percolating structure.  

 This thesis has pioneered the first application of percolation theory concepts to 

dough and bread. The application successfully identified a universal transition at similar 

porosities for both bread and dough. Application of the percolation theory also 

identified potential for assessing bread texture based on pore structure characteristics at 

the point of percolation. The implication is that, in addition to investigating the dough to 

bread transition, the non-percolation to percolation transition may serve as another 

avenue to research and characterize products. This would allow dough and bread to be 
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quantified in terms of percolation theory parameters to define representative structures 

while remaining independent of flour quality and formulation. This represents a new 

quantitative paradigm for assessing quality and texture in bread. 

6.1.1. Summary of methods developed 

 The tools developed in this thesis could save time in screening product 

prototypes given accurate material models. 

6.1.1.1. X-ray microtomographic scanning of frozen bread dough samples 

 3-D microCT scanning of dough proved challenging due to their speed of 

thawing, causing the sample to shift during data acquisition. As a result, the data could 

not be reconstructed as 2-D cross-sectional slices. Furthermore, these samples could not 

be used for analysis as their structures had changed. Two methods were developed 

during the thesis to overcome these issues. The first used a cryostage environment to 

keep samples frozen during scanning. This method was presented at the 10th Asia-

Pacific Microscopy Conference as ‘Analysis of Pore Structure of Bread Dough 

Undergoing Various Processing Conditions’. The second method, reported in Chapter 4, 

used a specially-designed apparatus containing dry ice both above and below the 

sample.  

6.1.1.2. Scientific visualization of bubble structure in dough 

 A new method introduced in this thesis was scientific visualization techniques to 

characterize porous structures in dough and bread. Previous research on crumb structure 

focused primarily on 2-D cross-sectional images to characterize surface structures 

(Martin et al., 2008). The ability to quantify and infer data from the porous structure 

(e.g. large levels of interconnectivity in both bread and proofed dough) is a potentially 

powerful tool for assessing product quality. Further refinement in understanding bread 

microstructure (e.g. percolation theory parameters) could open new avenues of research. 
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This workflow has since been automated and is under review for publication (see 

Appendix C). 

6.1.1.3. Digital bread 

 The creation of digital bread based on Weibull distribution parameters is a 

unique contribution of this research. Digital breads allow researchers to separately 

control porosity, pore structure and material properties in breads to identify the 

individual contribution of each characteristic to the overall mechanical behavior. 

Assuming an accurate material model was derived, the same bread structure can be 

deformed many times in multiple ways at the same time using finite element analysis 

(e.g. compression, extension, shear, etc.). Full control over the microstructure and 

testing the same sample in different ways would be near impossible in a laboratory 

environment. 

6.2. Areas of future research 

 The results in this thesis have presented new avenues for understanding bread 

and dough microstructure. Four key areas of research that should be developed further 

are discussed below. 

6.2.1. Future experimental directions 

 Flour protein was not the driving factor behind loaf volume. The correlation (R2) 

of flour protein (9.4–13.2%) with specific volumes of breads (3–8 cm3/g) was ~51%, 

and with bread porosity was 42%. However, specific volume correlated with bread 

porosity (R2 = ~82%). Thus, how the bubbles were connected inside breads affected 

bread volumes and texture. 
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Figure 6-2. Comprehensive assessment of thesis flowchart, including successful results and 

areas for future research. 

 Characterization of the relationship between bread products, quality and pore 

structure was limited to compression testing. While this provided insights into the 

impact of pore structure, bread must also, at the very least, undergo tensile testing and 

fracture testing to understand how pore structure impacts a range of textures. How 

sensory properties relate to mechanical behavior must be investigated further. The 

current work only investigated the softness of bread, similar to when consumers press 
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bread to check for freshness. The attribute of friability has been speculated, but not yet 

confirmed. 

 The work relating to dough ought to include a larger selection of flours to 

confirm the importance of bubbles driving the bread making qualities of flours. 

Reconfirming the results presented in this study would mean that scanning fresh doughs 

for bubble quality could reveal details on flour quality without needing to bake the 

bread. The bubble visualization technique could be used to test small samples of dough 

and thus be a useful tool in pre-breeding and breeding research programs for developing 

wheat. Further studies should investigate the impact of elasticity on bubble structure 

formation during mixing. The key finding from this study is that flours behave in their 

own unique way and methods should be tailored to fit the characteristics of different 

flours and dough. 

6.2.2. Dynamic experiments 

 Bread making is a dynamic process incorporating multiple variables at each 

stage of the process. The need for a comprehensive overview which combines each 

stage in a seamless fashion has been recognized (Della Valle et al., 2014). The impact of 

bubble structure has already been established. While it has long been known that 

processing impacts bubble growth (Baker and Mize, 1941), what exactly governs the 

formation of those structures is still lacking. Dynamic, real time experiments were not 

achieved during this thesis, but would allow for visualization of cluster formation and 

determination of the critical cluster size. Monitoring microscale expansion of bubbles 

during proofing, formation of the open structure during baking (i.e. why do some 

bubbles stay closed?), and changes in the structure during deformation will provide 

much needed information to understand how to prescribe texture in breads by 

controlling pore structures. 
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6.2.3. Constitutive material model for breads 

 The usefulness of digital breads to isolate the individual contribution of porosity 

or pore distribution to the overall mechanical behavior was demonstrated in Chapter 3. 

The validity of digital bread was confirmed, as the visual appearance of digital bread 

mimicked real world products. However, the lack of a material model to replicate large 

deformation behavior limits the usefulness for assessing pore structure impacts on 

texture.  

 Scanlon and Zghal (2001) described the use of mechanical models (Gibson and 

Ashby (1988) and Hashin-Shtrikman variational bounds (Hashin and Shtrikman, 1963) 

to predict the behavior of bread as a function of relative density. These models require 

knowledge of solid matrix properties and determining the appropriate methods to test 

for these properties is a challenge. No precedents currently exist for isolating solid 

matrix properties. Therefore, the development of a constitutive model, capable of 

capturing the non-linear hyperelastic large strain behavior of bread, may be necessary 

before digital structure-based bread crumb models are used to evaluate sensory 

perceptions based on equivalent mechanical behavior. 

 It is well known that digital models and finite element analysis are used for 

designing and optimizing products in the automotive and aeronautic industries, saving 

time, effort and materials (National Research Council, 2008). A similar partially-

digitized process for screening food product prototypes could have the same result. 

6.2.4. Full characterization of percolation theory parameters 

 Percolation theory provides a fundamental model to assess the growth of bubble 

structure in dough and the formation of pore structure in bread. This project 

demonstrated that not only is percolation theory applicable to bread, but that a relatively 

simple concept such as percolation threshold can be used to identify quality differences. 



6. Summary and discussion 

- 141 - 

It also showed that the percolation threshold occurs universally near 20–30% porosity, 

despite reaching final porosities upwards of 80%. Even without proofing, dough forms a 

percolating structure during baking and reaches ~60% porosity. Currently, percolation 

theory is used for upscaling microstructure for permeability in porous rocks. How 

permeability in breads is impacted by proofing remains to be studied. Further work is 

needed before it can be determined whether similar upscaling concepts can be applied to 

bread microstructures and applied for assessing texture. 

 Percolation theory provides a framework to possibly understand large scale pore 

and bubble interactions. There are two highly prospective avenues for future work: 1) 

predictive modeling of bubble structure growth from mixed dough, allowing more 

efficient determination of baked quality, and 2) use of percolation parameters to track 

and refine bubble structure through the baking process, using the knowledge gained 

from percolation parameters to dictate underlying structures. Both of these methods 

require a robust understanding of how to derive percolation theory parameters and how 

these parameters would apply to the baking process.  
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8. Appendix A - X-ray microtomography measurements of fractured tight 

sandstone 

8.0. Introduction to chapter 

 This appendix chapter demonstrates the broad applicability of scientific 

visualization as a research technique. This chapter characterizes the pore structure of 

rocks in a similar fashion to characterizing pore structures in breads. 

8.1. Introduction 

 Hydraulic fracturing is a stimulation technique which is used in particular in 

unconventional reservoirs (e.g. tight sandstone, shale gas and coalbed methane) to 

enhance production, e.g. economical recovery from tight gas reservoirs was established 

using hydraulic fracturing (Valko and Economides, 1995). A fraccing fluid is injected 

into an isolated wellbore space between two packers at adequate flow rate and sufficient 

pressure to initiate fracturing (Yew, 1997). In most cases a fraccing job will create 

double wing fractures extending from two opposite sides of a well. In-situ stresses will 

close the fracture if pressure is released (Detournay & Carbonell, 1994), however a high 

percentage of fracture apertures can remain open if acid or proppant is used. Fracture 

initiation, propagation and closure pressure are the most important parameters which are 

obtained from a pressure-time plot of a fraccing operation. Predictions of fracture 

initiation and propagation pressures are essential to develop efficient fraccing schemes, 

and it is vital that their relations with the mechanical formation properties and the in-situ 

stresses of the field are understood in detail. 

 Fractures can now be measured in-situ in three dimensions at the micrometer 

scale via Microcomputed tomography (µ-CT) without destroying the rock (Karpyn and 

Piri, 2007, Piri and Karpyn, 2007, Karpyn et al., 2009a,b). Fluid distributions in 

fractures and the pores of rock can also be imaged (Iglauer et al., 2010, Prodanovic et 
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al., 2007). Such tomographic images can be obtained at different stages in the fraccing 

process, and they can be used to validate mechanical fraccing models which we develop 

in parallel. Fractures and fracture evolution is also an important topic in carbonate oil 

reservoirs. Here the effective stress field can determine permeabilities and residual oil 

saturations (Lamy et al., 2010). Considering the dwindling oil resources and the fact that 

more than 60% of the world’s oil reserves are located in carbonate reservoirs (Scholle 

and Ulmer-Scholle, 2003) fracture mechanics should be studied in more detail.  

8.2. Experimental Procedure 

8.2.1. Rock sample 

 A tight sandstone rock from one of the North Perth Basin fields (Sharifzadeh, 

2008) was hydraulically fractured, the cubic sample volume was (5 cm)3. Petrophysical 

properties of the specimen and applied principal stresses during the fracturing test are 

listed in Table 8-1. All tests were conducted with dry rock at ambient temperature (293 

K). 

Table 8-1. Petrophysical properties of the tight sandstone sample and applied principal 
stresses during the fracturing test. 

Rock property value 
Effective porosity 7%* 
Brine permeability 10 md* 
Principal stress 1  110 MPa 
Principal stress 2 86 MPa 
Principal stress 3 66 MPa 

*Sharifzadeh 2008. 

8.2.2. Rock fracture experiments 

 A true tri-axial stress cell was used for the hydraulic fracturing experiment 

(Rasouli and Evans, 2010). An image of the equipment is shown in Figure 8-1. The 

sample was placed inside the cell and the three independent stresses were applied with 

mechanical rams. The cell is able to accommodate a cubic sample with maximum 

volume of (30 cm)3. Special shims are placed around the sample in order to apply 
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stresses to smaller samples through the mechanical rams and internal plates. Fracturing 

fluid was injected into the rock through a bore drilled at the centre of the sample. The 

fluid was injected at a constant flow rate (100 mL/min) in order for the fracture to 

propagate slowly. The fraccing fluid was injected into a cylindrical open volume (≈ 420 

mm3) which was located in the centre of the specimen with the top and bottom sides of 

the bore being isolated with metal spacers. The height of this cylindrical open space was 

approximately 15 mm and the interfacial area of open space-rock was approximately 

340 mm2. The fracturing fluid used was honey, fluid properties are tabulated in Table 

8-2. 

   

Figure 8-1. Views of the true tri-axial stress cell used for hydraulic fracturing tests (Rasouli and 

Evans 2010). 

Table 8-2. Average fluid properties of honey, the fracturing fluid in this experiment, taken 
from the literature. It should be noted that these properties can change with the honey 
batch. Bhandari et al. (1999) measured Newtonion behavior for Australian honeys. 

Density [kg/m3] Viscosity [Pa.s] 
1435*  19.0** 

*White (1975), 15.0% water content 

** Munro (1943), 16.1 wt% water content. 

8.2.3. Microcomputed tomography scans 

 We quartered the rock specimen at the bore in four quasi-identical symmetrical 

subparts as shown in Figure 8-2. One quarter part was selected and scanned with a 

Microcomputed tomograph (Skyscan 1172). A cylindrical volume in the centre of the 

sample at 10.47-17.75 mm sample height (with the bore at the sample top (= 50mm)) 
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with a diameter of 13.92 mm was measured (zoom into the sample) with a resolution of 

6.96 μm. 

  

Figure 8-2. Quartering of specimen for µ-CT analysis; left: whole cubic sample in which the 

fraccing fluid was injected, the edge length of the sample is 5 cm; right: quartered sample, 

sample dimensions are 5 cm x 2.5 cm x 2.5 cm. 

8.3. Results 

8.3.1. Fracturing tests 

 Fracturing initiates when the injection pressure exceeds the minimum hoop 

stresses and the tensile strength of the rock (Fjær et al., 1992). In this sample an 

injection pressure of 31.026 MPa was measured when the fracture initiated. This was 

the maximum pressure reading of the pump before pressure suddenly dropped due to the 

fracture initiation (Rasouli and Sarmadivaleh, 2011). At one side of the sample 

observation indicated that a small natural fracture plane stopped propagation of the 

induced fracture. This natural fracture was visible in the µ-CT image which confirms 

the suggested arresting mechanism. Indeed this phenomenon is critically important 

when hydraulic fracturing is performed in naturally fractured reservoirs. 

8.3.2. Microcomputed tomography 

 Two dimensional image slices through the quartered sample (Figure 8-3) clearly 

show the location and morphology the fractures. The non-invaded zone (air) is black 
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and rock is grey. The light grey patches are minerals with high x-ray absorption and 

honey is dark grey and difficult to distinguish from air by eye. The distance from the 

centre of the shown circles to the bore is 10.72 mm and the middle of the left edge of 

the circle (where the crack starts) is the point closest to the bore. 

(a) (b) (c)  

Figure 8-3. Quartered sample: Axial slices at different sample heights: (a) height = 11.10mm 

(b) height = 11.30mm, (c) height = 11.50mm. The non-invaded zone (air) is black and rock is 

grey. Some light grey patches are minerals with high x-ray absorption and honey is dark grey 

and difficult to distinguish from air. The diameter of the shown circles is 13.92mm. 

 Figure 8-4 shows the main fracture isolated from the µ-CT images and its 

orientation in three dimensions (the bore is next to the winged fracture at the bottom 

right in Figure 8-4a). The orientation of the main fracture was determined by measuring 

the two inclination angles between the (interpolated) fracture plane and the xy plane 

(plane normal to the bore, orientation angle α) and the xz plane (orientation angle β), 

results are tabulated in Table 8-3. All volumes shown in Figures A4-7 are cylindrical 

with a diameter of 11.65mm and a height of 3.48mm (≈ 370 mm3). 
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(a) (b)  

(c)  

Figure 8-4. Fracture morphology: Three selected three-dimensional images showing the 

fracture from different view angles. For images (a) and (b) the diameter of the shown circle is 

11.65 mm, the long edge length of the rectangular slice in image (c) is 10mm. The image height 

is 3.48mm and a volume of ≈ 370 mm3 is shown. 

Table 8-3. Fracture orientation extracted from the three dimensional μ-CT image. 

 inclination angle α [°] inclination angle β [°] 
Main fracture 22.3 3.6 

 

 Figure 8-5 shows the distribution of the fraccing fluid in the sample. The 

fraccing fluid penetrated mainly into the rock section next to the bore. It is interesting to 

note that the honey mainly flowed through the fractures (cp. Figure 8-6) as expected 

(because of the high permeability of the fracture). 

(a) (b)  

Figure 8-5. Two selected views showing the fraccing fluid distribution. It can be clearly seen 

how far the honey penetrated into the sample. The bore is on the central left side in image (a). 

The diameter of the circles shown is 11.65 mm. The image height is 3.48mm and a volume of ≈ 

370 mm3 is shown. 
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(a) (b)  

(c)  

Figure 8-6. Three selected views showing the fraccing fluid (yellow) distribution in the fractures 

(blue). The diameter of the circles shown is 11.65 mm. The image height is 3.48mm and a 

volume of ≈ 370 mm3 is shown. 

 Figure 8-7 shows all void space; the fractures are blue, honey is yellow and air-

filled pores are purple. Images with different view angles are presented, the location of 

the bore is always next to the highest concentration of the honey, the start of the fracture 

respectively.  
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(a)  (b)  

(c)  

Figure 8-7. Three views on the void space. Blue are the fractures, yellow is the honey and 

purple is the air-filled pore space. The diameter of the circles shown is 11.65 mm. The image 

height is 3.48mm and a volume of ≈ 370 mm3 is shown. It can be clearly seen how far the honey 

penetrated into the sample and that honey flowed preferentially through the high permeability 

cracks. 

8.4. Conclusions 

 A fraccing fluid was injected into a tight sandstone specimen under triaxial 

stress conditions typical of an oil and/or gas reservoir. We scanned the specimen with a 

Microtomograph and observed the three dimensional fracture morphology and 

orientation at the micrometer scale. The distribution and penetration depth of the 

fraccing fluid was measured; as expected the fraccing fluid flowed mainly through the 

high permeability fractures. These data can validate fracture propagation models and 

lead to optimization of fraccing processes and thereby enhanced oil and/or gas recovery 

processes.  
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9. Appendix B - Bubbles in chapatti doughs 

9.1. Introduction 

 Chapattis are unleavened flat breads and a staple food made in Indian homes, 

shops and restaurants. Atta flour is widely used to make chapattis and is obtained by 

grinding wheat grown in India and Pakistan. To make chapattis, atta is hand-mixed with 

water and salt to form dough. Small pieces (~30-40 g) are torn from the dough mass and 

sheeted using a hand roller to form thin, round, flat sheets. These sheets are first 

warmed on hot, flat pans until some bubbles inflate and become visible. This process 

slightly hardens the surface in contact with the pan. The chapatti is then flipped to 

harden the other side, and is then placed over an open flame where the chapatti puffs 

like a balloon. This puffing process is fast, else the pieces burn. 

 The hardening of surfaces occurs from gelatinisation of starch, while puffing 

occurs from the generation and rapid accumulation of steam in the sheet during heating. 

Separation of the crust layers begins at several points and as baking continues, these 

areas enlarge and ultimately coalesce to produce one large bubble (the puff) delineated 

by intact top and bottom layers. Usually the top layer is thinner than the bottom layer. 

The quality of chapattis is high when they puff fully and remain soft and pliable during 

storage. 

 Substituting atta with wheat grown outside the Indian subcontinent has been met 

with limited success due to issues in rolling doughs into sheets (the pre-baked chapattis) 

and with consumer dissatisfaction with product texture. What makes atta so suitable for 

chapattis? Research has highlighted the importance of gluten composition, milling 

conditions and dough sheetability. Analyses of wheat varieties grown in India have 

shown that the best varieties have a unique composition of gluten proteins containing 

similar amounts of gliadin, glutenin and residual proteins; the latter are proteins that are 
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un-extractable from gluten in presence of acetic acid (Ram and Nigam, 1981; Srivastava 

et al., 2002). Milling is critical in that the amount of damaged starch in the flour 

influences puffing and the right amount helps maintain a soft, pliable product texture 

(Rao et al., 1986). Ghodke et al. (2009) have reported the milling conditions necessary 

to control the amount of damaged starch in flours, although an optimal value was not 

reported. 

 The ‘sheetability’ of chapatti doughs is important as the final thickness of the 

rolled sheet affects the quality of baked chapattis. Optimal thicknesses for atta doughs 

have been reported to be in the range 2-2.5 mm for obtaining fully puffed, soft and 

pliable chapattis (Rao et al., 1986). Although dough sheets of ~1 mm thickness puffed 

fully, their eating qualities were unacceptable. At thicknesses >2.5 mm, chapattis had 

under-baked qualities. 

 In a study comparing a range of British wheat cultivars, (Rehman et al., 2007a) 

showed that none of the cultivars matched the sheetability of atta as doughs were either 

too elastic (large shrink-back following sheeting), too ‘short’ or too spreadable. 

However, a mix of two varieties – Mercia and Galahad, showed promise (Rehman et al., 

2007b). 

 Supplementing atta flour with flours made from various legumes increases 

protein and mineral content and therefore increases the nutritional content of chapattis. 

This is a long-desired goal in developing countries. However, the texture of the 

resulting chapattis has been substandard. With soy, the maximum amount for soy 

incorporation was found to be 24% (w/w flour) (Khan et al., 2005). The acceptability 

limit for inclusion of chick pea flour was around 20% (Singh et al., 1991). On the other 

hand, a 3% addition of guar gum to atta resulted in an improvement in both puffing and 

softness of chapattis (Gujral and Pathak, 2002). 
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 Lupin, sometimes called sweet lupin, is an Australian-grown legume rich in 

Micronutrients and contains high levels of protein and fibre. Lupin and lupin-wheat 

flour blends are used to make chapatti-like flat breads in Australia. Importantly, lupin 

contains no gluten. In clinical studies, lupin has been shown to reduce blood sugar and 

promote high levels of satiety (Lee et al., 2006, 2009). Long range structures in lupin 

doughs have been detected by confocal microscopy (Øiseth and Chakrabarti-Bell, 

2012). Also an interaction between -conglutins, one of the proteins in lupins, and 

gluten proteins has also been reported by Islam et al. (Islam et al., 2011) in lupin breads. 

 These lupin doughs puff like atta chapattis although textural differences remain. 

However, given that lupin contains no starch and lupin doughs are not extensible, how 

lupins make chapattis is not easily understood. 

 There is little information in the literature (to the authors’ knowledge) regarding 

dough properties necessary for puffing. However, there are numerous studies 

investigating the bread-making qualities of flours. Besides the obvious differences in 

product appearance and texture, structurally breads and chapattis are also different. 

Chapattis contain one large, closed bubble (the puff), while bread crumb is made up of a 

single, interconnected ‘open bubble’ comprising ~99.9% of the volume fraction of 

bubbles (Wang et al., 2011). Some closed bubbles are also present in the strands of solid 

phase in crumbs. The ratio of open bubble volume fraction to total bubble volume 

fraction has been shown to increase with bread softness (Wang et al., 2011). On the 

other hand, the pliability of breads is affected by the distribution of closed cells (Wang 

et al., 2011). Softness and pliability are critical textural attributes for chapattis also. 

Therefore, a brief review of the current understanding of dough properties, that govern 

bubble growth and stability in bread doughs, follows.  
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9.1.1. Strain-hardening of doughs and bubble stability 

 Wheat flour makes strong viscoelastic doughs, a feature considered essential for 

protecting air (or gas) bubbles as they are trapped inside the dough during mixing. A 

film of dough encases each bubble and also protects it from coalescing and/or break-up 

during processing and baking (Sroan et al., 2009). 

 Being viscoelastic, the film is able to stretch as bubbles deform (Bloksma, 1990; 

Sroan et al., 2009). It is though that the more dough can stretch before rupturing, the 

more bubbles can grow and the larger the loaf volume. Hence the rupture strengths of 

doughs are measured in order to determine bread-making potentials of flours. These 

tests are performed using either quasi-uniaxial stretching (Brabender Extensigraph) or 

quasi-biaxial stretching (Chopin Alveograph). Doughs exhibit a hyperelastic stress-

strain function during stretching. Either a power law or an exponential curve can be 

fitted to the stress-strain plot (Bagley et al., 1988; van Vliet et al., 1992). The 

coefficients of the fitted curve can be used as measures of strain-hardening quality of 

doughs, thought to be important for limiting Ostwald ripening (expansion of large 

bubbles at the expense of smaller bubbles) and for hindering coalescence of bubbles as 

they grow during proofing and baking (van Vliet et al., 1992; van Vliet, 2008). 

 To obtain values of rupture strengths in engineering units, the Alveograph test 

was adapted to run in a material tester. Rupture strength and strain-hardening properties 

of doughs, corresponding to a range of flours, were measured. Results showed a positive 

correlation between loaf volume and failure strain and strain-hardening coefficient 

(Dobraszczyk et al., 2003). A value of one for strain-hardening index, obtained by 

fitting an exponential to the hyperelastic stress-strain curve, was proposed as a cut-off 

between strong and weak flours with stronger flours having values greater than one. 
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That rupture strain is correlated to strain-hardening index (obtained from dough 

inflation tests) has been shown also by Chin and Campbell (2005). 

 An interaction between strain-hardening and the level of aeration in doughs has 

been reported by (Chin et al., 2005). In a series of experiments, doughs were mixed 

under vacuum and under varying atmospheric pressures. The biaxial strain-hardening 

indices were found to be smaller for doughs made with weak flours, and decreased as 

the volume of trapped air increased during mixing (Chin et al., 2005). For example, the 

strain-hardening index of vacuum-mixed, strong doughs dropped from 2.1 to 1.8, when 

mixed to contain ~12% air. For doughs of weak flours with similar volumes of air in 

doughs, the index dropped from 1.8 to 1.5. The above authors also reported that 

comparatively more air is trapped in weak flour doughs when mixed under atmospheric 

pressure. 

 Chapatti flours are not considered to be strong, bread-making flours. Thus, low 

levels of biaxial strain-hardening indices could explain the puffing of chapattis resulting 

from rapid coalescence of expanding gas bubbles. 

9.1.2. Elasticity of doughs and bubble stability 

 Besides biaxial strain-hardening, dough elasticity is also known to be important 

for defining the bread-making potential of flours. Note while strain-hardening indicates 

the resistance of dough to thinning out upon stretching, elasticity indicates the readiness 

of doughs to recover thickness when released from stretching. Using data obtained from 

a series of stretch-recovery experiments, a mechanical model was derived using springs 

and ‘capacitors’, i.e. the predecessor of dashpots in current concepts of polymer 

viscoelasticity, to describe dough’s strain-hardening and elastic recoveries (Schofield 

and Scott Blair, 1933). Methodologies to determine dough’s relaxation time and 

elasticity were reported by Halton and Scott Blair (1936), and then used to establish that 
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doughs of superior bread-making qualities were more elastic and had longer relaxation 

times. 

 Applying the elasticity concept to stretching of dough layers between bubbles as 

they grow, it can be argued that doughs of higher elasticity would restrict coalescence of 

bubbles by maintaining thickness of dough layer more effectively. Conversely, bubbles 

in doughs of lower elasticity would grow to coalesce earlier as dough layer would thin 

out faster. An optimal level of elasticity is known to be a key quality parameter for 

chapatti doughs (see discussion on selection of wheat varieties for atta).  

 New techniques have been reported (Chakrabarti-Bell et al., 2010) for measuring 

the elasticity and strain-hardening of doughs from compression-decompression 

(unloading) tests performed at constant true strain rates. Alongside, distribution of 

bubbles in bread doughs has been determined using 3-D X-ray computed 

Microtomography methods or (micro) CT scanning (Bellido et al., 2006). Combined 

with the development of dedicated workflows, algorithms and software, it is possible to 

characterise bubble structures in doughs in a relatively short time. Therefore, by tracking 

changes in bubble structure as chapatti dough is mixed, rolled and baked, and coupling 

the bubble information with dough’s elasticity and strain-hardening, an understanding 

of how dough’s elasticity impacts bubble growth could be obtained for chapattis. In this 

work, these new techniques for characterising bubble structure and dough elasticity are 

applied to a range of gluten and non-gluten chapatti doughs with the objective to 

analyse the interactions between dough’s elasticity and bubble stability. Results are 

presented below. 
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9.2. Materials & methods 

9.2.1. Dough preparation and baking 

 Chapattis were made using various flours including Indian atta flour (henceforth 

abbreviated to ‘atta’), Australian wholemeal flour ‘WW’ (White Wings commercial 

wholemeal flour), a 50:50 w/w blend of WW and Australian sweet lupin flour (‘50:50’), 

and a 100% lupin flour which was same flour as used in the 50:50 mix (termed 

‘Lupin’). The atta flour was sourced from specialty shops in Australia (the original 

supplier was Aashirvaad, ITC Limited, Kolkata, India), WW was obtained from the 

Australian retail market, and the lupin flour was sourced from a local lupin milling 

company (Irwin Valley Pty Ltd, Palmyra, Western Australia). The protein contents of 

atta and WW were the same at 11.5% using a 14% moisture basis. The damaged starch 

contents were 5.6% and 9.2% for atta and WW, respectively. The lupin flour contains 

little carbohydrate being a mixture of non-gluten proteins (40% w/w flour basis), dietary 

fibre (36%), moisture (10%) and fat (7%). 

 The chapattis were made as described in the beginning of the Introduction 

section. A few extra details are included here. All ingredient temperatures were identical 

with flour held at laboratory temperature (20°C) and water kept at 42°C. All dough 

mixes contained 500 g of flour, while the water amount was varied to achieve the 

desired consistency (data presented in Results section). Doughs were kneaded until the 

mix became cohesive and released easily leaving little residue on the hand. Forty gram 

pieces of doughs were torn from the main mass and rolled to form nearly perfect 

circular discs (diameter ~15 cm) of similar thicknesses (exact thicknesses measured via 

MicroCT; see Table 9-1). 

 Chapattis were baked on a hot pan until bubbles could be seen to form on the 

surface, after which they were turned over for the same effect on the opposite side 
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(about 40 seconds in total). Subsequently, chapattis were placed on open flame until 

they puffed (about 30 seconds). All chapattis puffed; see Figure 9-1. The products were 

tested immediately in the CT scanner. Those used for taste-testing were (very briefly) 

stored inside plastic bags until ready for use. 

 The chapattis were tasted by the authors. The atta chapattis were consistently 

thought to be the softest with the 50:50 chapatti a close second, followed by the WW 

and Lupin chapattis. The 100% lupin chapattis were visibly friable, particularly the top 

layer, and significantly firmer than the other chapattis. 

  
Atta WW 

  
50%:50% w/w WW:Lupin 100% Lupin 

Figure 9-1. Pictures of baked chapattis 

9.2.2. Rheology tests 

 The rheological characterisation of doughs was carried out by testing doughs in 

compression at constant true strain rates using a servo-hydraulic Instron 8872 Fatigue 

Testing System (Instron Ltd, Buckinghamshire, UK). The procedure is described in 
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detail elsewhere (Chakrabarti-Bell et al., 2010). Each test involved a loading and an 

unloading phase. The samples were moulded into cylinder shaped blocks using a mould 

(~22 mm in height and diameter). Both platens were lubricated to decrease the friction 

between the sample and platens as this is known to affect compression forces. 

 The compressive force, F, and the corresponding deformation, δ, were recorded 

by the Instron machine’s native software (WavematrixTM). These data were processed 

into true stress,



  Fh /(R2H), and true strain, )/ln( Hh , where h is the current 

sample height (h=H-δ), H is the original sample height and R the original sample radius. 

The condition of constant true strain rate in compression requires that the actuator move 

downwards with exponentially decreasing speed during loading, and vice versa during 

unloading. Tests were performed at average true strain rates of -0.05/s, -0.5/s and -5/s. 

Duplicates were run at each rate. 

9.2.3. X-ray Microtomography and 3-D visualisation of doughs and chapattis 

9.2.3.1. Dough scanning 

9.2.3.1.1. Sample preparation 

 X-rays are not absorbed by open space. Thus voids (i.e. gas bubbles) show up 

clearly in CT scans of doughs. Fresh dough was manually cored using a transparent 

plastic drinking straw. The sample was rested upon a cylindrical fixture within the 

MicroCT machine. The WW dough lacked the necessary rigidity and sagged during the 

course of the scanning process. As the resulting motion introduced errors that could not 

be resolved during reconstruction, WW dough was omitted from this portion of the 

analysis. Rolled dough and puffed chapattis were carefully cut into pieces (~10 mm x 

10 mm) using a sharp scalpel blade. A small piece of double-sided sticky tape was 

attached to the bottom of the sample before the sample was placed upon a flat platform 

inside the MicroCT machine to increase the rigidity of the sample during scanning. 
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9.2.3.1.2. Scanning parameters 

 All samples were scanned using a SkyScan 1172 Desktop Scanner equipped 

with a Hamamatsu 10 MP camera running Control Software v1.5 (build 8). A scan 

voltage of 60 kV and current of 163 A were applied using an exposure time of 

79 milliseconds. The samples underwent 180° rotation with a step size of 0.3 degrees. 

Images were averaged over every 4 frames. Image pixel resolutions were ~5 m/pixel 

and ~11 m/pixel for dough and puffed pieces, respectively. The lower resolution for 

puffed pieces was necessary due to the large void between the two layers of material. 

Cross-sectional image reconstructions were then performed using the open source 

software NRecon (version 1.6.1.2, SkyScan, www.skyscan.be), resulting in stacks of 

approximately 500 images of 1000 x 1000 pixels. 

9.2.3.2. Image analysis and visualisation 

 Stacks of images were layered on top of one another to create a 3-D volumetric 

representation of the original structure. The process is described in more detail 

elsewhere for breads (Wang et al., 2011) and geo-materials (J. Liu et al., 2009). Only a 

brief summary is included here. 

9.2.3.2.1. Building 3-D representation of structures 

 MicroCT image stacks were pre-processed using ImageMagick (v.6.5.7-8, 

ImageMagick Studio LLC, www.imagemagick.org) and its built-in modules. Images 

were cropped by visual inspection to include only dough segments. Image noise and 

speckles were removed using the noise peak elimination filter resulting in higher quality 

images whilst preserving edges. Bubble space and solid structures were identified via 

their greyscale values and segmented accordingly. Bubble space was labelled as 0, 

while solid structures were labelled as 1. Avizo Fire (v.6.1, Visualization Sciences 

Group, www.vsg3-D.com) was used to import the stacks of regularly sized, high 

quality, low noise segmented images. Avizo Fire automatically interpolated 

http://www.skyscan.be/
http://www.imagemagick.org/
http://www.vsg3d.com/
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connectivity in the vertical direction between sequential images to create a 3-D 

representation of the original scanned structure. 

9.2.3.2.2. Representative volume elements for analysis of volume fraction of bubble 

 Representative volume elements (RVE) allow consistent comparisons to be 

made between different samples. For example, the thickness of the fresh dough samples 

was larger than the rolled dough sample and straightforward comparison of data from 

these structures in their entirety (e.g. bubble counts) is therefore invalid. Thus, while 

data on volume fraction could be calculated with respect to the overall sample volumes, 

the bubble count and bubble volume size results were dependent on sample size and the 

RVE under investigation. 

 The size of the RVE was considered to be the total volume of the smallest 

dataset for each type of test sample. For example, it was 3.1 x 3.1 x 1.0 mm3 for dough 

mixes. To test the validity of this RVE, the same MicroCT datasets were cropped using 

Avizo to the specified size at three different locations, analysed, and compared. The 

datasets at different locations were found to be nearly identical, implying that a 

representative volume element exists. Analyses of bubble structures for all doughs were 

performed and compared on the basis of the same size RVE, eliminating variations due 

to sample size. The RVE’s varied slightly between doughs of different formulations and 

are summarised in the Results section. 

9.2.3.2.3. Analysis of bubble size distribution and volume fraction of bubbles  

 The ‘Quantification’ module included in Avizo Fire was used in this work. 

Exact descriptions of the relevant calculations are available in the online User’s Help 

menu as well as a separate ‘Visilog’ documentation distributed alongside Avizo. 

 The volume fraction of bubbles is defined as the ratio of void (bubble) volume to 

total volume of the 3-D structure in the RVE. Since the image stacks are pre-processed 
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and regular, and the entire volume is relevant material, the overall volume can be 

measured by multiplying together length, width, and height. The void space (or bubble 

volume) was obtained using the ‘I_analysis’ command in the ‘Analysis’ folder of the 

‘Compute’ module. This command parses the 3-D representation for connected pixels 

labelled as bubbles, considering each set of interconnected bubbles labels as a cluster. 

The command returns a list of bubble clusters and their corresponding volumes. 

Additionally, the ‘I_analysis’ calculates morphological parameters of each void cluster 

including surface area, perimeter, and shape characteristics. Clusters of bubbles were 

also analysed for frequency of occurrence and bubble volume distributions, and were 

additionally classified (or ‘binned’) according to size. Overall bubble volume was 

calculated by summing the volumes of individual bubble clusters after which overall 

volume fraction of bubbles could be calculated. 

 Bubble clusters were visualised using the ‘Isosurface’ module which renders the 

outside surface of clusters of a specific property, i.e. volume. An example of isosurfaces 

is given in Figure 9-4. Visual inspection resulted in the identification of two different 

types of structure. One is circular and rounded while the other is tentacle-like and 

branching. The circular structures were deduced to be bubble and the tentacle structures 

residual bran particles. A machine-learning algorithm was developed to identify and 

eliminate bran particles based on their volume and shape parameters; see Appendix. For 

illustrative purposes, the quantification of volume fraction of bubbles was performed 

both before and after bran particles were removed and the results are presented later. 

 In a baked chapatti, the puff is the big bubble between the solid upper and lower 

layers, and this introduces errors into calculations of volume fraction of bubbles for 

individual layers. For simplicity, volume and characteristics of bubbles were calculated 

only from the thicker solid layer for each chapatti. Figure 9-2 presents an example of 

how the puff was identified and eliminated between the baked layers. 
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Figure 9-2. MicroCT scan of fully puffed atta chapatti in the coronal plane. The large void 

space between the two layers of the chapatti is non-uniform and penetrating. This empty space 

between layers (hatched for easy identification) was carefully removed from void space 

analyses before calculating volume fraction of bubbles. 

9.2.3.2.4. Measurement of thickness in puffed chapatti 

 MicroCT images were loaded into DataViewer (v1.4.3, www.skyscan.be) for 3-

D viewing. Thickness measurements of puffed pieces were obtained by randomly 

selecting 10 to 20 locations in the coronal and sagittal slices from MicroCT datasets and 

then measuring the height from the top to the bottom of the sample. Thickness values 

were averaged to obtain an overall thickness. 

9.2.3.2.5. Bubble Separation Distance Measurements 

 A data analysis method developed elsewhere for estimating average distance 

between bubbles (Bellido et al., 2006) was applied to calculate bubble separation 

distances in rolled chapatti doughs and fully puffed chapattis. Binarised 3-D structures 

were imported into a 3-D data analysis software package CTAn (v 1.11.4.2+, SkyScan, 

www.skyscan.be). Relevant features were selected and 3-D analysis for ‘trabecular 

separation’, which is the equivalent of bubble separation in trabecular bone, was 

performed. Separation distances are obtained by calculating the minimum Euclidean 

distance between a given solid pixel and any bubble pixel. A frequency histogram of 

bubble separation distances was obtained and a Gaussian distribution was fitted to the 

data as performed elsewhere (Bellido et al., 2006). Data from rolled dough samples 

were found to fit a Gaussian distribution and the mean separation distance was 

http://www.skyscan.be/
http://www.skyscan.be/
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calculated from the frequency data. Data from puffed chapatti samples did not fit the 

Gaussian distribution well, but instead featured a plateau range. 

9.3. Results and discussion 

9.3.1. Dough rheology tests 

 Photos of a compression sample in its initial state are presented in Figure 9-3 

along with sample test results for atta dough. These results are from constant true strain 

rate compression and compression-recovery tests. 

 Stress increased with both strain and strain rate, indicating strain-hardening of 

doughs in compression is rate-dependent. To take into account both strain and rate 

effects and obtain simple measures of differences between doughs, the following 

method was used to obtain apparent strain-hardening indices. A power law equation was 

fitted to plots of stress vs. strain rate using values of strain increasing with rate (-0.1 

strain at -0.05/s, and at -0.2 at -0.5/s, and -0.3 at -5/s). The power law fit provided 

measures for ‘consistency of strain-hardening (K, Pa sn)’ and ‘index of strain hardening 

(n)’ and are presented in Figure 9-3(b). The indices were similar between doughs while 

K was not. Note that these values cannot be compared with strain-hardening indices 

obtained from dough inflation tests for a number of reasons, as explained below. The 

stress-strain plots of doughs vary with strain rates. Thus, strain-hardening coefficient 

obtained by fitting an exponential to strain-strain data corresponding to a single strain 

rate, as was done with data from dough inflation tests, is not a material constant. In our 

studies, the compression tests were run at various rates and strain-hardening coefficient, 

with the method used to express effect of both strain and strain rates on stresses, 

captures both strain and rate effects. Note also that neither the lubricated compression 

nor dough inflation tests, even if performed at constant strain rates, is a true rheological 

biaxial extension test (Kompani and Venerus, 2000) and thus, exponents derived from 
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stress-strain plots by fitting either power-law or an exponential would differ in 

magnitude.  

 

Figure 9-3. Sample dough rheology results for atta dough. (a) Straight compression and 

compression-recovery results. (b) Summary of Power Law rheological characterisation for all 
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four doughs; K and n indicates the strain hardening consistency and index, respectively. (c) 

Elastic recovery vs. peak stress (rate) in compression. ‘*’ denotes a bread dough described 

elsewhere (Chakrabart-Bell et al., 2010) which was made from US flour. 

 The following rank ordering of flours is observed for ‘resistance to deformation’ 

in descending order: 100% Lupin > 50:50 > atta > WW. A similar ranking of firmness 

of doughs was noted during handling of doughs by the authors. 

 Following release from compression, the doughs recovered a small amount of 

strain; this is the horizontal distance on the x-axis in Figure 9-3(a) between the start and 

end of recovery. It has been shown elsewhere (Chakrabarti-Bell et al., 2010) that dough 

elasticity is a function of stress. To track how elasticity changes with strain rate, the 

elastic recoveries of doughs were plotted against the onset stress at which recovery was 

initiated. The results are shown in Figure 9-3(c). The recovery decreased with 

increasing stress for all doughs. However, atta doughs recovered the most at all rates. 

For the other three doughs, recovery was low to near-zero at -5/s (highest rate tested). 

 Note that if the test machine had allowed for testing under constant true stress, it 

would have been possible to compare doughs at the same stress. However, such test 

protocols are not available at this time. The recoveries at the highest rate are used to 

compare between doughs (Table A, inset in Figure 9-3). In decreasing order of 

elasticity, the doughs ranked as follows: atta > 50:50 > WW > 100% lupin. This ranking 

is not similar to that of consistency of strain-hardening of these doughs. Note that the 

blended lupin dough featured a higher elasticity than either the 100% WW or 100% 

lupin dough.  

 The strain-hardening consistencies related to the perceived firmnesses of 

doughs. Low values for strain-hardening consistencies, as seen for atta and WW, imply 

low resistance of doughs to stretch as bubbles grow. However, unlike WW, the higher 

elasticity of atta dough would restrict permanent thinning out of dough layers in 
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between bubbles and thus, prevent coalescence of bubbles. Thus, bubble coalescence 

would be high in 100% lupin doughs, but less in 50:50 given the higher elasticity of the 

50:50 dough. 

 Using data from the literature (Chakrabarti-Bell et al., 2010), the elastic 

recoveries of a bread dough (made with the same ‘Pillsbury’ flour as used elsewhere 

(Dobraszczyk et al., 2003) are shown in Figure 9-3(b). The recoveries were greater and 

increased with increase in stress (as rate increased). There was no data for elastic 

recovery at 5/s and thus, direct comparison cannot be made for elasticity differences 

between bread and chapatti doughs. However, the argument can still be made that with 

the higher elasticity of Pillsbury doughs, the dough layer thickness would be maintained 

better in this dough than in chapatti doughs. The visuals for bubbles in doughs are 

examined next to contrast dough layer thicknesses between these various chapattis and 

the bread doughs. 

9.3.2. MicroCT analysis 

 Breads contain bubbles and are permeable due to the presence of the extensively 

interconnected, a single, open bubble (Wang et al., 2011). Doughs, however, only 

contain closed bubbles and as a result are not permeable. 

9.3.2.1. 3-D maps of bubbles in doughs and chapattis 

 An example of the physical distribution of bubbles in the RVE from test samples 

of atta is shown in Figure 9-4. Not all bubbles were spherical. 

 Both volume fraction of bubbles and bubble sizes in chapatti doughs changed 

upon rolling and baking. No bubbles larger in size than those present in the fresh mix 

was found in the rolled dough. However, a large number of small bubbles (100-1,000 

m3), not predominant in fresh doughs, were detected in the rolled pieces. 
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Figure 9-4. Visualisation of the changes in bubble structure as a result of processing the atta 

dough. (a) unprocessed dough (5.5 m/pixel resolution), (b) sheeted dough; note the increase in 

the ratio of smaller (yellow) vs. larger (green) bubbles (5.5 m/pixel resolution), (c) bubbles in 

the thick layer of the baked chapatti (11.0 m/pixel resolution). The void volume sizes in the 

figures are 102-103 m3 (yellow), 103-104 m3 (green), 104-105 m3 (red), and 105-106 m3 

(grey). Voids of volume 101-102 m3 were also detected but are invisible in these images. 

 An alignment of bubbles along the direction of kneading and rolling could also 

be detected (Figure 9-4), and was significantly easier to inspect when the scans were 

visualised in 3-D. The origin of the small bubbles is not clear; they could come from the 
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(c) Bubbles in lower (thicker) layer of puffed atta dough 

ROLLING 

BAKING 



9. Appendix B - Bubbles in chapatti doughs 

- 189 - 

rupture of large bubbles and/or gluten strands. Note that rupture of gluten strands as 

dough relaxes has been reported previously (Chakrabarti-Bell et al., 2010). A decrease 

in size of bubbles following compression of wheat flour doughs has also been reported 

(Leroy et al., 2008). These ultra-small bubbles were not seen in the lupin doughs, 

although there was a decrease in average bubble size (section 0). 

9.3.2.2. Quantitative analyses of bubble structure  

 The distributions of bubble volumes, both cumulative and relative, were 

calculated from 3-D datasets. As seen for bread doughs (Bellido et al., 2006), the size 

distribution of bubbles in chapattis could also be described by a log-normal density 

function. Normalised distance-frequency distributions are presented as solid lines in 

Figure 9-5 while markers depict probabilities obtained through analytical methods. 

 The series of plots in Figure 9-5(a)i-iv present data for normalised frequencies of 

bubble sizes (volumes) for each dough when mixed, rolled and baked. In Figure 9-5(b)i-

iv are shown the corresponding plots for counts of bubbles in these doughs. Note that 

the data for fresh mix for WW is missing due to experimental issues with dough sagging 

during CT scanning (section 9.2.3.1). The separation distances between bubbles in these 

doughs are summarised in Figure 9-5(c) for rolled doughs and in Figure 9-5(d) for the 

baked layers. For the latter, a plateau range, instead of a peak, was observed. This range 

is recorded as estimates of average separation distances in the baked products. 

 The bubble diameters reported by (Bellido et al., 2006) for bread doughs were 

converted to volumes assuming spherical shape of bubbles. A comparison of bubble 

sizes between atta and bread doughs is shown in Figure 9-5(e). 

 A summary of the average values of bubble sizes and separation distances, along 

with the number of bubbles counted in each RVE, are presented in Table 9-1. The 

volume fraction of bubbles and thicknesses of rolled doughs and baked layers are 
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included alongside. Generally the bubble count and/or the bubble size decreased with 

increasing mean bubble separation distance. Although there were fewer bubbles in 

bread doughs, they were larger and thus, volume fraction of bubbles was higher in bread 

doughs (Table 9-1). It is not clear as to why the separation distance was larger in dough 

of formula B, which contained more bubbles (Bellido et al., 2006). 

9.3.2.3. Effect of rolling on bubbles in doughs 

 The thicknesses of the rolled chapattis were similar between doughs with the 

exception of 100% lupin which was slightly thicker, possibly because the dough was the 

firmest and most difficult to roll. For all dough types, the volume fraction of bubbles of 

fresh mixes decreased after rolling. However, the relative decrease in volume fraction of 

bubbles was the least in atta (1.77 to 1.56) upon rolling. WW had the largest number of 

bubbles after rolling (Figure 9-5a-ii, Figure 9-5b-ii and Table 9-1). These shifts in 

bubble sizes were not observed in the lupin containing doughs. 

9.3.2.4. Effect of baking on bubbles 

 The baked layers in all chapattis, irrespective of flour type, contained larger size 

bubbles although the volume fraction of bubbles decreased relative to doughs. That 

bubbles are present in baked layers in chapattis is reported here the first time. All the 

bubbles in chapattis are closed, unlike those present in bread crumbs where most are 

conjoined to form the open cell. 
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(d) 

 

 

 

(e) 

 

 

 

Figure 9-5. Characterisation of bubble distribution in chapatti during different stages of 

process as normalised frequency (a, i-iv) and normalised bubble count with respect to total 

volume (b, i-iv) binned into orders of magnitude of atta, WW, 50:50, and 100% Lupin. A 

normalised bubble separation distances characterisation of (c) rolled and (d) baked chapatti is 

also given. Arrows mark the span of separation distances in baked chapatti. (e) A comparison of 

bubble frequency distribution of atta chapatti dough and a lean bread dough formulation from 

Bellido et al. (2006). 

 The lupin chapatti was the thickest and featured the lowest volume fraction of 

bubbles. The WW chapatti was slightly thicker than atta, but its volume fraction of 

bubbles was similar to that of lupin. By contrast, volume fractions of bubbles were high 

for both atta and 50:50 chapattis. Combined data for volume fraction of bubbles and 

thickness of baked layers imply that the chapattis made with atta and 50:50 would be 

perceived as softer than the others, which is in line with the assessment was made by the 

authors. Further studies are required to confirm the impact of thickness and volume 

fraction of bubbles on sensory perceptions of softness of chapattis. 
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Table 9-1. Void volume fraction of bubbles and thickness of rolled doughs and puffed layers for all chapattis. Relative change in bubble volume 
fraction was measured between rolled dough and puffed layer due to lack of volume fraction of bubbles data for raw WW dough. 

  

Volume size 
(mm x mm x 

mm) 

Geometric mean 
bubbles (µm3) 

Geometric SD 
bubbles (µm3) 

Mean bubble 
separation (µm) 

SD bubble 
separation (µm) 

Count 
of 

bubbles 
/ mm3 

Volume 
Fraction of 

Bubbles 
(%) 

Thickness 
(µm) 

 Dough 3.19 x 3.18 x 
1.01 3305 6.5 272 81 350 1.77  

Atta Rolled 3.19 x 2.91 x 
1.01 1042 11.0 366 110 180 1.56 1508 

 Baked 6.18 x 6.18 x 
1.72 9757 6.4 375-930  40 0.74 873 

 Dough - - - - - - - - 

WW Rolled 2.54 x 2.54 x 
0.98 442 5.6 217 54 736 1.53 1739 

 Baked 6.18 x 6.18 x 
1.57 4521 4.6 570-725  39 0.28 1022 

 Dough 3.23 x 3.23 x 
1.84 1835 9.2 225 67 606 4.26  

50:50 Rolled 3.64 x 3.64 x 
1.84 1186 8.5 284 112 496 2.22 2090 

 Baked 7.06 x 7.06 x 
1.87 6119 4.8 310-725  114 1.00 1213 

 Dough 3.19 x 3.19 x 
1.46 4477 5.3 198 59 635 3.35  

Lupin Rolled 3.19 x 3.19 x 
1.46 3941 6.4 240 72 429 2.40 2572 

 Baked 6.00 x 6.00 x 
3.17 4199 3.8 400-525  68 0.23 1764 

Bellido et al. (2006) Formula A  523599*  338 88.1 30 7.64  

 Formula B  683690*  460 155.6 56 9.52  
 

* Data taken from Bellido et al. (2006). Values were given as mean diameter which was converted to volume assuming a perfect sphere. 
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9.3.3. Effect of elasticity of doughs 

 The following trends for decreases in separation distances between bubbles are 

identified for the various test products: 

 In baked layers: atta >~ 50:50 > WW > Lupin 

 In rolled doughs: atta > 50:50 > Lupin > WW 

A comparison of relative decrease in volume fraction of bubbles upon baking showed a 

trend similar to that of separation distances with atta changing the least: atta (52.5%) < 

50:50 (~55%) < WW (81%) < lupin (90%). 

 The above trends for separation distances, be that in rolled doughs or in baked 

products, followed that of elasticity of doughs, i.e. atta > 50:50 > WW > 100% lupin. 

This qualitative correlation, which needs to be confirmed in future studies, indicates that 

elasticity could play a critical role in delaying/preventing coalescence of bubbles by 

stabilising the thickness of dough layers between bubbles. Overall, atta proved to have 

superior elasticity and bubble retention capabilities compared with the other flours, and 

the addition of lupin into the mix with WW improved the elasticity of WW and 

produced superior quality chapattis. When used alone, lupin held bubbles the least well. 

 While strain-hardening indices from dough Alveograph tests have been shown 

to relate to bread-making potentials of flours, given the correlation between failure 

strain and strain-hardening coefficient, it is not clear if the above correlation was driven 

by the failure strains or the resistance to stretching of dough as bubbles grow. In our 

study, elasticity effects dominate over strain-hardening as defining the resistance of 

dough to stretch. 
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9.4. Conclusions 

 Little is known about dough properties important for producing high quality 

chapattis or why is atta flour considered suitable for making chapattis. In analysing the 

bread-making potentials of wheat flours, current literature indicated that strain-

hardening properties of doughs are important for stabilising bubbles in doughs and 

could be used to distinguish between strong and weak breadmaking flours. However, 

elasticity of dough is also known to be important given previous work (Halton and Scott 

Blair, 1936). The present work was carried out making chapattis using a range of gluten 

and non-gluten flours, with the aim to investigate the importance of dough elasticity in 

characterising qualities of flours in the context of making chapattis.  

 It was argued that elasticity would help to maintain thickness of dough layers 

between bubbles as they deform, and thus would restrict coalescence of bubbles. Using 

3-D Microtomography scans, the volume fractions of air bubbles in doughs were 

estimated from direct summation of bubble volumes in a representative volume element 

between doughs. Finally, a series of compression-unloading tests were performed to 

obtain elastic responses as a function of rate of stretch. 

 The data showed that thicknesses of dough layers between bubbles were higher 

in atta which was the most elastic and retained bubbles the best during processing and 

baking. Australian wheat flour, with equivalent amount of gluten proteins as atta, was 

less elastic and retained bubbles poorly. Inclusion of lupins increased the elasticity of 

Australian wheat flour doughs and also produced soft chapattis. However, lupins alone 

were the least elastic and retained bubbles the most poorly, although importantly the 

doughs were elastic enough to produce chapattis that puffed. 

 Apparent strain-hardening qualities of doughs, estimated from compression 

tests, related to handling firmness but failed to relate to bubble stability in these chapatti 
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doughs. The volume fractions and sizes of bubbles in chapatti doughs were compared 

with those in bread doughs using published data (Bellido et al., 2006; Dobraszczyk et 

al., 2003). Data indicated that dough’s elasticity could be important in stabilising 

bubbles both in chapattis and breads by stabilizing dough layer thicknesses between 

bubbles. Future studies are proposed to confirm the importance of dough elasticity in 

characterising flours for end use applications and for controlling texture of baked 

products.  
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9.6. Appendix A - Machine-learning algorithm for bran classification 

 A visual inspection of MicroCT images revealed structures that were clearly 

voids while other structures were clearly not voids; see Figures A1 and A2, 

respectively. In 3-D space, these images represent two different structures, void and 

bran. Voids are more uniform and circular while bran pieces are more branching and 

tentacle-like; see Figures A3 and A4, respectively. Because there were well over a 

thousand different structures, filtering out bran structures by hand was unrealistic. A 

machine-learning and classification algorithm was created and implemented instead. 

 The open source data-mining package ‘Weka 3’ 

(http://www.cs.waikato.ac.nz/ml/weka/) was used to implement an automated process to 

separate bran structures from bubble structures. A series of parameters and ratios were 

extract from Avizo Fire’s quantification analysis of bubble and bran structures, 

including information on the surface area, perimeter, volume, length, width, and shape. 

A training dataset consisting of 25 bran structures and 25 bubble structures were 

identified manually to build Weka’s C4.5 classification algorithm. Testing the algorithm 

on a manually constructed dataset consisting of 5 bran structure and 10 bubble 

structures resulted in a correct identification of 13 structures, or 81.25%. Figure A1(5) 

demonstrates the classification algorithm highlighting only bran structures, while A1(6) 

combines the bran structures and bubble structures together. 

http://www.cs.waikato.ac.nz/ml/weka/
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(1) 

 

(2) 

 

(3) 

 

(4) 

 

(5) 

 

(6) 

 

Figure A1. A series of images obtained using MicroCT that depict bubble and bran features. 

These images show (1) bubbles and (2) bran particles in 2-D image slices. A 3-D reconstruction 

of (3) bubble and (4) bran is also illustrative. (5) Visualisation of only bran structures which 

are aspherical (tentacle-like). (6) Collective visualisation of both bran and bubble structures. 

 Table A1 gives a brief comparison of the values from analyses of rolled atta and 

WW doughs before and after the bran removal process. 61 pieces of bran were detected 

by the algorithm in a ~10 mm3 volume of rolled atta dough compared to 194 pieces in a 

~6 mm3 volume of rolled WW dough. The ratio of bran particles removed to the total 

bubble count is similar for both atta and WW. The total volume of the bran particles 

contributed to ~0.1% of the total volume fraction of bubbles in both cases. The relative 

change in volume fraction of bubbles before and after the removal process was 7% and 
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9% for rolled atta and WW, respectively. While differences are fairly small, changes in 

volume fraction of bubbles values are significant enough to alter trends. The bran 

removal process attempts to ensure that only real bubble volume fraction values are 

considered. 

Table A1: Results for atta and WW doughs with bran particles either included or omitted 

Atta Rolled WITH BRAN NO BRAN 
Dimensions (mm) 3.185 x 2.908 x 1.010 3.185 x 2.908 x 1.010 

Total volume (mm3) 9.355 9.355 
Closed bubble volume (mm3) 0.156 0.146 

Volume fraction of bubbles (closed only) (%) 1.68 1.55 
Bubble count 1740 1679 

 

WW Rolled  WITH BRAN NO BRAN 
Dimensions (mm) 2.539 x 2.539 x 0.975 2.539 x 2.539 x 0.975 

Total volume (mm3) 6.285 6.285 
Closed bubble volume (mm3) 0.106 0.096 

Volume fraction of bubbles (closed only) (%) 1.68 1.53 
Bubble count 4820 4626 
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10. Appendix C - Automated thresholding and analysis of microCT scanned 

bread dough 

10.1. Introduction 

 Computer-aided x-ray micro tomography (microCT) is a recently popularized 

method to non-destructively investigate the structural properties of various materials. 

The application of x-ray microCT analysis has impacted a wide range of fields from 

ceramics to rocks to animals to foods (Donoghue et al., 2006; Doube et al., 2010; Lim 

and Barigou, 2004; Stock, 1999). It has enabled structural characteristics to be 

combined with traditional experimental data to improve understanding and 

interpretation resulting in a clearer picture of the underlying phenomena. A 

comprehensive review of the capabilities and application of microCT was recently 

given by (Stock, 2008). 

 While the microCT technique is beneficial, extracting useful information from 

microCT scanned data sets presents a significant bottleneck. Current methods for 

analysing datasets are primarily based on manual processing by researchers (J. Liu et 

al., 2009; Wang et al., 2011). In general, researchers use scientific visualization 

programs to load a stack of microCT scanned images representing a three-dimensional 

volume and then manually apply static workflows to the data. The amount of time 

required to execute the workflow depends on the size of the dataset, the number of steps 

in the workflow, and the computational complexity of each individual step. For these 

reasons, automated workflows for the analysis of microCT datasets are desirable (Evans 

Jr. et al., 2006) but differences in how datasets are analysed has limited available tools. 

 Another current trend is increased use of high speed synchrotron facilities to 

obtain larger sized and higher resolution datasets at a faster rate. Increases in scanning 
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capabilities only add to the challenge. Reconstructed three-dimensional microCT image 

datasets in the order of 10+ gigabytes are not uncommon (J. Liu et al., 2009). Higher 

resolution, time-resolved data sets will become more common in the future and will 

require even more processing capabilities (Stock, 2008). Accurate and automatic 

methods of analysing these scans are therefore of great value. 

 An example application of microCT is the characterization of bubbles, also 

called pores or voids, in bread doughs (Babin et al., 2006; Bellido et al., 2006). In 

breads, the resulting microstructure is an important attribute of overall quality, be that 

the visual appeal or the sensory experiences during consumption (Scanlon and Zghal, 

2001). The development of the void structure in bread arises from the bubble structure 

in dough mixes. By applying microCT techniques to image bread doughs, it is possible 

to quantify differences in microstructure due to flour quality or how the microstructure 

changes over time. These capabilities would allow cereal scientists to discriminate 

flours based on potential functionality.  

 Currently, various software solutions exist for data analysis and processing. 

Tools such as ImageJ (Wayne Rasband, 2012, http://rsb.info.nih.gov/ij/) and Avizo 

(Visualisation Sciences Group, 2012, http://vsg3-D.com) are widely used to analyse 

microCT datasets. The primary method of interacting with these tools is through a 

graphical user interface (GUI) which allows users to analyse microCT data by applying 

modules through a point-and-click approach. While the GUI is easy and intuitive to use, 

it requires constant user input to execute each step as the workflow progresses. The 

duration between steps can be fairly significant. Any gaps in execution between steps 

will contribute to the total amount of time required to execute the workflow as will 

human errors. This results in additional time taken to analyse a data set, and more 

significantly, becomes a major bottle neck in the researcher’s work.  
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 Avizo and ImageJ provide a back-end programming interface in Tool Command 

Language (TCL) and Java, respectively, that can be leveraged to imitate the user actions 

made through the GUI. For instance, instead of clicking and opening a dataset by 

browsing the “File” menu, selecting “Open”, and navigating to the dataset in Avizo, the 

Load function built into TCL can be used to load the dataset via file location on the 

disk. Since the automated workflow requires all components of a workflow to be 

prescribed beforehand, once one step of the workflow is completed, the program can 

automatically advance to the next step without any user interaction, freeing up the user 

and minimizing the time required for execution of the workflow.  

 The main challenge in defining an automated workflow is developing a method 

to automatically identify relevant features for characterization and quantification. As 

previously mentioned, the common method for identifying such features is to perform 

this task manually (J. Liu et al., 2009; Wang et al., 2011). The difficulty lies in the 

reconstructed 3-D image slices generated by the scanning techniques. These images are 

inherently imperfect and subject to noise, possible ring artefacts, or even coloured 

gradients. Stock (1999), in his first overview of the application of x-ray 

microtomography to materials, details the potential shortcoming of the technique.  

 We believe it is possible to implement automated workflows for microCT 

datasets to identify and characterize specified features using a combination of 

smoothing techniques and thresholding algorithms. In this paper, we examine and 

demonstrate an automated method of characterizing microCT data using a series of 10 

bread dough datasets averaging 5GB. We investigate a range of global and local 

thresholding algorithms to determine their suitability for an automated workflow. 

Results of the automated workflow including time required are compared with those 

from the manual analysis. 
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 The paper is organized in the following sections:  

 Section 2 describes in detail the manual method for analysing bread dough and 

includes a description of how the bread dough samples were created.  

 Section 3 is a discussion and analysis of a variety of thresholding algorithms that 

have been developed and are employed today. Selecting an appropriate 

algorithm to segment the dataset is highly crucial.  

 Section 4 is an overview of the two applications that are used in the automated 

workflow focusing on the specific benefits for their use. 

 Section 5 compares the results of applying the automated and manual workflows 

on a series of 10 different bread doughs which have undergone various levels of 

manipulation.  

 Section 6 discusses the results from the case study as well as areas of future 

improvement for developing a more robust system for automated analysis of 

microCT datasets. 

10.2. Manual MicroCT Analysis Workflow for Bread Dough 

10.2.1. Bread Dough Creation and Scanning 

 A series of doughs were made using two different types of flour. One was a 

blend of Australian flours to obtain the best bread making properties produced by a 

local mill (“Superb Bakers Flour”, www.alliedmills.com.au). The other was a single 

variety Canadian Western Red Spring flour sourced from an international distributor. 

Flours were mixed with water at a ratio of 1.6:1 flour-to-water by weight to create a 

simple dough. Doughs were put on rondo roll sheeter where they were sheeted over 

three passes at continually decreasing gap heights of 15, 8 and 6 mm. Doughs were then 

folded into themselves twice and the sheeting process was repeated. Samples of the 

fresh dough were taken as well as after 4, 10 and 20 times of sheeting and folding. The 

http://www.alliedmills.com.au/
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sheeting and folding process created significant variations in pore structure. Dough 

samples were immediately frozen for storage. 

 Frozen dough samples were scanned using a SkyScan 1176 high resolution in-

vivo microCT scanner (www.skyscan.be) running control software version 1.1 build 5. 

Scans were performed with a source voltage and current of 65 kV and 385µA, 

respectively, using a 1mm aluminium filter with an exposure time of 265ms and a 

rotation step of 0.5 degrees. Images were averaged every 4 frames. The scanning 

resolution was 17.78 µm per pixel for a total of 385 transmission images of 2000 x 1336 

pixels. Samples were reconstructed using NRecon version 1.6.6.0 running a GPU based 

reconstruction engine on a high end desktop. The reconstruction step produced 

approximately 1000 grey-scale cross-sectional images of 2000x2000 pixel resolution. 

10.2.2. Description of Manual Workflow 

 To extract useful information from a microCT data set, a manual workflow 

consisting of a series of steps is followed (Figure 10-1). 

 

Figure 10-1. Manual workflow for the analysis of 3-D microCT images of bread dough.  

 The original microCT scan is made up of a large series of grey-scale images, 

each representing a plane of the 3-D dough structure. The dough is often bordered by an 

empty space covering the remainder of the scanner’s field of view. 

 The original image is first cropped, so that only the bread structure and minimal 

surrounding space remains in the images. This cropping procedure is primarily used to 

reduce the amount of information that needs to be processed in the more 

http://www.skyscan.be/
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computationally intensive parts of the workflow, and also results in a high quality 

image, potentially improving the results obtained by a thresholding algorithm. 

 The cropped image is then segmented using a threshold algorithm. For a two-

phase material such as bread dough, thresholding is an effective method of segmenting 

the image to clearly define different phases within the material. In the case of bread 

dough, the phases of interest are the pore (i.e. air bubble) phase and the solid phase. The 

thresholding step results in a binary image. That is, the image pixels have only one of 

two values, usually 0 and 1, representing the phase of interest (pore phase) and the 

background (dough phase), see Figure 10-2. It should be noted that cleaning the image, 

e.g. minimizing the amount of noise and smoothing the image, may be required before 

the image is considered acceptable for further analysis. The binary image is then 

exported to a raw binary format. This effectively takes all the images that represent 

planes within the 3-D structure, and writes those into a single binary file. This raw file 

may then be passed to the next stage of the workflow. Image pre-processing phase is 

performed manually using ImageJ as its primary purpose is as an image processing 

toolkit. This allows ImageJ to be easily extendable should a user desire customized pre-

processing algorithms for a given dataset (e.g. customized filtering or binarisation). 

 The raw binary image is processed using Avizo, a toolkit specializing in 

scientific visualization and analysis of 3-D datasets. In addition to providing modules 

which allow volume rendering and visual inspection of datasets to ensure accuracy, 

Avizo also provides a quantification module to allow for parameterization, 

quantification, and characterization of various attributes for specified data. In the case of 

bread dough, Avizo is used to determine several of the dough’s properties, such as 

porosity (the ratio of porous to polymeric phase), anisotropy, and distribution of pores, 
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by applying algorithms which pre-exist in the software. Avizo is then able to write this 

information to a spreadsheet for post-processing. 

 

Figure 10-2. Comparing the effects of binarisation of bread dough. (a) Original greyscale 

image is thresholded at a specified value to produce (b) the binarised image. Depending on the 

threshold value, more or less “bubble” pixels will appear on the binarised image. (white bar = 

1mm) 

 However, when performed manually this process requires multiple user 

interactions for each step, often with no variation in the actions between samples. 

Images are cropped and a threshold value chosen ‘by-eye’ using various program GUIs. 

This introduces an unnecessary opportunity for the researcher to make errors and 

introduce inconsistencies between samples. 

10.3. Overview of Thresholding Algorithms 

 Thresholding is a process taking a coloured or grey-scale image and segmenting 

it into regions based on whether pixel values are greater than or less than a specified 

value, called the threshold value. The challenge in processing x-ray microCT images 

lies in the nonuniformity of the images. There is no absolute distinction between the 

phase of interest and the background information. It is not uncommon to see 

experimental or data acquisition artefacts in the images themselves (e.g. ring artefacts 

and noise). 
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 Though a comprehensive overview of image filtering techniques is outside of 

the scope of this work, image filtering for resolving some of the issues when working 

with microCT image data must be mentioned. A common example is a smoothing filter, 

which averages out the intensity of pixels in a local area of the image based on 

neighbourhood pixel values. For this, there are many specific methods including 

adaptive smoothing, Gaussian smoothing, and moving average smoothing, etc. The aim 

of applying image filters in microCT datasets typically is to improve the quality of the 

images in order to ensure the quality of quantitative data. For a comprehensive review 

of mathematical equations and implementation of a range of filtering algorithms, we 

refer the reader to Buades et al. (2005). 

 In processing x-ray micro CT images of bread dough, grey-scale images are 

generally thresholded into two phases, bread dough solid and the background. The 

challenge of thresholding bread dough images also lies in the nonuniformity of the 

images. There is no absolute distinction between the pixel values of the pore phase 

versus the solid phrase. Various algorithms for selecting an image threshold exist, and 

can be broadly categorized as global and adaptive thresholding algorithms. 

 Global thresholding algorithms select a value T as a threshold value, and the 

entire image is segmented based on that single value. Global algorithms are not suited to 

images with a variation in the intensity of object pixels. Intensity gradients within an 

image will result in a global thresholding algorithm wrongly segmenting pixels. 

 Adaptive algorithms threshold each pixel of the image based on a region around 

that pixel allowing the threshold value to adapt to changes in object pixel intensities. 

Issues arise in selecting the size of the region to examine. If the region around each 

pixel is too large, the threshold value is less influenced by gradients within the image, 

and so the advantages of the adaptive algorithm are lost. If the chosen region is too 
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small, threshold values are too greatly influenced by random noise, resulting in 

erroneous values. Adaptive algorithms are also more computationally expensive than 

global algorithms, since pixels are examined multiple times to determine threshold 

values for each pixel region. This results in adaptive algorithms often taking 

significantly longer to run. 

 A number of algorithms have been developed for both global and local 

thresholding. We have investigated a set of algorithms made available as a plugin for 

ImageJ by Fiji group (http://fiji.sc). A brief review of the algorithms is given here in 

order to select one which is best suited for thresholding of bread dough based on 

performance differences. For an in depth analysis of the difference between 

thresholding algorithms, we refer readers to Sezgin and Sankur (2004). 

 Thresholding algorithms can be classified as follows. Histogram methods select 

threshold values based on shape properties of the image histogram. The Isodata method 

smooths the histogram to two distinct peaks, and the ‘valley’ between these peaks is 

selected as the threshold value. Images with a roughly bimodal histogram are suited to 

this method (Sezgin and Sankur, 2004). Clustering methods such as Otsu’s (Otsu, 1979) 

and Minimum Error (Kittler and Illingworth, 1986) divide grey level data into two 

clusters corresponding to the two lobes of the histogram. Threshold values can then be 

selected by minimizing the weighted sum within class variance, or using fuzzy 

clustering (Sezgin and Sankur, 2004). Adaptive algorithms can use the above methods 

to select threshold values for each image region, or can use simple statistical 

information such as mean, mode or median values. For example, Niblack and Sauvola 

algorithms use a local mean and variance to select a local threshold value for each given 

region (Sezgin and Sankur, 2004). The challenge of adaptive algorithms is to define a 

region size which is suitable for thresholding due to the increased focus on the region 

size. 
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 In a survey of thresholding algorithms by Sezgin and Sankur (2004), the 

Minimum Error algorithm was the only algorithm to exhibit superior performance on a 

large range of images for both non-destructive testing images and document images. 

The same survey found that adaptive methods are superior for segmenting document 

images, particularly those with an intensity gradient, while cluster-based algorithms 

performed better in general on nondestructive testing images. The primary takeaway 

from these results is that thresholding algorithms must be suited to their application. 

10.4. Development of Automated Analysis Workflow 

10.4.1. Image Pre-processing and Thresholding with ImageJ 

 Programs used in this workflow are equipped with a scripting language allowing 

users to program actions as if they were performed using a GUI. Pre-processing and 

thresholding of the automated system was performed using the software ImageJ, a 

highly extensible image processing program written in Java. It allows for the inclusion 

of plugins for specific purposes, e.g. alternative segmentation algorithms, and for the 

use of JavaScript code as a scripting interface. 

 Global thresholding and local thresholding plugins made available by the Fiji 

project (http://fiji.sc) (Schindelin et al., 2012) for ImageJ were used to determine which 

thresholding algorithm would be best suited to an automated workflow. A series of 

randomly selected test images were binarised using the included algorithms. Binarised 

images were qualitatively compared to the original grey-scale image. The optimal 

performance of local thresholding algorithms with respect to dough occurred when the 

region of interest was approximately 1.5 times the size of the average bubble. The 

average bubble size varied between dough samples rendering local thresholding 

algorithms unsuitable for the purposes of developing an automated analysis system for 

bread doughs at this point. However, it should be noted that local thresholding 
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algorithms have been shown to be optimal for bimodal document images such as breads 

(Sezgin and Sankur, 2004) and for biomimetic scaffolds, which are similar in structure 

to doughs (Rajagopalan et al., 2004). Consequently, local thresholding algorithms 

should be investigated further. In the case of bread dough, the global Minimum 

thresholding algorithm (Niemistö, 2004) was found to most accurately represent the 

original pore structures in bread dough. 

 Stacks of 3-D microCT images were initially loaded into ImageJ and smoothed 

once to eliminate noise due to reconstruction. The smoothing algorithm used replaced a 

pixel value with the averaged value of its 3x3 neighbourhood. The Minimum algorithm 

was then applied to each image plane individually, so as to inherit some adaptive 

algorithm advantages, such as being unaffected by changes in intensity levels between 

planes, while also being computed much faster than an adaptive algorithm. Since an 

intensity gradient within a single image plane was rare, this semi-adaptive approach 

seemed to be a good compromise between speed and accuracy. Finally, binarised 

images were exported as 3-D raw binary data with file dimensions included in the file 

name. 

 The entire automated process of loading, pre-processing, binarising, and 

exporting was written using the JavaScript language with less than 20 lines of code. 

Additionally, future algorithms may be added to the ImageJ platform with only minimal 

changes to the JavaScript needed to automate the execution of these algorithms. By 

using ImageJ as a platform, workflows involving image processing and binarisation, 

such as those used for x-ray microCT image datasets, can be easily and rapidly 

implemented. 
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10.4.2. 3-D Characterization with Avizo and TCL 

 Avizo is equipped with the TCL, which provides functions allowing interaction 

with the computer file system, such as reading and writing files. With Avizo, TCL can 

perform additional Avizo specific actions. TCL can also perform conditional operations, 

i.e. perform an action given a rule and some information. Thus, flexible workflows can 

be automated using TCL, and parameters adjusted to each image using code, without 

any human interaction. 

 The Avizo GUI allows a user to create and connect ‘modules’. Each module 

represents an operation on some input data, and each module may output a result which 

can then be passed into further modules. The modular design of Avizo lends itself well 

to an Object Oriented Programming Paradigm, in which TCL code written exists as 

virtual ‘objects’ that can interact with and exchange information using defined 

interfaces.  

 The TCL script used in this project is written to behave as one of these virtual 

objects, and is called a ‘script object’. This script object defines a GUI element that 

allows the user to select input files. A number of Avizo modules are created within the 

script object automatically, hidden from other modules, and the data is passed through 

these objects before the script module writes the final results to the file system. The 

only interface the script object exposes publicly is the file input. Writing the script like 

this limits complexity and allows a user to execute the analysis process with as little 

interaction as possible. 
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Figure 10-3. GUI representation of a system of Avizo modules connected together to perform a 

sequence of operations. 

 In Figure 10-3 the mousse.im6 data object is connected to an Ortho Slice 

module (used to visually display data) and to the red “Quantification:auto_threshold” 

module, that performs a thresholding operation on the mousse.im6 data and presents a 

binary image as output (image1*). 

 

Figure 10-4. Example of TCL script which constructs the analysis workflow shown in Figure 

10-3. 

 Figure 10-4 shows the TCL code used within a script object to create and 

connect together modules. The first line loads the data. The second line assigns this data 

to a shorter variable name “data”. The third line creates a Quantification module. The 

fourth line assigns a command to a variable. The last line executes the command using 

the quantification module. Any module the user may create using the GUI can be 

programmatically created then connected to other modules using TCL code. Figure 10-3 
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and Figure 10-4 represent the same actions being performed but the first uses a GUI 

while the second uses TCL code. The example given is to demonstrate a simple idea. 

Complexities in the analytical process can be added and diversified as necessary. 

 The use of the TCL interface provides dynamic information that can be 

processed iteratively. Since the program executes each line of code sequentially, each 

line of code will execute immediately as soon as the previous line of code has finished 

processing. 

 The script object written in this project processes the list of files paths selected 

and uses regular expressions to extract the image dimensions from filenames containing 

a tag in the form of “_XxYxZ_”, where X, Y and Z are the x, y and z dimensions of the 

image respectively. These numbers are then used by the script object to load the data. 

The loaded data is then passed to an internal Quantification module and the results 

written to the file system as a spreadsheet using the TCL File API for post-processing of 

data. 

10.5. Case Study: Comparison of Automated vs. Manual Analysis of Bread Dough 

 To get a better idea of how a manual and an automated process compare, 10 

sample datasets of scanned bread dough samples of approximately 5 GB each were 

analysed using the described workflows. The process was timed to compare the speed 

of the two processes. The resulting data was analysed and compared in terms of 

porosity, pore count, average pore volume, and pore distribution as previously 

established for bread crumb and bread dough (Bellido et al., 2006; Wang et al., 2011). 

10.5.1. Time 

 The manual process involved performing each step of the workflow, as 

described in section 10.2.2, for each of the 10 image datasets. The automated process 
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was fully automated minus the initial opening and the cropping of each image dataset. 

Directories containing the images for loading were specified by user input in the 

automated workflow. Smoothing, binarissation, and exporting of binarised datasets as 3-

D raw data were automated. The dimensions of resulting raw data were appended to the 

file names and then processed using Avizo by executing the script object. The 

automated workflow was considered complete when all datasets were processed and 

quantitative data for post-processing was available. 

 An experienced user analysing the 10 image datasets by hand performed the 

entire workflow to the point of returning analysed data for post-processing in 1:45:24. 

This included any potential errors in execution that are bound to occur with a repetitive 

task. The time required to execute the automated workflow was 1:10:27, a reduction of 

33% or 35 minutes as a result of removing user interaction with the GUI and taking 

advantage of the scripting interfaces. Additionally, because the workflow is automated, 

the user is free to use the time which would be required for analysis to perform other 

tasks. Further improvements to the system would continue to reduce the amount of user 

interaction required and improve the processing time. These benefits highlight the value 

of automated workflows in analysing increasingly large datasets. 

10.5.2. Comparison of Analysed Data 

10.5.2.1. Visual comparison of thresholded images 

 In Figure 10-5, a randomly selected single plane for two sets of scanned bread 

doughs are compared. For one set of data (Figure 10-5a), there is a difference in the 

threshold value selected by the manual method and the automated method. The other 

dataset (Figure 10-5b) produces similar threshold values. From a visual inspection, there 

are few differences between the two methods in either case. In general, the choice of 

thresholding value for the manual and automated method is similar. The main difference 
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is that pore frequency distribution was more likely to tend towards smaller sized pore 

structures in the automatic method than the manual method. This indicates that the 

manual method was more likely to discriminate against smaller pores as noise. Larger 

sized pores are less sensitive to threshold value than smaller sized pores. Both the 

manual and automatic methods resemble the original image reasonably well.  

10.5.2.2. Analytical comparison of quantitative data 

 Table 10-1 shows data for pore count, porosity and averaged pore volume. The 

largest difference due to the processing method is in the overall pore count. The change 

in pore count reflects the sensitivity in selecting an appropriate thresholding value for 

binarisation. As seen in Figure 10-5, the change in pore count does not result from 

large-sized pores, but from the much smaller pores which may be just above the 

scanning resolutions. 

 Porosity values for the scanned samples were around 1-2% which were much 

less than the 7-10% previously reported for unleavened bread doughs (Bellido et al., 

2006), but in the report range (1-4%) for unleavened chapatti doughs (Chakrabarti-Bell 

et al., 2013). The previously published data for bread dough was obtained at a higher 

scanning resolution (10 micron/pixel) than the currently reported data and may have 

contributed to the different values. Porosity values for bread dough samples were fairly 

consistent between manual and automated methods, with absolute differences being 

only a few tenths of a percent despite relative differences seeming larger. 
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Figure 10-5. Comparison of the manual and automated thresholding process giving a) differing 

and b) similar threshold values. Note the differences and similarities between the binarised 

image from the ii) manual method and iii) automated methods in a) and b), respectively. Images 

of i) original greyscale microCT images and iv) 3-D bubble structure coloureded by volume size 

are also given. 
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Table 10-1. Quantitative comparison of pore structure data in bread doughs between 
manually and automated methods. 

 Sample # 1 2 3 4 5 6 7 8 9 10 

Manual  Pore Count 30586 57133 35773 26429 31788 40283 54611 10154 2190 49295 

1:45:24 Porosity 1.50% 2.11% 2.32% 1.75% 1.11% 1.72% 0.91% 1.79% 1.24% 1.59% 

  Average Pore 
Volume 51.64 64.56 100.76 83.90 58.45 78.34 29.72 282.04 222.21 12.83 

Automatic Pore Count 18427 52669 36899 23171 42405 25109 6707 14992 4189 77116 

1:10:17  Porosity 1.16% 1.93% 1.39% 1.56% 1.33% 1.55% 0.74% 2.05% 0.50% 1.85% 

  Average Pore 
Volume 66.49 64.08 58.58 85.57 52.75 113.66 201.25 217.37 47.23 9.51 

Relative 
Difference Pore Count -39.75% -7.81% 3.15% -12.33% 33.40% -37.67% -87.72% 47.65% 91.28% 56.44% 

-33.32%  Porosity -23.05% -8.69% -40.07% -10.77% 20.19% -9.78% -18.06% 14.49% -59.63% 16.47% 

  Average Pore 
Volume 28.76% -0.73% -41.86% 1.99% -9.76% 45.07% 577.06

% -22.93% -78.75% -25.90% 

Absolute 
Difference Pore Count -12159 -4464 1126 -3258 10617 -15174 -47904 4838 1999 27821 

 -35:07 Porosity -0.35% -0.18% -0.93% -0.19% 0.22% -0.17% -0.16% 0.26% -0.74% 0.26% 

  Average Pore 
Volume 14.85 -0.47 -42.18 1.67 -5.70 35.31 171.53 -64.66 -174.99 -3.32 

 

 Because of the minimal differences in porosity, samples where the automated 

method had a higher pore count generally had a smaller average pore volume, and vice 

versa. This may be due to limited image smoothing performed in the automated method 

adding noise and much smaller pores to the pore count. The sample with the largest 

change in average volume size and pore count was sample 7, which was a very dense 

sample with very few large bubbles. It had one of the lowest porosities amongst all 

samples; the selected method for automated thresholding may not be appropriate for 

that specific sample due to large differences in values compared to the other samples. 

 The frequency distribution of pore volume sizes is plotted in Figure 10-6. The 

curves for the manual and automatic methods are similar in most cases. As the graphs 

and table indicate, the automatic method results in a higher probability of smaller sized 

pores (0-10 voxels), while the larger, more easily identified pores are found at around 
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the same frequency in both methods. A cause of this may be the variations in the 

amount of smoothing applied in or a tendency to identify smaller sized bubbles as noise 

in the manual method. 

 It is promising that the automatic and manual graphs are similar in shape. Two 

exceptions, where neither porosity nor pore frequency distribution are similar were 

samples 3 and 9. In both cases, the results indicate the automated method selected 

significantly higher threshold values than the manual methods. Significant differences 

between the manual and automated methods may arise because, in the manual 

processing, the image may be smoothed until noise and pores can be easily 

distinguished visually, whereas the automated method thresholds immediately. This is 

an example of how inconsistencies can arise from a manual workflow. A user may 

perform actions differently for different samples, and so differences in results may arise. 

An automated process eliminates these inconsistencies, as the process will be faithfully 

repeated by the computer. 

 One of the particular aims of this research was to establish a methodic, non-

subjective method to process and analyse a set of similar data. For this reason, a rigid 

workflow was established and closely followed. Despite the rigid workflow, we ensured 

that the data being produced by the automated workflow was of good quality by 

comparing against the original greyscale microCT images. The data was considered 

good quality so long as there were no significant deviations from the greyscale images 

in the binarised datasets. The result of applying the rigid workflow to the bread dough 

datasets is the shapes of the automated pore-frequency curves being more similar in 

shape than the manual method. 
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Figure 10-6. Comparison of pore frequency distribution analysis of ten bread dough samples 

using manual and automatic methods. Resulting frequency distributions were mostly similar. 
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 It is up to the researcher to ensure tomographic images and rendered 3-D 

datasets are of good quality. This could mean case-by-case application of the noise-

filtering and image processing techniques until a more robust and systematic approach 

is developed.  

10.6. Discussion 

 The main challenge with the increasing capabilities of x-ray microCT scanning 

techniques, both synchrotron and desktop scanning, is the processing and analysing of 

increasingly larger sized datasets. While a certain part of the challenge will be mitigated 

by increasing processing capabilities of computers and shifting of software engineering 

paradigms, including the increasing prevalence of GPUPU systems and applications 

(Yuen et al., 2013), we believe a major roadblock to the efficient analysis of said dataset 

will be to minimize if not eliminate the amount of user interaction required to execute 

static workflows. Therefore, the primary aim of this paper has been to push for the 

adaptation and development of robust automated systems for microCT datasets by 

demonstrating the benefits on a simple case study. 

 We have shown through our implementation of an automated workflow these 

types of automated systems can be incredibly beneficial for processing datasets. Our 

research has shown that in the case of a GUI-based analysis, 33% of user time was spent 

interacting with the system and selecting the appropriate buttons. By removing the need 

for the user to execute the exact same series of manual inputs, we saved 35 minutes of 

execution time. We must acknowledge here that the datasets used for this demonstration 

were relatively small compared to potential datasets. With large datasets, such as time-

resolved 3-D datasets that are now being generated from synchrotron x-ray 

microtomography, the ratio of time spent for user interaction versus data processing 

would certainly decrease. However, the greatest benefit of an automated workflow is 
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not the time saved, but the removal of many smaller steps in the analysis process. Each 

time a user has to manually enter values, or click and select regions, or perform any 

action, there is a chance of error, and more significantly, the user must be present. By 

implementing an automated workflow, it allows for systematic analysis processing of 

datasets without user interaction, leaving researchers free to focus on the analysis and 

interpretation versus data processing. 

 Our case study on the analysis of bread doughs using both an automated 

workflow and a manual workflow had satisfactory results. The results reinforced the 

difficulties in segmentation of datasets. While the qualitative assessments of segmented 

images were similar (0), the porosity values obtained from the automated method were 

slightly lower than those obtained manually despite having a higher frequency of 

smaller sized bubbles. The contribution to overall porosity is dominated by larger sized 

bubbles. The automated method implements a smoothing algorithm before thresholding 

and may shrink the pore boundaries, resulting in the decreased porosity. Despite this, 

overall porosity and pore frequency distribution remained similar. 

 The design and implementation of an automated workflow proved to be 

relatively simple. With the supplied back-end scripting interfaces, translating a manual 

workflow into an automated workflow was a one-to-one approach. The primary 

challenge in automating the analysis was determining a suitable thresholding algorithm. 

While this work focuses primarily on bread dough, a two-phase material. In many 

applications of microCT, the materials are multi-phase. In principle, the extension from 

a two-phase material to a multi-phase material would involve the identification of 

thresholding values for each phase in question. Once those threshold values are 

established and datasets are segmented for the material of interest, the automated 

analysis could then be applied in a similar manner as was presented for bread doughs. 
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10.6.1. Future Work 

 We believe the current implemented automated workflow can be improved. 

Automated cropping is a current work in progress. Current automatic cropping 

implementations are either quite slow, saving no time at all, or are very sensitive to the 

number of outlying objects around the dough body, thus resulting in erroneous 

cropping. Automated cropping solutions are currently being implemented in Matlab 

(MathWorks, 2013), with two solutions currently under consideration. One involves 

rotating the image to achieve the crop that removes the largest possible amount of free 

space. This method is slow and computationally intensive. The other is based on the 

center of mass of the image, without rotating the image, which has significant speed 

benefits over the method including rotation. 

 Improvements can be made to the thresholding algorithm. The thresholding 

algorithm used in our study was the “Minimum method”, in which the image histogram 

is smoothed using a running average until it has two local maxima, and the ‘valley’ 

point between these two maxima is chosen as the threshold value, thus ideally perfectly 

separating the two modes. This algorithm was applied to each plane of the 3-D dataset 

individually, inheriting some of the properties of an adaptive thresholding algorithm, in 

that it was not as affected by changes in intensity levels between planes. This approach 

was chosen because it is significantly faster than an adaptive algorithm, and because 

intensity levels do not seem to vary a great deal within each plane; selecting this global 

threshold for each plane individually was reasoned as a good compromise. 

 Darkened regions existed in several of the scans, which were incorrectly 

identified as pores by the automated method, and may have also been incorrectly 

marked as pores by the manual method, although to a lesser extent. The implementation 

of adaptive thresholding algorithms would be better suited to situations such as these, 
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minimizing error in the analysis. In fact, due to inherent gradients in x-ray microCT 

scanning, developing encompassing adaptive thresholding algorithms for a range of 

microCT datasets would be beneficial. 

 Future versions of the automated solution will use a GUI to select data sets for 

processing and designing workflows. It will allow the user to supply scripts to interact 

with each program involved in the workflow. Using this ‘hub and spokes’ like design, 

users will benefit from executing an entire workflow while only requiring user input to 

specify the data sets, as opposed to the multiple programs used in the current workflow. 

The central user interface will be written in a cross-platform language such as TCL or 

Java, allowing the automated system to be independent of the operating system. 

10.7. Acknowledgments 

 This research was funded by CSIRO’s Future Foods National Research Flagship 

and the Grains Research Development Corporation. We would like to thank the Centre 

for Microscopy and Microanalysis at The University of Western Australia 

(cmca.uwa.edu.au) for providing access to the in-vivo CT scanner project and iVEC 

(ivec.org) for providing computational resources for image reconstruction, scientific 

visualization and an environment to develop the automated algorithm. 





 

- 226 - 

 



 

- 227 - 

 

11. Appendix D - Materials Today blog – “Digital breads” 

Published at: http://www.materialstoday.com/blog/2013/5/15/digital-bread-sumana-

chakrabarti-bell-and-shuo-wang/895.aspx 

 It is said that bread-making is an art. Indeed, breads are popular still life 

paintings drawn by artists like Vincent van Gogh and Monet. It is a dearly loved, staple 

food item in most people’s diets, so even a picture of bread can remind us of the 

pleasure of biting into a crunchy crust to find a soft crumb and the enjoyable flavour of 

fresh bread.  

 On the face of it, making bread is simple. Mix some flour with water, salt, sugar 

and yeast, let the dough rise and then bake. So, why is bread making an art? There are a 

number of reasons. The selection of flour is important; until bread is baked, it is hard to 

know how well the flour will work. Bakers have found from experience that how the 

dough is mixed, shaped and baked affect the quality of the baked products. Thus, the 

skills of the individual baker are important. Even in industrial productions, human 

intervention is common as doughs are often mixed to “baker’s feel” and downstream 

processes adjusted accordingly.  

 Breads are porous materials. Some consumers prefer crumbs that have large 

holes while others prefer small holes. How the pore structure affects appearance and 

texture of crumbs is not well understood. It was reported by Baker (1939) that breads 

were permeable to air and that low permeability breads had a brittle texture. Thus, pores 

affect mechanical characteristics of breads. But little more is known.  

 A simple analysis of the baking process tells us that breads must contain open 

cells. During proofing, carbon dioxide, produced by yeast, migrates to air bubbles 

http://www.materialstoday.com/blog/2013/5/15/digital-bread-sumana-chakrabarti-bell-and-shuo-wang/895.aspx
http://www.materialstoday.com/blog/2013/5/15/digital-bread-sumana-chakrabarti-bell-and-shuo-wang/895.aspx
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present in doughs and the dough expands. Further expansion of pores takes place in the 

oven when the starch gelatinizes imparting solidity to the structure. The bubbles burst 

which stabilises the expanded structure with respect to atmospheric pressure. If the 

bubbles did not burst, the bread would collapse when taken out of the oven. Thus, it 

stands to reason that some bubbles interconnect form open cells, but further details, like 

how the internal structure looks or how it affects softness, chewiness and other textural 

qualities of bread remain unknown.  

 The role of pores governing the permeability of rocks is well studied in the 

Geosciences. The size and distribution of open pores determine the permeability of 

rocks, which ultimately affects the production of oil and gas from a well. A new area 

within Geosciences is digital rock technology. The two mainstays of this technology are 

computerised X-ray Microtomography (MicroCT) and computer simulation of fluid 

flow in digital rocks, re-constructed using the 3-D scans of pore structures (Jie et al. 

2009). Investigating the effects of pore structure using ‘digital’ rocks provides ideas for 

innovative technologies for oil and gas production.  

 We followed the methodologies established for rocks to visualize the pores in a 

range of sandwich breads in 3-D. We reconstructed images to obtain 3-D maps of pores 

with estimation of pore volumes, which showed that breads were almost 80% porous 

and 99% of pores were interconnected. Thus, breads are made of a single, massively 

interconnected, open cell. However, closed cells are also present. The size and 

distribution of closed cells affect the stress-strain plots of crumbs, measured from true 

strain rate compression tests (Wang et al, 2011, Youtube clip).  

 A key learning from this study has been the realization of the importance of 

closed pores in affecting the pliability of breads. On bending a slice of bread, the path of 

fracture propagation is long as the cells are extensively interconnected in bread; shown 
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in Figure 1a. This means the bent portion of slice does not break off; it needs to be torn 

off. However, with a larger number of closed pores, the path for fracture propagation is 

shorter as in cakes, which are crumbly (Figure 1b).  

 

Figure 1. 2D Cross-section of MicroCT images of a) commercially available white bread and b) 

commercially available white cake. Pore structure in cake has significantly more closed cells 

than bread, whose pores are more interconnected. The white space indicates the solid phase 

and the black the voids. 

 To date, there is no known method by which texture of bread can be controlled 

to produce prescribed pore structures. So, we constructed digital breads using 

experimental data for pore sizes. Visually, the ‘look’ of the virtual bread crumbs was 

similar to that of real bread (Figure 2). We also investigated the ‘feel’ of bread by 

performing ‘virtual’ compression tests assuming a linear elastic model for the solid 

phase of the digital bread. Results showed that for a given porosity, a 50% decrease in 

the average closed pore volume of the experimental data could soften the bread by 25% 

(Wang et al. 2013). 

 

a) Bread b) Cake 
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Figure 2. Digital breads were created by iteratively removing a series of randomly located 

bubbles from a solid structure until each target porosity was achieved. Bubble volumes were 

governed by a Weibull probability distribution. Weibull shape and scale parameters were 

derived from real world samples by investigating their pore size distributions. Representative 

porosity values for real world samples were obtained using local probability theory. The Avizzo 

software was used to reconstruct the CT images and obtain the 3-D map of pores; Abaqus was 

used to perform the virtual compression tests with the virtual crumb. 

 Moving on, we are analysing pore structures in doughs to gain a more 

comprehensive understanding of how flours affect the expansion of pores during 

proofing as that’s when the distinction of closed pores in breads are most likely set.  

 Overall, the technique of developing digital breads and doughs could lead to low 

cost alternatives to understand flour selection for making breads and widen the choice 

of flours to make breads. It is conceivable that bread-making will not remain as much an 

art as it is now! 
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