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The Relationship Between Bread Physkal Texture and its Structure Determincd by 

Digital h a g e  Analysis 

ABSTRACT 

The visual (cellular stmcture) and physical (mechanical properties) texture of bread 

cmmb are quality attributes that were anticipated to be intemlated. This study was 

undertaken to evaluate the influence of bread crumb cellular structure on its mechanical 

properties. Crumb structural properties were characterised by density and six crumb 

grain features measured using a digital image analysis (DIA) syaem. These grain 

features included cmmb brightness, mean ce11 wall thickness (CWT), void Fraction (VF). 

mean ce11 area (MCA), cmmb fineness (number of celis/cm2), and a measure of crumb 

uniformity-SLCC (small-to-large ce11 count ratio). The mechanical properties were 

determined by tende testing of bone-shaped specimens cut from the same bread samples 

used for DIA. Tensile parameten included Young's rnoduius, fiacture stress, kacture 

arain, and fracture energy. 

Crumb density, which can be easily and accurately measured* is strongly related to 

the mechanical properties and crumb grain features of bread crumb. The accuracy of the 

DIA system for cmmb grain rneasurement was evaluated, based on its capability to 

predict bread cnimb density h m  computed cmmb grain parameters. Bread was 

prepared aom representative flou samples of wo different wheat classes. Dough mixing 

and proofing conditions were varied to manipulate loaf volume and cmmb density. With 

increasing crumb density, crumb brightness and tineness increased, while VF, M C 4  and 

CWT dmeased. Approximately 80% of the variation in bread cmmb density could be 



accounted for using a linear regession mode1 compnsing two variables, CWT and W, 

after images had been correctiy classified into cells and background. 

Variations in bread formulation and processing conditions are known to have a 

great impact on the quality of bread. The effects of flour type, water absorption (Wti). 

sheeting passes (SP) and proof time (PT) on density, grain features, and mechanical 

propenies of bread cnimb were assessed. Bread loaves were prepared by a shon time 

breadmaking process using four spnng wheat floun of varying strength. The eRect of 

WA was assessed for two fiours (CWRS and CWES). Structural and mechanical 

properties were significantly affected by flour type, with CWES bread having the Iowest 

density, more uniform grain, and greater mechanical strength. WA only affected the 

mechanical strength of bread crumb, which generally decreased with increasing W k  

Number of SP ody had a small influence on cmmb structure. With increasing PT, the 

effect of the two extra SP on crurnb density and VF decreased, suggesting that the extra 

SP did not alter the gas retention properties of the dough. Increasing PT resulted in a 

bread cmmb with coarser grain, lower density and mechanical strength, and higher 

extensibility. The decrease in mechanical arength was not observed for al1 PT despite 

the changes in density and grain features. This indicated that the mechanical properties of 

the celi walls were enhanced with increasing PT through a strain-hardening phenornenon 

that occurred during proofing and the early stage of baking. The structural parameten of 

bread crumb were arongly related to Young's modulus and fracture stress, with cmmb 

density and brightness (separately) showing highly significant correlations. It was found 

that Young's modulus and kacture stress increased with increasing density, crurnb 

brightness and cmmb fineness, and with decreasing VF, MCA and CWT. In addition, 



Young's modulus and fracture stress were successfully fitted to the power law model 

proposed by Gibson and Ashby (1  997) for characterking the properties of industrial 

cellular solids. Models for predicting the mechanical properties of bread crumb from its 

struaure were attempted using regression analysis. A three-variable model comprising 

crumb density, cnimb brightness and SLCC pennitted the prediction of Young's modulus 

and fracture strength (R' values were 0.90 and 0.95, respectively). Fracture strain and 

energy did not show any dependence on cmmb stmcture, and seemed to be influenced by 

the properties of ce11 walls. 
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1. Literature Review 

1.1. Introduction 

Understanding the fùndamentals of the mechanical and structural properties of 

bread cmmb is crucial, since these two interrelated properties are the major factors in 

determining bread quality, and hence, consumer acceptability. Both bread formulation 

(e.g.. flour type, water absorption, shoitening, and salt) and baking processes (e.g. mixing 

and fermentation time) are known to have tremendous effects on the quality of the final 

product, in ternis of loaf volume, physical texture and cellular structure of the bread 

crurnb. Changes in the mechanical propenies of bread cmmb are believed to be caused 

by modifications in the structure and properties of the cell wall material. However, bread 

cmmb mechanical and structural properties have not been previousiy correlated. 

Theoretical models, which were developed by Ashby (1983) and discussed in greater 

details by Gibson and Ashby (1997). provide evidence that mechanical and structurai 

properties of synthetic cellular materials are strongly related. Not until recently have 

food scientists realized the importan~s of the relationship and become interested in 

applying these theories to study the mechanical properties of porous food material of 

cereal origin, e.g., cakes (Attenburrow et al 1989), breads (Keetels et al 1996b), and 

starch foams (Hutchinson et al 1987; Shogren et al 1998). 

1.2. Effects of Ingrtdients on Bread Quality 

1.2.1. Flour Strtngth 

Flour strength and dough strength are used interchangeably in the literature as an 

indication of flour quality or suitability for breadmaking. From a commercial point of 



view, a strong fiour is one that produces dough with good handling properties, does not 

require an excessively long mixing tirne, and yields good bread over a wide range of 

processing conditions (Tipples et al 1982). These workers pointed out that the concept of 

flour strength includes two interrelated aspects: the chernical and physical properties of 

flour or dough. and the ability of flour to yield good bread quality. The physical aspects 

will be discussed below (1 -2.2). 

The chernical aspect of flour strength is related to the protein component of flour. It 

has long been established that loaf volume increases l inearl y with increasing protein 

content of the flour (Larmour 1931). Finney and Barmore (1948) showed that the 

relationship between loaf volume and protein content was linear within a single variety. 

Among different wheat varieties, the variation in the dope of the regression line o f  loaf 

volume versus protein content appeared to reflect the differences in protein quality, with 

bener cultivars having a higher slope. In the past decade, identification of the molecular 

basis of protein quality and its relation to baking performance has been intensively 

investigated. 

Gluten, which is primady dough protein fotmed upon mixing flour with water, was 

demonstrated by Finney (1943) as being responsible for wheat quality. Gluten or storage 

protein contains two components, glutenin and gliadin. These two components, which 

represent 80% of total wheat protein, were first identified by Osborne (1907), who 

separated wheat proteins into four main fiactions based on their solubility in different 

solvents. Glutenins are very large polymeric proteins, representing 50% of gluten 

protein. They are made up of disuIfide-linked high molecular weight (9S,OOO- l4O,OOO) 

and low molecular weight (30,000-5 1,000) subunits (Payne and Corfield 1979), with their 



relative molecular weights reaching up to 

The glutenin fraction of wheat protein is 

extensibility of the dough (Bushuk 1987; 

tens of millions @onald 1994; Wngley 1996). 

responsible for the elasticity (springiness) and 

Spies 1990; Khatkar and Schofield 1997). On 

the other hand, gliadins are single chain polypeptides (30,000-80.000) making up the 

other half of gluten protein and are responsible for the viscous properties of the dough 

(Spies 1990; Uthayakumaran et al 1999). The interaction between high molecular weight 

glutenins and gliadins gives the developed dough its unique viscoelastic character 

(Bushuk 1987). 

Glutenins are considered by many researchers as an important protein quality factor 

which contnbutes to the bsking performance of wheat flour. Based on the variation in 

glutenin solubility and diRerent fiactionation and reconstitution procedures, the 

molecular weight and distribution of glutenins were shown to influence breadmaking 

quality (Onh and Bushuk 1972; MacRitchie 1987; Chakraborty and Khan 1988; Gupta et 

al 1993). In al1 of these midies and many others, it was clearly shown that high 

molecular weight glutenin subunits and their proponion in the parent gluten have a 

considerable positive effect on loaf volume. ln contras& gliadins were shown to have a 

lesser effect on breadrnaking quality (bririging about only a small reduction in loaf 

volume), but a positive effect on dough development since gliadins significantly 

decreased the dough k i n g  requirement (MacRitchie 1987; Uthayakumaran et al 1999). 

From al1 these results, it appears that flour quality is dependent on a good balance of 

glutenin and gliadin proteins. Uthayakumaran et al (1999) indicated that protein conteat 

and glutenin-to-gliadin ratio independently affected doua  properties and baking 

performance. They showed that for a constant giutenin-to-gliadin ratio, loaf volume 



increased with increasing protein content. On the other hand. for a constant protein 

content, an increase in the glutenin-to-gliadin ratio (0.58-1.55) resulted in an increase in 

Ioaf volume. 

1.2.2. Water Absorption 

Water plays a major role in breadrnaking, since it hydrates flour particles and helps 

flour components to interact producing a homogeneous mass of dough (Bushuk and 

Hlynka 1964; Hoseney and Finney 1974). Watw absorption was defined by Bushuk and 

Hlynka (1964) as the amount of water necesiary to obtain a dough with proper or 

optimum consistency for the production of bread that has a superior quality. In 

commercial baking of bread, water absorption is looked at as an important element since 

it affects shelf life of the finished produas and bakery protitability (Czuchajowska et al 

1989; Puhr and D'Appolonia 1992). In addition, depending on the amount of added 

water, problems associated with the handling of doughs (e.g. slack and sticky or tough 

dough) rnay be encountered (Atkins and Larsen 1990). The amount of water added to a 

dough system, which is in general subjective, depends on flour moisture content, flour 

strenglh, and handling properties of the dough at the time of panning (Kilborn and 

Tipples 198 la). It is greatly influenced by the protein content and quality and the extent 

of damaged narch (Bushuk and Hlynka 1964). Water absorption is also affected by flour 

particle size, with flour containing finer particle sites exhibiting greater water absorption 

(Bushuk and Hlynka 1964; Scanlon et al 1988; Lindahl and Eliasson 1992). Dough 

ingredients such as salt and shortening are dso known to influence water absorption of 

dough (Bushuk and Hlynka 1964; Pyler 1988; Spies 1990). According to an estimate of 

water distribution in dough suggested by Bushuk (1966), 45.5% of the total water is 



associated with starch, 31.2% with protein, and 23.4% with the small arnount of 

pentosans present in the flour. 

Skeggs and Kingwood (1981) found that water absorption is dependent on the size 

of the mixing bowl and geometry of blades because these two factors affect the shear 

profile applied to the dough system thus altenng the amount of water absorbed by the 

flour. In addition, increasing farinograph mixing speed led to an increase in water 

absorption (Hlynka 1962). For various levels of watar absorption, the work input 

required to develop doughs remained the same, but mixing time and dough consistency 

(height of the mixing curve) were drarnatically affected (Larsen and Greenwood 1991). 

As more water was added (in the range 54-68%), mixing time to peak dough 

development increased and dough consistency decreased. 

Water is  the second most important factor that influences the rheoIogical properties 

of the dough (Kamman 1970). Casutt et al (1984) studied the effects of water absorption 

on extensigraph properties of CWRS dough. They showed that a 2% increase or decrease 

in water absorption did not affect dough extensibility (extensigraph length), whereas. a 

2% increase in absorption led to a significant decrease in dough resistance (extensigraph 

height) and area under the curve. 

Water governs the major changes that take place during baking, e-B., starch 

gelatinization, protein denaturation, yeast and enzyme inactivation. and flavor and color 

development. It has been known for many years that water absorption is one of the most 

vital factors in the production of bread because of its influence on loaf volume and crumb 

grain (Harrel 1926). Harrel (1926) reported that there was an improvement in crumb 

grain and loaf volume as water absorption was increased Eom 50 to 65%. Further 



increase in water absorption up to 75% resulted in a deterioration in the overall quality of 

the bread. Cmchajowska et al (1989) who studied the effects of water absorption 

(optimum, +3%, and -3%) on moisture content and water activity of dough and bread, 

reported that decreasing water absorption resulted in a considerable reduction in loaf 

volume. Larsen and Greenwood (1991) found that optimized water absorption (based on 

mixing curve dough consistency) did not always produce optimal quality bread. They 

also indicated that increasing water absorption above the optimum level had srnaIl and 

i nconsistent effects on loaf volume and bread score, but signi ficant negative e ffects on 

the appearance of the crumb (crumb grain). The deterioration of crumb grain with 

increasing water absorption could be due to a decrease in dough consistency, which may 

have led to a greater degree of coalescence (Spies 1990). The moisture content of bread 

crurnb at the center of the bread slice was highly corrdated (R = 0.99) with the amount of 

water added to mix the dough (Larsen and Greenwood 1991). They reported that 

differences in moisture content of the bread crumb at the center and corner of the loaf 

were as high as 10.6%. The effect of rnoisture content of bread on the soflness and 

staling rate was exarnined by Maleki et al (1980). They found that higher moisture 

content bread produced sofier bread as measured by compressibiiity with a penetrorneter. 

Piazza and Masi (1995) studied the mechanical properties of bread crumb during aging. 

taking into consideration the water content in the various areas of the bread. For the three 

types of breads used in the experiment, they showed that the modulus of elasticity 

linearly decreased with increasing moisture content. 



1.2.3 Assessrnent of  Dough Propcrties 

The physical aspect of flour strength (or dough strength) and its relation to baking 

performance cm be assessed by characteriring the rheological properties of the dough 

using instruments such as the farinograph, mixograph, orfand extensigraph. 

The farinograph is designed to measure the resistance of dough to a constant 

mechanical shear. The fdnograph parameters that reflect flour strength are stabii ity tirne 

(min, tirne difference between departure and amival time), dough development time 

@DT, min) and mixing tolerance (measured in arbitrary units: BU). Stability is 

considered by Pyler (1988) to be the primary index of flour quality. The DDT on the 

other hand, is considered an indicator of protein quality, with stronger flour requiring 

longer mixing time. Kunerth and D'Appolonia (1987) reported that firinograph 

parameters (DDT, tolerance, and stability) of 240 flour samples had highly significant 

correlations to gluten content. 'They also showed that these same farinograph parameters 

were significantly correlated with loaf volume. Branlard et al (1991) studied the 

relationship between bread quality and farinograph parameters for 40 winter wheat 

cultivars. They found that loaf volume and cmmb score were significantly correlated 

with farinograph DDT and mixing tolerance. Atkins and Larsen (1990) reponed that dl 

farinograph parameters (stability, DDT and mixing tolerance) were significantly 

correiated with work input required to develop the dough to optimum consistency on 

125g mechanical dough development standard bake test. However, only DDT was 

signi ficantly correlated with loaf vo lume. 

The mixograph has been extensively used to measure dough strength or flour quality. 

The mixograph is a device that measures and records the torque produced during dough 



rnixing as a funaion of time. Mixograph parameters include development time. peak 

dough resistance (PDR), band width at peak, work input to peak, and breakdown (change 

in dough resistance with time). Several studies have correlated various mixogaph 

parameters of the dough with the resulting bread quality (Finney and Shogren 1972; 

Branlard et al 1991; Khatkar et al 1996; Uthayakumaran et al 1999). Branlard et al 

(1991) indicated that mixograph development time and peak dough resistance (PDR) 

successfully predicted loaf volume. In a more recent study, Khatkar and CO-workers 

(1996) hidied the inter-relationships between mixograph parameters and breadmaking 

quality of unfractionated fiours, reconstituted flours, and gluten frorn 13 wheat cultivars, 

representing a wide range of flour strength. They reported that peak dough resistance 

was significantly correlated @ < 0.001) with loaf volumes for flour, reconstituted flour, 

and gluten samples (2 0.65 for flour samples and as high as 0.85 for gluten samples). 

Other mixograph parameten were correlated to loaf volume to a lesser extent, except 

development time and work input which were shown to have no relationships with loaf 

volume. The discrepancy between the results of Branlard et al (1991) and Khatkar et al 

(1996) regarding the relationship between loaf volume and dough development tirne 

could be due to diflerences in the wheat sample set used. Uthayakumaran et al (1999) 

investigated the effects of varying protein content and glutenin-to-gliadin ratio of six 

wheat cuItivars on the fiindonal propefiies of wheat dough (mixograph and extension 

test) and baking performance. For most of the cultivars, increases in protein content at 

constant glutenin-to-gliadin ratio strongly correlated with rnixing timc, mixograph peak 

resistance and loaf volume, but not with resistance breakdown (change in dough 

resistance nvo min after PDR). On the other hanci, at a constant protein content, increases 



in gluteni n-to-gliadin ratio generall y increased mixing time and loaf volume, reduced 

resistance breakdown, but had no effect on PDR. The magnitude of the observed changes 

in mixograph parameters was dependent on the cultivar used. 

The extensigraph is an instrument that records the force of stretching a molded and 

rested dough piece as a function of time to obtain a measure of dough resistance 

(maximum dough resi stance, RMAX) and extensibility (EXT). The extensigrq h has 

been used to determine dough strength and to study the effects of dough ingredients and 

processing conditions on the rheological properties of dough (Preston and Hoseney 

1991). Spies (1990) indicated that the maximum resistance of the dough is related to its 

elastic properties, whereas, the extensibility is related to the viscous component. He 

indicated that a good balance between the elastic and viscous properties of the dough is 

critical to breadmaking. Hïghly viscous dough tended to flow during processing steps 

and therefore, it would not maintain a desirable final shape, whereas. highly elastic dough 

(bucky dough) was dificult to process since it would not retain the desired shape afker 

rounding, sheeting, and moulding. Uthayakurnaran et al (1999) studied the effects of 

protein content and glutenin-to-giiadin ratio on extensigraph parameten (measured by 

microextension tester) and loaf volume. ineir results indicated that at a constant 

glutenin-to-gliadin ratio, increasing protein content resulted in an increase in 

enensibility, maximum resistance to extension and loaf volume. At fixed protein content, 

increasing glutenin-to-gliadin ratio ptoduced an increase in maximum resistance to 

extension and loaf volume, and a decrease in extensibility. From these results, it appears 

that glutenin proteins increased dough resistance and elasticity, but had no clear effect on 



extensibility (the decrease in extensibility could be due to either the lower gliadin and/or 

higher gluteni n content). 

The area under the curve has been also used to measure dough strength. Preston 

and Hoseney (1991) classified wheat fiour strength into four categories according to the 

areas of the extensigrams. These categories of wheat flour were weak, medium, strong 

and very strong, which corresponded to extensigram areas of <80, 80- 120, 129-200 and 

>200 cm2, respectively. 

1.3. Effects of Processing Conditions on Bread Quality 

1.3.1. Dough Mixing 

Dough mixing is a critical step that blends bread ingredients into a homogeneous 

dough mass, occludes air into the dough, develops the gluten proteins into a continuous 

phase, and yields a dough with optimum consistency (Hoseney and Finney 1974; Spies 

1990). Hoseney and Finney (1974) defined optimum consistency of a dough as the 

height of the mixing curve at the peak, which is also referred to as the point of minimum 

mobility or optimum mixing time. Baker (1941) indicated that during mixing, dough 

development is achieved by means of stretching and folding. In his study it was 

concluded that the stretching operation draws gluten from the rnatrix of the endosperm 

particle to the surface of air nuclei (tiny air cells incorporated by mixing) so that gluten 

concentrates at this point and becomes available for holding the entrapped air. in 

addition to the positive effects of rnixing on the rheology and gas retention properties of 

doughs, the entrapped air during mixing is of equd importance. since it was shown that 

this occluded air was the oniy source of au cells in the dough (Baker and Mire 1941). 



During fermentation, as C a  is produced by the yeast it diffises into the air nuclei 

leading to an increase in pressure and causing these au  nuclei (created by rnixing) to 

expand into larger gas cells which form the cellular structure of the fermented dough, and 

consequently of the baked bread. Shimiya and Nakamura (1 997) further confirmed &om 

rnicroscopic observation that groups of small air cells entrained during the rnixing stage 

are the original cause of the cellular structure of bread. 

Tipples and Kilbom (1974) pointed out that dough mixed below its peak or optimum 

consistency had poor rheological (low extensibility) and gas retention properties, which 

led to unacceptable bread quality (small loaves with coarse crumb stmcture). Kamman 

(1970) indicated that under-rnixed dough produced uneven crurnb grain with large cells, 

dull color, and thick ceIl walls. Further rnixing beyond optimum consistency caused 

dough breakdown and resulted in a wet and sticky dough (difficult to handle) with altered 

protein structure that was less capable of retaining gas (Hoseney and Finney 1974). 

Over-mixed dough produced bread with reduced loaf volume and poor extemal 

appearance, cnimb with large round gas cells, and streaks (Karnman 1970). Dough 

under-mixing has much more negative effects on bread characteristics than over-rnixing 

because the latter tend to recover during fermentation (Hoseney and F i ~ e y  1974). 

1.3.2. Dough Sheeting 

Sheeting is a process that elongates the dough through the application of siiear when 

the dough passes through rollers. This process has been used in the production of many 

types of foods of cereal origin such as various kinds of noodles, biscuits, cookies, 

crackers, and piaa crusts (Levine and Drew 1990). In general, the functions of sheeting 



include dough development (as achieved by mixing), protein alignment, gas repulsion, 

and lamination of the dough (Levine 1998). Kilbom and Tipples (1974) indicated that 

dough development by repeated sheeting required the same work input into the dough as 

that of rnixing, with the sheeting rolls being much more energy efficient (only 10- 15% of 

the energy used by a high-speed mixer). The optimum dough development by sheeting 

corresponded to a point where maximum energy per pass was reached. The development 

of dough by sheeting led to changes in physical properties (extensibility and resistance) 

which were similar to those produced by mixing (Kilbom and Tipples 1974). Levine 

(1998) reported that repeated sheeting beyond optimum dough development causes 

breakdown of the protein network and results in a loss of gas holding capacity similar to 

that of dough that has been over-mixed. 

Stenven et al (1979) shidied the effects of dough sheeting (O to 30 passes) on dough 

microstnicture and the quality of no-time and fenented breads made from flours of 

various strengths and protein contents. For no-time bread of al1 flour samples, 

satisfactory breads having a slightly open structure were obtained without dough 

sheeting. Sheeting of a developed dough caused degassing and reduction in bubble size, 

and produced bread with a very fine cmmb grain and reduced loaf volume. hcreasing 

the number of sheeting passes (1 1- 14 passes, depending on flour strength) resulted in 

finer bread structure, with stronger flour requiring more passes and showing more 

tolerance to Eùrther sheeting. It was reported that 30 sheeting passes caused severe 

breakdown of dough structure of a relatively weaker flour (dough development time, 

DDT = 4.3 min), and resulted in a very open crumb grain. These effects were evident to 

a lesser extent for the flour with intermediate strength (DDT = 6.2 min), but no effects 



were observed for the strong flour (DDT = 9.0 min). In breadmaking, the sheeting 

process was show to affect the physical properties in the dough system and bread by 

creating stnictural and matenal anisotropy (Levine 1998; Whitworth and Alava 1999). 

The anisotropy in tum affects the rheological properties of d o u a  since the sheeted 

dough is much stronger and more elastic in the direction of sheeting than in the cross 

direction (Levinc 1998). 

1.3.3. Dough Proofing 

The final proofing or last fermentation. is the stage that follows dough sheeting, 

molding and panning. Dunng this stage, dough is allowed to regain an extensible 

character, and time permits the yeast to produce CO2, resulting in a high level of porosity, 

which in Nm contributes to the volume and grain of the final product. Proofing 

conditions, including tirne, temperature and humidity, vary for differeot baking 

procedures. Al1 these factors have a major effect on the characteristics of final produas 

in tenn of visual and physical texture (Pyler 1988). The relative humidity is usually 

maintained at 85% or higher, while proof time-temperature protocol tends to Vary from 

one procedure to another (Kilborn and Tipples 198 la; Kilborn and Tipples 198 lb; 

Yamada and Preston 1992). Proofing temperatures normally range ftom 30 to 40°C. 

Although proofing at lower temperature resulted in better cmmb grain and loaf volume 

(Siffring and Bruinsrna 1993), higher temperatures are commonly used in the baking 

induary as a means of reducing proof time and increasing production volume and profits 

(Pyler 1 988). 

There has been an interest in midying the effects of fermentation tirne on the 

rheological properties of dough and the underlying breadmaking quality for many years. 



Bailey and Levesconte (1924) showed that the extensibility of leavened doughs stretched 

on a Chopin Extensimeter increased with fermentation tirne. h a more recent mdy, 

Casutt et al (1984) investigated the effects of fermentation time on propeities of wheat 

dough of varying strength using an extensigraph. They indicated that increasing 

fermentation time led to an overall decrease in the strength of dough, as was clearly 

shown fiom decreasing extensibility, resistance to extension, and areas of the 

extensigrams. It was also pointed out that the decrease in physical strength of the dough 

upon fermentation is dependent on the inherent strength of flour. and this decrease was 

much more evident for weaker flour. 

Freilich (1949) studied the effects of varying proof time fiom O to 150 min on bread 

loaf volume and cmmb grain. Proof times ranging corn 45 to 60 min r.lere found to be 

acceptable, since the bread produced had satisfactory crumb grain and texture. Kamman 

(1970) indicated that under-proofed dough gives a compact loaf with an uneven grain. 

On the other hand, over-proofed dough produces a very large and bulky loaf, with a 

coarse grain comprised of round gas cells. 

1.4. Evaluating Bread Crumb Cellular Structure 

Crumb visual texture and crumb grain are used interchangeably to describe the 

exposed cellular structure of the cmmb when a loaf of bread is sliced (Kamman 1970). 

In general, the tenn texture has been used in the literature to refer to the mechanical 

properties of foods. However, in the case of bread crumb evaluation or grading, Bourne 

(1982) has indicated that the tenn texture is exclusively used to descnbe bread crumb 

cellular structure in tems of uniformity and cell size distribution. To avoid this conflict, 



the tenn physical texture will be used in this thesis to refer to the mechanical propenies 

of bread. On the other hand, visual texture will be utilised to describe cmmb cellular 

stmcture. 

h addition to cmmb colour and physical texture, cmmb cellular structure or grain 

is an important quality criterion used in commercial baking and research laboratones to 

judge bread quality (Kamman 1970; Pyler 1988; Zayas 1993). Bread cmmb visual 

texture accounts for approximately 20% of the weighting used in judging bread quality 

(Pyler 1988). Regardless of the weight assigned to it, crumb grain is believed to have a 

considerable importance in defining bread quality since the accuracy in scoring other 

quality attributes in bread (i.e. loaf volume, loaf symmetry) depends on the underlying 

crumb grain characteristics. 

In bread crurnb scoring, the examined parameters are crurnb fineness (open versus 

closed cells), uniformity, cell shape, and cell wall thickness (Pyler 1988). The traditional 

method for crumb grain scoring or inspection is qualitative and subjective in nature since 

it relies on human vision which is known to be inconsistent among different experts and 

could Vary over a period of time even for the same expert (Coles and Wang 1997). The 

developrnent of a modem baking industry, which nowadays uses autornated and 

continuous processes, necessitates more sophisticated methods (fast, precise, consistent 

and reliable) for evaluating the quality of finished bakery products such as bread and 

other baked goods. In recent years, there bas been increasing interest in adapting digital 

image analysis (DIA) for objective and quantitative evaluation of bread crumb grain. A 

large number of investigators have studied the cellular stmcture of bread crumb using 

different methods (Bertrand et al 1992; Zayas 1993; Zayas et al 1993; Sapirstein et al 



1994; Rogers et al 1995). These methods, which differ in the way crumb grain features 

are extracted. can be generally classified into image texture analysis and image 

segmentation. 

l.4.l. Image Texture AnaIysis 

Image texture analysis is a region descriptive approach that provides a measure of 

properties such as smoothness. coarseness and regularity (Gonzalez and Wintz 1983). 

This approach has been used in many studies (discussed below) to extract bread crumb 

characteristics. which are then used mainly for sconng purposes. The drawback of this 

approach lies in its inability to provide quantitative measurements of bread cellular 

structure. 

The first application of vide0 image analysis to describe the texturd appearance of 

bread cmmb was perfonned by Bertrand and colleagues in 1992. They characterized 

bread cmmb from seven white bread formulations differing in surfactant composition 

using mathematical methods based on a two-dimensional Haar transfom. This method 

permitted the extraction of 66 texture charactenstics per image. each corresponding to a 

coefficient determined according to the s i x  of the Haar mask used. Stepwise 

discriminant analysis was performed to identify images of bread crumb according to the 

experimental treatments. Six texture characteristics permitted 82% of bread images to be 

correctly classified according to sufiactant type used in the bread formulation. 

Zayas (1993) evaluated the cnimb grain of two commercial bread brands by digital 

image texture analysis of a whole slice using a statiaical approach. Eighteen bread 

crumb feanires were e-ed based on first-order statistical measures (e.g., mean and 

variance) and secondsrder statistical measures (e-g., angular second moment). 



Multivariate discriminant analysis. which was applied to the image texture features to 

distinguish ~ h e  two brands of bread, resulted in more than 97% of the images of bread 

slices being correaly identified. A ranking scale was developed on the basis of percent 

fineness or coarseness of sub-images within a bread slice. The author indicated that this 

scale is flexible and can be adapted to meet the requirements of Iaboratory and 

commercial users for bread scoring. Although this method was shown to be effective in 

evaluating the visual texture o f  bread crumb, the long computational time required for 

feature extraction may limit its practical application (Wang and Coles 1994). 

in another study, Zayas et al (1993) investigated the sensitivity of image texture 

analysis of crumb grain along with shape and site characteristics of the bread slice to 

differentiate technological bread factors (shortening, water absorption and mixing time). 

Image features were extracted fiom CO-occurrence matrices of 64 x 64 pixel sub-images. 

This approach of features extraction considers not only the distribution of gray level 

intensity, but also the positions of pixels with equai or nearly equal intensity values. 

Zayas and cowarkers indicated that co-occurrence matrix and gray level features 

eEective1 y characterized crumb grain and ailowed su b-i mages ranking according to 

porosity patterns. They also reponed that differences in water absorption and mixing time 

were better identified by image texture features, whereas, the presence of shortening in 

bread formulation was distinguished by slice shape features. 

Wang and Coles (1994) developed a spatial method for image texture analysis, 

which was derived fiom their two previous techniques (edge detection and Fast Fourier 

Transfomi), to enhance the speed and precision in predicting bread score. In their study, 

the bread images were first processed by edge detection, and then subdivided into sub- 



images frorn which crurnb features were derived âom statistics of gray level values. This 

method ignored sub-images containing large bubbles (in order to minirnize their 

catastrophic e&t on bread sconng); this reasoning was based on the daim that these 

large bubbles are overlooked by bread judges during scoring. The average edge density, 

which was calculated fiom the density (or gray level) of bubble edges in each sub-image 

after eliminating 20% of the smallest values, was used as a texture fineness index. For 

two batches of bread samples, the experirnental results showed that the fineness indices 

were highly correlated with subjective scores of expert judges (R' > 0.85). Despite the 

strength of this relationship, this approach may not be effective in evaluating other types 

of breads or even the same bread using different sconng standards. The Iimitation of this 

technique is due to the fact that the extracted crumb features were greatly affected by the 

subjective elimination of large bubbles with no defined ceIl size threshold. In addition, 

local processing of sub-images may cause an overestimation of cmmb fineness, 

especially in bread with a coarse grain. This is because portions of gas cells lying on the 

border of a sub-image (sectioned as a result of local processing) are considered to be 

srnaIl in size, when in fact they are only a section of larger cells. 

Rogers et al (1995) developed a simple irnaging system, based on Fourier transform 

analysis of images acquired by a document scanner, to evaluate the visual texture of 

bread crumb. Charactentation of cmmb grain was achieved by spectral estimation 

analysis of a localized area. Then rnay be some controveny about the validity of using a 

document scanner because of the importance to image analysis of using configurable 

lighting; thus lighting can be adjusted to emphasize stmctural features of the objects 

which are being examined (Chan and Batchelor 1993). Although a document scanner 



does not provide confi~gurable lighting, Rogers et al (1995) showed that their system was 

capable of accurately estimaling loaf vdume (R = 0.98), computing cma thickness, and 

determining crust color relative to that of the crumb. 

1.4.2. Image Segmentation 

Image segmentation is a process that separates or classifies object(s) of interest 

within an image from its background, yielding a binary image. Thsesholding and edge 

detection are segmentation methods which are based on discontinuity of gray-level values 

within a digital image (Gonzalez and Wintz 1983). The only DIA system that uses image 

segmentation to extract bread cmmb features was published by Sapirstein and coworkers 

(1992; 1994). In their studies, they applied the K-means algorithm to find an objectively 

determined gray level threshold for segmenting each image of bread separately. This 

algorithm. discussed in detail by Hartigan (1975). automatically panitions the gray-level 

distribution into OHO (or more) clusters representing cells and background. In a recent 

publication, Sapirstein (1999) indicated that this algorithm accounts for any significant 

variation in the overall refiectance of bread cnimb images caused by differences in 

cellular stmcture. The validity of this approach was demonstrated in the 1994 

publication, by clearly differentiating cmmb grain of oxidized and non-oxidized bread. 

The advantage of utilizing segmentation for features extraction is not only to give an 

estimation of crumb fineness but also to accurately measure various structural parameten 

of the bread cnimb. The computed cmmb grain features, detemined by Sapirstein and 

coworkers (1994), included equivalent cell sizey ce11 size distribution, crumb fineness 

(number of cells/cm2), mean ce11 area, cell wall thickness, average gray level, and void 



fraction. These parameters represented a good characterization of cmmb cellular 

structure. 

Although this segmentation algorithm produced a satisfactory classification of 

cmmb images into gas cells and cell walls, Sapirstein et al (1994) pointed out that this 

algorithm tended to underestimate the void fraction and overestimate cell wall thickness. 

The reason for this imprecise segmentation of the images is mainly due to the complex 

cellular structure of bread cmmb. The structure of bread cmmb is not uniform since it 

comprises a wide distribution of cell sizes with regions having large numbers of small 

cells while others have only a few large cells. Because the intensity of the reflected light 

(or cnimb brightness) depends on the cellular structure of the bread cmmb, regions with 

finer structure reflect more light and result in high-contrast areas, whereas regions with 

coarser structure reflect less light and result in low-contrast areas purhans and Clapp 

1942). Ln the high-contrast areas, the gray level value of the cell walls is higher than that 

of low-contrast areas, so that selecting a single threshold value would lead to under- and 

over-estimation of the ce11 sizes in high- and low-contrat areas, respectively. In order to 

overcome this limitation and deal with the complex and subtle details of a bread cmmb 

image, a more sophisticated segmentation approach such as a multiple threshold 

technique is required. An example of multiple thresholding is local segmentation where a 

neighborhood of pixels is used to detect individual objects within an image (Eggleston 

1998), or individual gas cells in the w e  of bread cmmb. This approach determines a 

gray level threshold for each gas cell, and therefore it accounts for the varÎation in the 

cellular structure within the bread slice. 



1.5. Mechanical Properties OC Bread Crumb 

Mechanical properties of bread cmmb have been extensively midied and 

successfully related to quality attnbutes. The evaluation of the mechanical properties of 

bread crurnb is  very important not only for quality assurance, but aiso for assessing the 

effects of vanous dough ingredients, processing conditions and storage time on bread 

characteristics. 

The mechanical behaviour of bread cmmb is known to be very complex. This 

behaviour is described as viscoelastic, and the range of stresses over which bread cmmb 

behaves in an elastic rnanner is riarrow and poorly defined (Lasnity 1980). The latter 

statement is in agreement with the observation of Gibson and Ashby (1997). who 

indicated that the elasticity range of synthetic cellular materials corresponds to a narrow 

range of strain (few percent). The dificulty in characterising the mess strain curve 

(Lasztity 1980; Ponte and Faubion 1987) was attributed in part to the porous structure of 

bread crumb in which a complex combination of stresses, shear and flexural, occur when 

a bread sample is subjected to mechanical testing (Lasztity 1980; Ponte and Faubion 

1987). In addition, the non-homogeneous nature of the cellular structure of bread cmmb 

(Le. variation in cell size and ~ e l l  wall thickness) contributes to its complex rnechanical 

behaviour. This non-homogeneity is known to potentially cause greater differences in the 

mechanical properties of bread crumb within a single loaf than between loaves of 

different treatments (Ponte and Faubion 1987). Ponte et al (1 962) and Short and Roberts 

(1971) showed that bread crumb firmness, determined by compression testing, varied 

across bread slices with the highest value in the centre. This finding was later confirmed 

by Hibberd and Parker (1985) who studied factors causing variability in bread f i i n g  



rneasurernents. They demonstrated that bread cnimb is not homogeneous in tems of 

physical texture. The variability in bread fimness within a bread loaf was explained by 

the sequence of events that occur dunng baking (Lasztity 1980). The temperature 

gradient across the loaf in the oven, which in mm creates a moisture gradient, causes 

variation in the degree of starch gelatinization, protein denaturation, and enzyme 

inactivation within a bread loaf Aithough this explanation seems reasonable, other 

factors such as stnictwal differences across a bread loaf resulting fiom variability in the 

manner in which the loaves were prepared may also account for the differences in 

mechanical properties (Hibberd and Parker 1985). Exampies of the structural differences 

include elongation of bubbles in the direction of sheeting. and appearance of large 

bubbles at the centre of the bread loaf or at the interface between layers of sheeted dough 

(Whitworth and Alava 1999). 

1.5.1. Methods for Measuring Mechanical Properties 

The most wrnmonly used rnethod to measure crurnb texture is the compression test. 

This objective method yieids bread firmness, which is a measure of resistance of bread 

crumb to deformation (Ponte and Faubion 1987; Piazza and Masi 1995). The bread 

fvmness measured in compression, which is analogous to the subjective method of 

assessing crumb firmness by touch or mouthfeel, has been shown to be significantly 

correlated to sensory measurernent (Elton 1969; Bashford and Hartung 1976; Brady and 

Mayer 1985). The advantage of the compression test is its simplicity, since performing 

this test requires only a small sarnple size that can be easily prepared. 

On the other hand. tende tests have rarely been used in testing the texture of bread 

or other spongy foods, despite the rnany advantages they have over the compression test. 



Two reasons were attributed to the limited 

of griping the sample, since slippage could 

These advantages will be discussed below. 

use of this method. Firstly, the ditriculty 

occur when the specimen is held by a pair of alligator grips (Luyteo et ai 1992; Chen et ai 

1994) or stress concentration rnight occur so that fiacture originates at the gr-ip. 

Secondly, specimen size and shape requirements (ratio of gaulye length to width) are very 

diEcult if not impossible to obtain under certain circumstances. Despite these 

limitations, the tensile test has a number of advantages over the compression tesf in that 

it provides parameters which are simple to interpret (Nussinovitch et al 1990) and better 

reflect the fundamental mechanical properties of materials in general. In the case of 

bread. tensile parameters (e.g. strength, energy of fracture) represent a measure of cnimb 

coherence and its resistance to tearing (Scanlon et al 1997). In addition to these 

parameters, the elastic properties of bread crumb were considered a key factor of bread 

quality (Nussinovitch et al 1992; Piazza and Masi 1995). Furthermore, when samples are 

subjected to tensile testing, the fracture starts at the outside of the sample, and thus, the 

mechanical behaviour can be ciearly observed and understood, whereas, in the 

compression test the fiacture starts from the inside (Luyten et al 1992). The high 

sensitivity of tensile tests for detecting defects in specimens allows the observer to 

examine the effect of artificially made notches on fracture behaviour, and therefore, 

determine the notch-sensitivity and the inherent defect size of the materials tested 

(Luyten et al 1992). Ail these advantages associated with the tensile test encouraged 

food scientists to find ways to overcome the limitations of this method and explore its 

application for detennining the texture of spongy foods namely, bread crumb. 



1.5.2. Mechanical Bebaviour of  Bread Cnimb in Tensile Testing 

Bread crumb has cellular stnichire containing interco~ected gas cells (Gan et al 

1990) which implies that bread cm be described as a spongy food. It was indicated by 

Attenburrow et al (1989). Chen et al (1994). Keetels et al (L996b), and Fontanet et al 

(1997) that the mechanical behaviour of bread cmmb is similar to that of non-food 

cellular materials which were extensively analyzed by Gibson and Ashby (1988; 1997). 

The mechanical properties of the cellular materials are generally dependent on the 

proportion of void space in the material, the geometry of the structure, and the 

mechanical properties of the ce11 walls. According to Gibson and Ashby (1997), the 

tende response of cellular materials, and thus of bread crurnb, can be classified into four 

de formation modes. Fi rsti y, a linear elastic mode, w hic h involves ce1 1 wall bending and 

stretching. This linear elastic behaviour (as indicated above) corresponds to small strains 

(a few percent) from which the modulus of elasticity is calculated. This modulus is the 

same as that detemined in the compression test (Gibson and Ashby 1997). The second 

deformation mode is the non-linear elastic regime, where cell edges rotate toward the 

tensile axis, resulting in a decrease in the bending moment that acts on them, and 

consequently, stiffness inaeases. Thitdly, plastic collapse, which occun as cell edges 

become substantially aligned and hrther deformation causes the ce11 walls to yield, and 

therefore, deform plastically. Fourthly, fiacture takes place progressively as the initiated 

single crack propagates and the enhanced stress concentration causes fùrther cell walls to 

fail. 



1.5.3. Evaluation of  Bread by the Tensile Test 

Plan and Kratz (1933) were the first to apply the tensile test to measure the strength 

of spongy food matenals. Aithough the testing conditions were cnide, they were able to 

show an inverse relationship betwwn tensile strength and the volume of the sponge cake. 

The experimental set-up of this shidy involved the use of spring clamps to grip each end 

of the sample. The application of an increasing force to the specimen as a function of 

time was achieved by supplying a constant Stream of water into a cup that was attached to 

the bottom grip. 

Six decades later, the second application of' a tende test was perfonned by 

Nussinovitch et al (1990) to evaluate the use of tensile testing for assessing the physical 

texture of bread cnimb. In this study, bone shaped specimens (gauge length: width = 

1512 mm) were prepared by punching out bread slices of various commercial types of 

bread with a sharp stainless steel template, and taping the ends with an adhesive tape. 

They studied uncompressed bread and bread compressed by placing it under a 5 kg load 

for 30 min. For white bread, they found that by cornpressing bread samples prior to 

testing and increasing the deformation rate fiom 10 to 50 mm min-' higher values of 

strength and defonnation to fiacture were obtained. This increase in the mechanical 

propedes with increasing deformation rate, which was also observed for starch bread, 

was explained by two mechanisms in tenns of energy dissipation (Keetels et al L996a). 

Firstly, due to the viscoelastic nature of bread crumb material, its flow causes energy 

dissipation which increases with increasing deformation rate. Secondly, ection between 

structural elements causes more energy dissipation at a higher defonnation rate. 



The reproducibility of tensile testing of bread cnimb (C. Y. between 8 and 20%) was 

considered acceptable by Nussinovitch and colleagues (1 990). It was show from their 

study that compression of specimens prior to testing reduced reproducibility at a 

deformation rate of 50 mm min-', but no effect was noted at the lower deformation rate 

(10 mm min-'). The same authors concluded that there was no relationship between 

density and mechanical properties (strength and defonnation to fai lure) of bread crurnb. 

This conclusion could be misleading, because they did not take into consideration the fact 

that bread samples were made fiom different grain sources, which may have different 

physical and chemical properties of cells wails, as well as density differences. Therefore, 

the relationship between mechanical properties and density may not necessarily exist in 

this panicular case. 

Chen et al (1994) examined the possibility of characterising tensiie parameters of 

bread crurnb by a mathematical rnodel that could be applied for texture evaluation. They 

used bone-shaped bread specimens which were prepared as described by Nussinovitch et 

a1 (1990), but with modified dimensions (gauge length by width were 20 x 20 mm). In 

this study, the pre-failure tensile force-deformation curves of al1 four types of breads (two 

brands of white, Canadian brown, and whole wheat breads) were successfully fitted (R' 2 

0.99) by the following equation: 

F = Cl x D/(C2 + DJ (1) 

Where, F is force in Newton 0, D is deformation in mm. and Ci and C2 are fitting 

constants having units of N and mm, respectively. The shape of the downward concavity 

observed in the force deformation curve was attributed to the progressive decrease in the 

specimen's cross sectional are* and the lack of strain hardening in bread crumb. In their 



study, C hen and CO-workers clearly showed that the poor reproducibili ty in texturai 

properties (C. Y. ranged between 10 and 20%) is mainiy due to natural variability and 

structural non-uniformity of bread crumb. This was demonstrated by subjecting 10 

samples of both paper towel and facial tissue to the same test conditions used for bread 

(C. V. ranged fiom 1 to 6.5%). To alleviate the observed large variation in the mechanical 

properties of bread crumb, Chen and CO-worken suggested the use of smaller and wider 

bread specimens. However, this may raise some concems regarding the validity of the 

tensile test, since using wider specimen would reduce the ratio of gauge length to width, 

and therefore, specimen dimensions wili not comply with the standardised techniques for 

tensile testing of materials (ASTM, 1993). 

Scanlon et ai (1997) used the tensile test to quanti@ the fracture resistance of two 

types of breads, since failure in tension mode is analogous to the teanng phenornenon 

associated with bread handling during application of food spreads such as butter. They 

concluded that the cntical apparent energy release rate (the energy needed to propagate a 

crack) could be used to assess the fracture properties of bread crumb. Their conciusion 

was based on the fact that the critical apparent energy release rate reflected the relative 

diEerence in flour arength ftom which the breads were made, and therefore. it could be 

related to aspects of bread quality. 

1.6. Relrtionship Betwcen Siruchire and Texture of Cellular Materials 

Almost every scientist that has snidied the texture or cellular structure of bread 

cmmb has indicated that these two properties are strongly related to each other. Kamman 

(1970) indicated that physical and visual texture of bread crumb are interrelated quality 



factors that shodd be considered as a single entity. He speculated that crumb texture is 

largely determined by the character of the grain e.g., ce11 wall thickness, ce11 size and 

uniformity. Pyler (1988) pointed out that the cmmb texture sensed by how the crumb 

feels to the touch or by mouthfeel is greatly infiuenced by the grain or cell structure of 

the cnimb. He reported that finer, thin-walled. uniformly-sized cells yield a softer and 

more elastic texture than a coarse, open and thick-walled ceIl structure. Based on an 

analogy to other naturdly O C C U ~ ~ ~  and synthetic cellular materials discussed by Gibson 

and Ashby (1988), Chen et al (1994) pointed out that the mechanical properties of bread 

cmmb are determined by both the mechanical properties of the ce11 wall materials and the 

geometrical characteristics of the cellular stnicture. For non-food cellular materials, 

Gibson and Ashby (1997) indicated that the single most important stnictural 

characteristic of a cellular solid is its relative density, p/pr (where, p is the bulk density 

and p, is the density of the cell walls or the solids in the structure). This theory has been 

developed for materials with ideal cellular structure (uniform cell size and cell wall 

thickness). They also pointed out that ce11 shape and size distributions, along with ce11 

wall thickness, and whether the cells are open or closed, are factors that influence the 

mechanical properiies of cellular materials. 

1.6.1. Bulk Dtnsity 

Buik density is defined as mass per unit volume (kg m"). Ponte et al (1962), who 

studied the cmmb finnness and fming rates of breads made from ten wheat floun, 

found a strong relationship between compression force and specific volume (inverse of 

bulk density) of bread cmmb as it vanec! across a bread slice (R = 0.93). Wassermann 



(1979) also showed that the specific volume of bread crumb (varied by changing proof 

time) was responsible for firrnness and relative elasticity (ratio of elastic deformation to 

the sum of elastic and plastic deformation derived from the hysteresis curve with constant 

deformation) cf bread crumb. For bread crumbs differing in composition (100% rye, 

50% blend of wheat and rye, and 100% wheat), the cnimb firrnness linearly decreased 

while crurnb elasticity linearly increased with increasing specific volume. The rate of 

change in mechanical propetties of bread crumb as a fùnction of specific volume was 

dependent on bread composition, with rye bread having the highest slope, while wheat 

bread had the lowest slope. Lasztity (1980) speculated that changes in bread crumb 

textural praperties @oth elastic and plastic) upon addition of shortening was partly due to 

the increase in volume, since the volume is inversely proponional to density. 

Attenburrow et al (1989) examined the relationship between mechanical properties in 

compression and the structure of sponge cake which had been conditioned to different 

water activities (0, 0.33, 0.57, and 0.75). It was found fiom stress-strain data, that both 

the logarithm of initial rnodulus and the loganth of critical stress, were linearly related 

to the logarithrn of bulk density. The suggested relations between bulk density (pb), and 

Young's modulus (E) and critical stress (oc) were in the following forms: 

E = KI Pb2 (2) 

Q = K ~ ~ ~  (3 1 

where, K2 and KI are constants which depended on water activity of the sponge cake. 

They assumed that the density of ce11 walls of sponge cake was invariant over the range 

of bulk density studied. Based on this assurnption they indicated that these two relations 

were in agreement with the proposed modei of Gibsun and Ashby (1988) discussed 



below. The validity of the assumption that the solid density of sponge cake is invariant is 

questionable and requires h ther  investigation, since. it was clearly shown in many 

studies that ce11 wall materials dramatically Vary  with both formulation and processing 

conditions (Warbunon et al 1990; Donald 1994; Bhatnagar and Hama 1997). Shogren et 

al (1998) indicated that strength and rigidity of baked starch foams increased with 

increasing density, whereas. deformation to fracture increased with decreasing density. 

1.6.2. Relative Density 

Relative density. which is the dominant physical character representing the 3- 

dimensional structure of cellular materials (Warbuton et al 1990; Gibson and Ashby 

1997), has been used in many studies to quanti@ the dependence of the modulus and 

crushing stress on structure. The theory predicts scaling laws between the physical 

properties of cellular materials (Young's modulus and fracture stress) and its relative 

density. 

= (p/p3" 

a ' ~  (i?/p3" 

where, E : is the Young's modulus of the cellular material 

Es: is the Young's modulus of the ce11 walls 

p : is the density of the cellular material 

fi: is the density of the cell walls 

a: is the Eiacture stress of the cellular material 

a,: is the tiacture stress of the ce11 walls 

m, n: power law indices 



The power law depends on whether the cellular amchire contains open or closed 

cells. For open cells, m = 2 and n = 312, and for closed cells. m = 3 and n = 2 (Gibson 

and Ashby 1997). As mentioned above. this theory is applicable to ideai cellular 

materials that have uniform ce11 size and ce11 wall thickness. Despite the large variation 

in cellular structure of bread crumb, Keetels ct al (1996b) have indicated that this theory 

can still be used to relate the microstructure and the overall shape of the stress-strain 

curve. Hutchinson et ai (1987) found a strong relationship between mechanical 

properties (Eom compression, tension and flexure tests according to British standards of 

plastics) and the bulk density of extruded maize using Equations 4 and 5. They found 

that the power law indices m and n were 1.7 and 1.5 in tension and 2.3 and 1.6 in 

compression test, respectively. For baked starch foams subjected to a tende test, 

Shogren and CO-workers (1998) showed that ln E and ln oversus ln p/po were linear (p 

= 0.99) with dopes of m = 1.28 and n = 1.12, respectively. 

1.6.3. Cell Walls 

It has been commonly known that mechanical properties of cellular materials are 

strongly influenced by the properties of cell walls. In addition to the mechanical 

properties of the material forming the cell walls, cell wall thickness, ceIl wall thickness 

distribution, and the presence of defects in ce11 walls were shown to affect the overall 

mechanical properties of cellular materials (Gibson and Ashby 1997). Cellular materials 

wkh thicker cell walls were anticipated to have a higher mechanical strength because cell 

wall thickness is associated with higher bulk density (Banett et al 1994). A more 

comprehensive relationship between density and cell wall thickness was provided by 

Gibson and Ashby (1997). They reported that the ratio of cell wall thickness (t) to ce11 



edge-length (4 of open- and closed-cell cellular materials are closely related to relative 

densi ty: 

for open-ce11 foams: dp,  = Cl x (a', 
for closed cell foams p'p, = C2 x 1/Z 

where Cl and Cz are constants depending on cell shape. 

Defects in the cell walls (missing or ruptured cell walls as a results of ce11 

coalescence) and cell wall thickness distribution are relevant for non-ideal cellular 

materials found in food foams and sponges. From numerical simulation of the stress- 

strain behaviour of honeycombs, it was shown that both Young's modulus (Silva et al 

1995) and compressive strength (Silva and Gibson 1997) significantly decreased with 

increasing number of missing ceIl walls. The loss of 5% of the ce11 walls resulted in over 

a 30% decrease in modulus and strength, and the removal of 35% of cell walls 

completely degraded both the modulus and the strength (Silva et al 1995; Silva and 

Gibson 1997). 

Distance to failure, which is a measure of flexibility, was shown to be dependent on 

properties of cei! wail materiais, since t h i ~ e r  ceil wah  can flex more eady without 

breaking than thicker ones, and therefore, result in greater deflection at break (Shogren et 

al 1998). 

1.6.4. Porosity 

Porosity (1-Nps), which is the fiaction of pore space in cellular matenals, is an 

important structural characteristic that affects the mechanical properties of cellular 

materials. The relationship between porosity and mechanical properties is expected to be 

strong since porosity is related to density. Bhatnagar and Hama (1997) studied the effect 



of various lipids on the microstmcture and texture of extrudeci aarch. They showed that 

diEerent types of lipids resulted in large variation in the microstructure (bulk densiiy, 

solid density. cell sise, open vs closed cells, and cell wall thickness) and the shear 

strength of the extrudate. They found that shear strength decreased loganthmically with 

increasing porosity (p = 0.94). 

1.6.5. Anisotropy 

Anisotropy of cellular materials and its influence on mechanical properties were 

extensively reviewed by Gibson and Ashby (1997). They described anisotropy as the 

tendency of cells to be elongated or flattened or to have walls of unequal thickness 

Anisotropy was classified into two categories which are direction-dependent: structural 

anisotropy and material anisotropy. The former is a measure of ce11 shape, while the 

latter refers to properties of ce11 walls. For axikymmetric cellular structure, the structurai 

anisotropy is characterized by a shape anisotropy ratio (R), which is measured by the 

ratio of the Iargest cell dimension to the smallest. It was indicated that mechanical 

properties of cellular materials depend on shape anisotropy ratio R and direction of ce11 

elongation. Young's modulus and strength of cellular materials are lower in the direction 

of ceIl elongation by an order of magnitude of l? and R, respectively. On the other hand, 

in an onhotropic cellular structure, where cells sizes differ in al1 three dimensions, two 

values of R are used to characterise the struc!ural anisotropy. 

Hibberd and Parker (1985) investigated the effects of various factors on different 

measures of fimness. Their results showed a very highly significant dependence of 

crumb mechanical properties on the direction of measurement. The force required to 

compress bread crumb by 30% in the direction paraltel to the long axis of the loaf was 



twice that needed to defonn the bread in the other two directions. The compression force 

in the direction parallel to the venical axis of the loaf was the lowea. For the stiffness, 

similar trends to that of compression force were observed. Persaud et al (1990), who 

used dynamic stress-strain measurements to characterize the properties of freshly baked 

and aged bread cmmb, contradicted the results reported by Hibberd and Parker (1985). 

Persaud et al (1990) found that the shear storage modulus G' was the same in al1 three 

planes (or directions) of shear, and therefore, concluded that the bread cnimb taken from 

the center of loaves lacked anisotropy. The isotropy in the rheological propenies was 

attributed to the small size of cmmb sample taken from the center of the bread loaves, 

which consisted of small round cells (unifonn grain). Aithough this result seems 

reasonable, it does not reflect the tme properties of bread cmmb in general because the 

sample size was small. In more recent publications, comprehensive discussions clearly 

showed that both the structural and the material anisotropy are responsible for the 

dependence of the mechanical properties ofbread cnimb on the direction of rneasurement 

(Levine 1998; Whitworth and Aiava 1999). 

1.6.6. Cell Sue 

It is a common perception that ce11 size of bread cnimb (or crumb fmeness) has a 

significant sffect on its physical texture (Kamman 1970; Pyler 1988). Gibson and Ashby 

(1997) pointed out that the mechanical properties of cellular materials are weakly 

dependent on ceIl size, and that ceil size distribution has a greater influence. Barrett et al 

(1994) studied the relationship between cellular structure and mechanical properties of 

corn meal extrudates. They found that plateau and peak stresses are strongly related (p 

r 0.91) to a combined effect of ceil area and density. The values of these stresses 



decreased as the ce11 size increased and bulk density decreased. It was indicated by the 

same authors that the effects of mean cell area on the strength of the extrudate is not 

obvious because of the other changes that occurred in stnicture such as cell wall thickness 

and shape. 

1.7. Conclusions and Objectiva 

The visual and physical texture of bread crumb, which are interrelated attributes, are 

considered by bread technologists to be key factors in evaluating the quality of white 

bread. Both of these attributes are influenced by bread formulation and baking processes. 

Digital image analysis (DIA) has proven to be a valuable tool for inspecting and 

measuring the visual texture of bread crumb and loaf characteristics, as well as 

differentiating breads made with different ingredients and processing steps. The 

theoretical and experirnental evidence presented by Gibson and Ashby (1997) suggested 

that visual texture and physical texture of cellular materials are strongly related. Since 

bread cmmb has physical ptoperties sirnilar to that of cellular materials, it is conceivable 

that the physical texture of bread crumb is also related to its visual texture. Therefore, 

using DIA and confirming the existence of this relationship can extend DIA'S application 

fiom evaluating and measuring the visual texture of bread crumb to also estirnating the 

physical texture. 

The objectives of this thesis project were: 

1. To validate the use of a DIA system to accurately measure the visual texture of bread 

crurnb by prediaing its density. 



2. To determine the effects of flour type, water absorption, number of sheeting passes, 

and proof time on the density. cmmb visual texture, and mechanical properties of 

bread crumb (measured in tension). 

3 .  To evaluate the influence of cmmb cellular stmcture (density and visual texture 

detennined by DIA) on the mechanical properties of bread cmmb (measured in 

tension). 



2. Predictioa o f  Bread Crumb Density by Digital Image Aaalysis 

ABSTRACT 

The cellular structure of bread cmmb (i.e., crumb grain and density) is an important 

factor that contributes to the textural properties of fresh bread. The accuracy of a digital 

image analysis (DIA) system for crurnb grain measurement was evaluated, based on its 

capability to predict bread crumb density fiom directly computed structurai parameters. 

Bread was prepared tiom representative flour samples of two different wheat classes, 

Canada Western Red Spring (CWRS) and Canada Prairie Sprhg (CPS). Dough mixing 

and proofing conditions were varied to manipulate loaf volume and crumb density. 

Sliced bread was subjected to DIA irnmediately afler physical density measurement. The 

expenments were repeated for the same bread samples d e r  drying to three different 

moisture contents. Five computed crumb grain parameters were assessed, viz. cnimb 

brightness, cell wall thickness (CWT), void Fraction (VF), mean cell area (MCA), and 

crumb fineness (measured as number of cells/cm2). Crumb density ranged from 0.088 to 

0.252 g/cm3 depending on proofing and mixing treatments, and was predominantly 

affected by the former. With increasing crumb density, bread crumb became finer and 

brighter in appearance, while CWT, MCA, and VF values decreased. Approximately 

80% of the variation in fresh or dned crumb density could be predicted using a linear 

regression mode1 comprising two variables, CWT and VF. Results indicated that DIA of 

directly computed cnimb grain could accurately predict bread crumb density after images 

had been correctly classified into cells and background. 



2.1. INTRODUCTION 

Analysis of produa appearance by digital image processing has been shown to be a 

very effective and reliable method for inspecting and grading food and agricultural 

produas (Chan and Batchelor 1993; Gunasekaran and Ding 1994; Tao et al 1995; 

Gerrard et al 1996). In the cereals industry it has been applied in widely different ways 

for objective assessment of the quality of the cmmb grain of bread or cake (Bertrand et al 

1992; Sapirstein et al 1992; Wang and Coles 1993; Zayas 1993; Sapirstein et al 1994; 

Wang and Coles 1994; Rogers et al 1995; Sapirstein 1995; Zayas et al 1995, Sapirstein 

1999). In addition to crumb grain appearance, physical texture is also an important 

quality factor for baked products. Kamman (1970) concluded that texture of bread crumb 

is affected by the character of the grain. He specdated that ce11 wall thickness, ce11 size, 

and uniformity are factors that can influence the texture of bread cmmb. This view is 

supponed by materials science which provides strong evidence relating the mechanical 

properties of cellular materials to their stnidural characteristics (Gibson and Ashby 

1988). Therefore, it is conceivable that digital image analysis (DIA), which can provide 

an assessment of the structural appearance of the bread crumb, can also be used to 

estimate the physical texture (or mechanical properties) of this cellular solid. 

To estabiish a relationship between the structural and textural propenies in bread 

cmmb, the technique for measuring cmmb grain must be accurate and precise. Validating 

the method for measuring cmmb grain is therefore a critical step that must be perfomed. 

The objective of this study, which is an extension of previous work (Sapirstein et al 1994; 

Sapirstein 1999). was to determine the accuracy of the DIA system by means of cmmb 

density prediction based on cornputed crumb grain features. Density was chosen because 



it is an important physical property that contributes to the texture of foods of cereal origin 

possessing a porous amdure (Fonte et al 1962: Attenburrow et al 1989; Barrett et al 

1994; Bhatnagar and Hama 1997), and it can be easily measured. To generate a range of 

densities in the bread crurnb, various mixing and proofing times were used in the 

breadmaking procedure. 

2.2. MATERLALS AND METBODS 

2.2.1. Flour 

Representative samples of sound wheat of two wheat classes, Canada Western Red 

Spnng (CWRS) and Canada Prairie Spring White (CPS) were milled to straight grade 

flour on a pilot mil1 (Canadian International Grains Institute, Winnipeg). The CWRS and 

CPS fiours contained 13.5 and 10.4% protein (14% mb), and had farinograph absorptions 

of 65 and 57%, respectively. 

2.2.2. Baking 

Bread (100 g flour basis) was baked using a straight dough, short time process 

(Yamada and Preston 1992) with ascorbic acid added at a level of 150 ppm. Baking 

absorption, which was optimized based on the handling properties of the doughs at 

panning, was 68 and 60%, for the CWRS and CPS flours, respectively (Tipples et al 

1994). Five rnixing times and three proofing times were used to obtain a wide range of 

crumb density. Doughs were prepared by mixing 10Y0 past peak dough resistance on a 

GRL 200 mixer (Hlynka and Anderson 1955; Kilbom and Dempster 1965). This level of 

mixing is cornmoniy used for the GRL 200 mixer (Kilbom and Tipples 1981b; Yamada 

and Preston 1992); for the CWRS and CPS flours, these dough mixing times were 8.3 

and 5.5 min, respectively. Mixing times were chosen so that doughs were under- and 



over-mixed by 20 and 40% of the selected mixing times. The selected mixing times are 

hereafter refer to as optimum. AAer mixing, doughs were processed as described by 

Yamada and Preston (1992), proofed, and baked for 30 min at 204OC. The three proofing 

times were 3 5 ,  70 and 105 min. Loaves were allowed to cool for 25 min prior to loaf 

volume measurement by rapeseed displacement. Bread loaves were sealed in double bags 

of 2 mil (5 1 pm) polyethylene (Scienceware), and stored ovemight at 2 1°C to allow for 

moisture equilibration. For each flour, the 15 mixing and proofing tirne treatments were 

randomly applied, and breadmaking was replicated three times over a six week period 

using a different batch of compressed yeast (Fleischmann's, Calgary, AB) for each 

replication. 

2.2.3. Density Measurernent 

Bread loaves were sliced transversely (12 mm in thickness) using a mechanical bread 

slicer (Oliver mode1 697, Grand Rapids, MI). Mer slicing, the bread was re-bagged to 

prevent moishire loss. For each loaf, five central slices were selected. For each slice, one 

rectangular specimen of crumb was extracted in a central region as previously indicated 

(Fig. 1, Sapirstein et al 1994). The cmmb specirnen was carefully excised with a 

pathology trimming blade cutting around a 60 x 80 mm wooden template; a sawing 

motion was used to prevent crumb compression. The crurnb specimens were kept in 

covered petri dishes throughout the experiment to reduce moisture loss. The volume of 

each specimen was determined by taking four measurements along the length (hÿo per 

slice face), six along the width (three per slice face), and two measurements of thickness 

using digital callipers (Mitutoyo Corporation, Minato-la>, Tokyo). Jua prior to acquiring 

digital images, crumb specimens were weighed. 



2.2.4. Image Analysis 

Images of bread slices were acquired using a custorn built digital image analysis 

(DIA) system described by Sapustein et al (1994). The monochrome CCD camera was 

fitted with a 50-mm F1.4 fixed-focus C-mount lens (Fuji-non Inc.) using 11.5 mm of 

extension. The image segmentation method, based on the K-rneans algorithm was used 

for classiQing digitized images into cells and background (Sapirstein et al 1994). This 

algorîthm adapts the gray level thresholding of each bread slice image depending on the 

overall brightness of the cnimb image and the distribution of constituent pixel gray 

levels, both of which can be affected by the crurnb structure itself. Figure I (A-D) 

illustrates the performance of this approach using representative slices of under- (Fig. 

1A) and over-proofed (Fig. IB) bread. The corresponding segrnented images (Figs. 1C 

and ID, respectively) appear to provide an accurate binary representation of the complex 

cellular structure seen in the original gray-scale images. Aspects related to the accuracy 

of this algorithm comparcd to an altemate approach to image segmentation has beeii 

recently discussed (Sapirstein 1 999). 

The uniformity and precision of the imaging system's gray level (GL) response was 

calibrated using a white opal acrylic plastic working standard (Chemacry l Plastic Ltd., 

Rexdale, ON) with a nominal reflectance of 81%. The lens aperture was manually 

adjusted until the computed mean GL corresponded to a targa GL value of 160; the latter 

was predetemiined to provide an optimal dynamic range of GL reflectance for bread 

crumb. GL calibration was then confirmed using three gray levels of a 12 step reflectance 

calibrated paper gray scale (cat. 152 2267, Kodak, Rochester, NY). The gray level 

calibration of the imaging system was performed prior to each imaging session. Bread 



Figure 1. Original (A and B) and processed digital images showing computed cells (C 

and D) and cell wall structures (E and F) of typical slices of under- and over- 

proofed CWRS bread, respectively. 





slices were examined fiom a working distance (lem to face of the bread slice) of 27.2 cm. 

The field of view (FOV) was 45 x 34 mm, with a spatial resolution of approxirnately 70 

pm of cmmb per pixel length. Digital images of both sides of the cmmb specimens were 

acquired against a black wdboard background. Subsequently, cmmb specimens were 

placed into covered petn dishes for the drying experiment (see below). The following 

crumb grain parameters were automatically determined as previously described 

(Sapirstein et al 1994): cmmb brightness (average gray level), cell wall thickness (CWT), 

mean cell area (MCA), median ceIl area. cmmb fineness (measured as the number of 

cells/cm2), and void fraction (VF) which measures the proportion of the cross-sectional 

area of the cmmb FOV comprising gas cells. The latter was previously (Sapirstein et al 

1994) denoted as the cell-to-total area ratio. 

2.2.5. Drying 

Once al1 the fresh cmmb specimens were imaged, they were exposed to ambient 

temperature and humidity conditions for three drying periods to achieve approxirnately 

8% moisture loss each time. The drying times, determined fkom preliminary 

expenments, were 30, 40 and 60 min; increasing times were required since the bread 

tended to lose rnoisture at a slower rate f ie r  each drying treatment. Specimens were 

inverted at the mid-point of each drying period to minimite physical distonion of the 

cnimb pieces and achieve uniform moisture loss. At the end of each drying period, the 

samples were kept in covered petri plates for 2 hr to permit moistwe equilibration. The 

density and cnirnb grain of the specimens were then determined as described above for 

the fresh specimens. 



23.6. Stntistical Analysis 

Data were analyzed by SAS Version 6.12 (SAS Institute Inc., Cary, NC). 

Computed cmmb grain features taken 60m opposite sides of each specimen were 

averaged. Coirelation analysis between crumb density and each cmmb grain feature was 

carried out. Stepwise linear regression analysis (procedure: Stepwise) was used to 

determine the mode1 for estimation of bread cmmb density. Analysis of variance for 

various processing conditions was performed using the General Linear Models (GLM) 

procedure. Differences between dough mixing and praofing times were cornpared using 

Duncan's multiple range test. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Baking Results 

Loaf volumes and cmmb densities as a finction of dough mixing and proofing times 

are show in Tables 1 and 2, respectively. The loaf volumes ranged tiom 570 to 1260 

cm3 and 540 to 1150 cm3 for the CWRS and CPS bread, respectively. Crumb densities 

ranged from 0.09 to 0.248 @cm3 and h m  0.088 to 0.252 g/cm3 for the CWRS and CPS 

bread, respectively. These values are substantially lower than densities of bread (based 

on loaf volume and weight) reponed by Whitworth and Mava (1999) for optimally 

processed bread mixed on different mixers. The lower cwmb density obtained in this 

study likely arises as a result of selecting relatively small crumb sections located centraily 

in the loaf where bread density appears to be lower (Ponte et al 1962; Shon and Roberis 

197 1). 



Table 1. Loaf Volume (cm3) as a Function of Mixing and Proof Times. 

Proof time Dough Mixing Time Relative to Optimum 
(min) - 40% - 20% Optimum +20% + 40% 

CWRS 
35 5964 660ab 666a 650bc 643 c 
70 826c 936ab 958a 933b 926b 
105 1030c 1 146a I l66a 1 106b 1 076b 

CPS 
35 556c 600a 610a 600a 580b 
70 780d 830b 902a 836ab 806c 
105 957c I lO6a 1 040b lO6Ob 1 060b 

'Statistical analysis was p e r f o d  separately for each type of flour. Means with 
different letters-across each row are significantly different (P c 0.05). Means in each 
colurnn are significantly different (P < 0.05). 

Table 2. Crumb Density (gkm3) as a Function of Dough Mixing and ProoCTimea. 

Proof time Dough Mixing Time Relative to Optimum 
(min) - 40% - 20% Optimum +20% + 40% 
- - 

CWRS 
35 0.2 15a 0,190b O. 190b 0.196b O. 197b 
70 0.142a 0.132b O. 13 1b 0,129b 0.129b 
105 O. 1 1 la O. 1 O8ab 0.101~ 0.105bc O. 103c 

CPS 
35 0.233a 0.2 1 Sb 0.2 13b 0.209b 0.2 16b 
70 0.145a O. 14 la 0.14Sa 0.143a 0.142a 
105 0.120a O. 107bc O. 1 O8b O. 103c O. 103c 

"Statistical analysis was performed separately for each type of  flour. Means with 
different letten across each row are significantly different (P < 0.05). Means in each 
column are significantly different (P < 0.05). 



Dough mixing and proofing times significantly (P < 0.05) affectai loaf volumes 

(Table 1) and crumb densities (Table 2) of CWRS. Similar results were obtained for CPS 

bread, except for 70 min proof time, where dough mixing time had no significant effen 

on the rnean density of bread crumb (Table 2, P = 0.38). Varying proofing time had a 

more pronounced effect on loaf volume and bread cnimb density than variation in dough 

mixing time. Alterhg the proofing time resulted in significant differences in loaf 

volumes and cmmb densities (P < 0.05) for dl dough mixing times and for both types of 

flours. 

This experiment also showed that there was a strong negative correlation between 

loaf volume and bread crurnb density (R = -0.96) for both types of flours. The strength of 

this result is important, since by predicting or detennining the density. one can accurately 

estimate loaf volume. 

2.3.2. Effects o f  Dough Proofing on Crumb Grain 

Both dough rnixing and proofing are known to have major effects on bread quality 

including crumb grain (Kamman 1970). The purpose of the final proof is to allow the 

dough after panning to regain an extensible character and a high level of aeration to 

subsequently yield a loaf with a desired volume and crumb grain (Pyler 1988). As 

expected, different dough proofing times had a significant ef%ect on the crumb grain of 

CWRS and CPS bread (Table 3). 

Cornpared to 70 min, the 35 min proof time of CWRS dough resulted in bread 

m m b  with a 3% brighter crumb, 10% smaller cells, 18% more cells/cm2, 5.5% lower 

void fiaction, and 6.4% thinnef cell walls. For CPS bread crumb, the effect of under- 



Table 3. Effect o l  Proof Time on Crumb Grain of Bread Prepared Using Optimally 
Mixed Dough'. 

Grain Features Proof Time (min) 
35 70 105 

CWRS 
Average Gray Level 175 .Oa 168.8b 158.0~ 
Void fiaction 0.4852~ 0.5 13% 0.5 157a 
Number of cells/cm2 113a 96b 80c 
Mean ce11 size (mm) 0.7 12c 0.795b 0.885a 
Mean cell area (mm2) 0.400~ 0.500b 0.622a 
Median celi area (mm2) 0.033b 0.034b 0.04 1 a 
CWT (mm) O. 64% 0.792b 0.8 13a 

CPS - 
Average Gray Level 177.4a 166.3b 1 5 8 . 2 ~  
Void fiaction 0.474 1 c 0.4974b 0.5 163a 
Number of cells/cm2 103a 7% 64c 
Mean ceIl site (mm) 0.725~ 0.888b 0.967a 
Mean ce11 area (mm2) 0.4 19c 0.623 b 0.738a 
Median ceil area (mm2) 0.040b 0.048a 0.05 2a 
CWT (mm) 0.736~ 0.828b 0.895a 

"tatistical analysis was performed separately for each type of flour. Means with 
different letters across each row are significantly different (P-< 0.05). CWT = cell wall 
t hickness. 



proofing on cmmb grain features was larger on average. The 3 5 min proof time of CPS 

dough resulted in 6.3% brighter crumb, 18.4% smaller ce11 size, 34% more cells/cm2, 

4.6% lower void fraction, and 11% thinner ce11 walls. The effects of under-proofing on 

crumb grain as determined by DIA, were consistent with observations made by Kamman 

(1970) except for the parameter CWT; Kamman (1970) observed thicker cell walls for 

under-proofed bread. The results of this study indicated that upon increasing proofing 

time fiom 35 to 70 min, a greater degree of gas ce11 coalescence had occurred for the CPS 

dough compared to CWRS dough, resulting in a coarser crumb grain (Baker 194 1). This 

result is consistent with the relative strengths of the two flours; CPS dough was weaker 

with - 34% lower dough mixing requirernents. 

For both types of flour, extending the proofing tirne to 105 min resulted in lower 

crurnb brightness, larger cells, higher void fraction, coarser crumb (fewer cells/cm2), and 

thicker cell walls, compared to samples that have been proofed for 70 min. These results 

were also attributed to greater degree of gas cell coalescence as proofing time was 

increased. The effect of increasing proof time on increasing average ceil wall thickness 

was interesting as it appears to run counter to expectations; Le., it is plausible that gas ceIl 

coalescence during over-extended proofing should result in larger cells on average (as 

was found) with thinner cell walls (which was not seen). In order to more hlly explore 

the nature of this result, careiùl examination of al1 the digital images of bread crumb 

grain was performed, as well as their corresponding images segmented by the K-rneans 

algorithm into three partitions (Sapirstein et al 1994). Use of three partitions permits 

isolation of cell wall structures in the images, hence reducing the complexity of the 

cmmb grain. A clear distinction in cell wall structure between under- and over-prwfed 



bread was revealed which suppons the computed results for C W  (Table 3). A typical 

result is show in Figures 1E and IF for isolated ceIl walls of under- and over-proofed 

bread, respectively. In accordance with Gibson and Ashby (1997). the stnimre of 

cellular solids can be classified into ceIl faces and ceIl edges (vertices where ce11 faces 

rneet). For the underproofed slice (Fig. 1E). it is clear that the ce11 walls comprising both 

cell faces and edges are distributed much more evenly than that for over-proofed bread. 

By cornparison, over-proofed bread (Fig. IF)  has noticeably thicker ce11 edges and a 

much less unifom cell wall thickness distribution than that of under-proofed bread. 

Accordingly, it is possible that this would contribute to larger CWT values on average for 

over-proofed bread compared to under-proofed counterparts. While over-proofed bread 

may have thinner cell faces compared to that of under-proofed bread. the perception that 

over-proofed bread has relatively thinner ceIl walls on average compared to that of under- 

proofed bread may not be correct. 

2.3.3. Effecîs of Dough Mùing on Crumb Grain 

Dough mixing is an imponant process that significantly affects the baking process, 

and consequently the quality of the bread. Mixing has many functions: it serves to 

incorporate various ingredients into a dough mas, occlude air, and develop the gluten. 

The effects of dough mixing time on cmmb grain of CWRS and CPS bread are shown in 

Table 4. Our expectation was that mixing to optimum would produce bread with the 

finest grain and brightest cnimb. Results indicated that this expectation was met only for 

the C WRS bread. 

CWRS dough under-mixed by 40% resulted in bread crumb with very poor grain 

(coaner) characteristics that were significantly different h m  those ofoptimally mixed. 



Table 4. Effect of Mixing on Crumb Grain of  Bread Prepared with 70 min 
Proofinga. 

ûrain Features Dough Mixing Time Relative to Optimum 
- 40% - 20% O~timum +20% +40% 

r - - . - 

CWRS 
Average Gray Level 
Void fi.action 
Number of cells/cmz 
Mean ceil size (mm) 
Mean ceIl area (mm2) 
Median cell area (mm2) 
CWT (mm) 

CPS - 
Average Gray Level 
Void fiaction 
Number of cells/cm2 
Mean ce11 size (mm) 
Mean cell area (mm2) 
Median cell area (mm2) 
CWT (mm) O.828a 0.772b 0.828a 0.776b 0.803ab 

'Statistical analysis was perfoned separately for each type of flour. Means with 
different letters across each row are significantly different (P < 0.05). CWT = ce11 wall 
thickness. 



The cmmb of the 40% under-mixed dough had lower cmmb brightness, fewer cells/crn2, 

thicker ceIl walls. and larger gas cells when compared to optirnally mixed dough (Table 

4). These objectively determined results by DIA were similar to those observed by 

Kamrnan (1970). who reponed that under-mixed dough produced a crumb with thick ce11 

walls. large cells and a du11 color. The effect of under-rnixing is believed to be due to the 

failure of the dough to exhibit good sheet-forming and gas retention properties (Tipples 

and Kilbom 1974). 

Over-mixing dough made fiom CWRS flour by 40% had significant effects on both 

void fraction and ceIl wall thickness. No eEects were observed for the other crumb grain 

features. The changes in crumb character as a result of over-mixing is presumably due to 

the dismption of the continuous membrane structure of gluten in an optimally mixed 

dough (Paredes-Lopez and Bushuk 1983). It was notewonhy that the DIA results 

confirmed what is generally known about under- and over-rnixing doughs, Le., under- 

mixing produces the larger negative efTect (Tipples and Kilborn 1974). Optimally mixed 

dough yielded crumb with the highest degree of bnghtness, thinnest ce11 walls, smallest 

average are* and highest number of cells per unit area. The higher cmmb brightness of 

optimally mixed CWRS dough can be partly attributed to the finer cellular structure of 

the bread, and to the shiny appearance of the thin film of gluten lining the surface of the 

ce11 (Baker 1941). 

It was unclear why the CPS bread did not show any consistent trend related to dough 

mixing treatments, as was observed for the CWRS bread. It should be noted that the CPS 

flour. and CPS wheat in general, was not optimally suited for breadmaking because of its 

intrinsically lower protein content and protein quality, as reflected in its lower absorption 



and weaker dough mixing propenies. Presumably. the equivocal response of this flour to 

varying dough mixing conditions in the short-tirne test baking procedure that was used, 

reflects this intrinsic difference in the protein component of the CPS flour compared to 

the CWRS counterpart. 

2.3.4. Relatioaship Between Crumb Density and Crumb Grain 

The response of computed crumb grain features in the experiments described above 

were examined for their relationships to cmmb density (Table 5). Correlation anal ysis 

showed that cmmb brightness (or average GL) was the grain characteristic most strongly 

related to cmmb density. This was expected, since bread cmmb with higher density had 

a finer stmcture, i.e., a larger number of cells per unit area with a smaller average cell 

size, resulting in greater reflectance into the imaging system. Sapirstein et al (1994) also 

observed that oxidant formula bread cnimb, having a higher average GL cornpared to 

control formula bread, had a larger number of cells and smaller mean ceIl area. Al1 

these results are in agreement with the observation of Burhans and Clapp (1942) who 

found that the whiteness in bread cnimb was enhanced by the presence of a large number 

of smaH cells. 

The computed void fraction of crumb also had a relatively high (negative) 

correlation with crurnb density. The void fraction values ranged h m  0.438 to 0.539% 

for CWRS and from 0.443 to 0.534% for CPS bread cnirnb. On the expectation that 

surface density is an accurate representation of volume derisity (Underwood 1970), the 

void fiaction was expected to yield the best estimate of density because 1-YF represents 

the surface density (the ratio of the area of al1 ce11 wall material to the area of the field of 



Table 5. Correlation Coefficients Between Crumb Grain Parameters and Crumb 
Density. 

Correlation Coefficients 
Grain Features CWRS CPS 

Average GL 0.77 0.84 
Void fraction -0.7 1 -0.82 
Number of cells/cm2 0.70 0.73 
Mean cell size (mm) -0.68 -0.69 
Mean cell area (mm2) -0.65 -0.68 
CWT (mm) -0.58 -0.59 



view). However, this was not the case. It is evident that void fraction values have been 

significantly underestimated based on the difference between typical volumes of baked 

bread (e.g. 950 cm3) and typical volumes of the corresponding "degassed" dough 

cylinden after sheeting (e.g. 200 cm3); the void fraction in this case should be 0.79. 

There are at least two possible explanations for underestimating the void fraction 

values. Fint, there are intramural cells or pockets surrounding the larger cells in ceIl 

walls (Burhans and Clapp 1942). These intramural cclls could not be deteaed by the 

DIA system because of the limiting spatial resolution of the system; the smallest cells that 

were detected are 70 pm in diameter. Although these cells are small in size, they could 

be present in large numbers (Campbell et al 1991). In fact, it was previously observed 

(Sapintein et al 1994) by DIA that the largest fraction of cells in bread cmrnb were those 

of smallest sue. Therefore, not being able to detect çells srnaller than the limiting 

resolution of the DIA system can result in an underestimation of the void fiaction value. 

This limitation could be overwme by increasing the resolution of the DL4 system. 

The second reason for the lower void fraction values is that, on average, the gas ceIl 

size observed by DIA at the surface of the bread slice is lower than the actual ceIl size 

(see Appendix I). Assuming that gas cells are spherical in shape and slicing is randorn, 

the ceIl size observed at the surface is always smaller than the actual diameter of the cell 

because of the impossibility that al1 cells are precisely bisected when bread is sliced. This 

view was previously expressed (Sapirstein et al 1994) for a related concept in regard to 

the accuracy of CWT computation by the DIA system. It was observed that the two- 

dimensional image analysis approach used in that (and the present) study most probably 

overestimates the actual wall thickness of cells in uncut bread. The overestimation 



derives fiom the likelihood that only a small proportion of neighboring crumb cells, 

exposed on the cut surface of a slice of bread, are actually bisected. Therefore, to correa 

for this underenimation of the void fraction, the average area of gas ce11 and void fraction 

values must be multiplied by a factor of 1.5 (Appendix 1). If void fraction values are to 

be used as a means of estimating the density of the slice. then they must be multiplied by 

a factor of 1.7. This is because, on average, ce11 volume based on ce11 size observations 

of the surface of the slice is 4 1% lower than the actual cell volume, assuming that cells 

are spherical in shape and sectioned randomly to give cells with a unifonn size 

distribution. The mathematical explanation of this interpretation is presented in 

Appendix II. 

Compared to crumb brightness and the void fraction, the remaining crumb grain 

parameters including number of cells/cm2, average cell size, average cell area, cell wall 

thickness (CWT) and median ce11 size were correlated with crumb density to a lesser 

extent in the range pi = 0.58 to 0.73 (Table 5) .  

2.3.5. Model for Prtdictioa of Bread Crumb Density 

Despite the relatively high correlations between average GL and the void fiaction to 

cmmb density, these two parameters could account for no more than 50 to 70% of the 

variation in crumb density, depending on bread type. To establish a more robust estimate 

of crumb density, a combination of two or more crumb grain features was considered and 

evaluated. Stepwise linear regression analysis indicated that a two-variable rnodel, 

comprising the VF and CWT* was the best nmi-variable modei (yielding the highest &) 

for predicting bread crurnb density of fresh bread samples. This mode1 (W and CWT) 

also provided a plausible and relatively simple representation of bread crumb structure. In 



addition, models with more than two variables did not yield significantly 

for predicting crumb density. The two-variable multiple correlation 

higher R' values 

coefficients for 

prediction of CWRS and CPS bread crumb densities by DIA of cnmb grain were R = 

0.90 and 0.92, respective1 y. The pertinent linear regression equations were: 

CJVW, Densify = 1.05 - (1.52 M;) - (2.04 * C m  (P < 0.000 1) (8) 

CPS, DeMg = 1.12 - (1.67 * M;) - (1.59 CWT) (P < 0.000 l), (9) 

where density is expressed in @cm3. CWT in cm, and the coefficients have units of 

g/cm3, except for the CWT coefficient which has units of g/cm4. 

In order to evaluate the predictive capacity of these equations for determining 

density nom image analysis of bread crumb, equation 8, which had been developed tiom 

images of CWRS bread cnimb. was tested on images of CPS bread cmmb. A good fit 

with an R value of 0.90 was obtained. Sirnilarly, using equation 9 on the CWRS bread 

cmmb images gave R = 0.89. Therefore, based on this result and on the similarity in 

image parameters and coefficients in Equations 8 and 9, depwke linear regression 

analysis was used to develop an equation from both flour types. Again, it indicated that 

the same two crumb grain parameters (VF, CWT) were the best two variable mode1 for 

cnimb density prediction: 

Densîty = 1.08 - (1.62 YF) - (1.59 * C m  (P < 0.000 1) ( 10) 

The relationship between measured and predicted density of cnimb using Equation 10 for 

the two types of bread is shown in Figure 2. The multiple correlation coefficient for the 

combined data mode1 (R = 0.89) was comparable to that obtained for CWRS or CPS 

bread individually . 



Figure 2. Relationship between measured and predicted density of CWRS (O)  and CPS 

(*) bread using Equation IO (refer to text). 
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In al1 three density prediction equations, the void M i o n  had a negative partial 

correlation coefficient because surface density (1-VF) is positively correlated with cmmb 

density. The rationale for CWT as a predictor of cmmb density is straightfonvard: it 

represents the quantity of material surrounding the gas cells, whose density appears to 

Vary with processing conditions, such as dough mixing and proofing, rather than being 

constant. Variation in cell wall density has been reponed for extruded cereal products 

(Donald 1994, and references therein). In addition, it is conceivable that CWT may 

account for the undetected intrarnural cells which, as mentioned above, are located in the 

ceil walls (Burhans and Clapp 1942). and that these may Vary with processing conditions. 

Therefore, these results clearly indicate that the DIA approach used in this study can 

accurately predict bread cmmb density based on crurnb grain structure. 

2.3.6. Effect of  D ying on Density and Grain OC Bread Crumb 

To hnher assess the ability of image analysis to predict bread density, Equation 10 

was tested on bread samples whose densities were altered as a result of drying. The 

percentage moisture loss from bread crumb as a function of drying time is show in 

Figure 3. M e r  each drying period, the moisture loss was about 8%. Aithough the rate of 

moimire loss was approximately constant for both types of flours, the change in bread 

cmmb density with increasing drying time appeared to be different. For CPS bread, the 

change in crumb density as a Lnction of drying time was linear (R = 0.97). whereas, for 

CWRS bread, cmmb density increased rapidly during the first 30 min (first drying 

period), and then leveled off (Fig. 4). The initial rapid increase in density of CWRS 

bread cmmb was due to a larger reduction in the volume of the specimen, since the 

cnirnb was soft and deformed easily in the early stage of drying (Steller and Bailey 



Figure 3. Percentage moisture loss of CWRS (O)  and CPS (*) bread cnimb as a 

function of drying time. 
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Figure 4. Effect of drying time on density. void fraction, ceIl wall thickness. cellsf cm2, 

average gray level, and average cell area of optimally baked CWRS (O) and 

CPS (*) bread. 
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L938). For other drying times, the change in CWRS crumb specimen volume was almost 

equal to the change in weight, as the crumb stnicture became more rigid and resistant to 

shrinking. This eRect may arise as a result of a relativeiy more continuous protein-starch 

matrix in the dough contributed by the higher protein content of the CWRS flour 

(Paredes-Lopez and Bushuk 1983). which caused a relatively slower decrease in volume 

upon further drying. The lower protein content of CPS bread that resulted in a weaker 

crumb structure permitted a constant shrinkage of specimens as they were subjected to 

drying. 

Since the volume of bread crumb decreases as moisture is lost, it c m  be assumed that 

drying is accompanied by changes in crumb structure. Because the density of bread 

cnimb made from the CWRS and CPS fiours changed in differeni ways, the change in 

stnicture was also expected to be different. Upon drying, it was expected that cell size, 

M and CWT would decrease, and that cnimb brightness and the number of cells/cm2 

would increase. These expeaed effects were observed in the structure of the drying 

cnimb as measured by DIA (Fig. 4). 

Regression analysis for measured density and grain features of dned bread samples 

was also perfonned. The same two variables, VF and C m ,  were highly correlated with 

cmmb density. For the various drying times, the multiple correlation coefficients ranged 

h m  R = 0.89 to 0.91, and R = 0.91 to 0.92 for CWRS and CPS bread, respectively. if 

the regession model (Equation 10) for crumb density prediction by image analysis is 

robust, then changes in density that result from drying of the bread crumb should also be 

accurately predicted by the same model. Multiple correlation coenicients (Table 6) for 

the relationship between measured and predicted crumb density for dned bread crumb, 



Table 6. Cornlition Coeliicients for Mcasured and Pndicted Density of Dried 
Crumb Grain Using a Two-Variable Lincar Regression Moder. 

Drying Time Flour Type 
(min) CWRS CPS 

O 0.9 1 0.92 
30 0.89 0.90 
70 0.9 1 0.9 1 
130 0.88 0.9 1 

' Equation 10 (see text) 



confimed that DIA prediction of density by Equation 10 was suficiently robua that the 

density of dried bread could also be accurately predicted on the basis of cmmb structure. 

2.4. CONCLUSIONS 

In this study, the relationship between bread m m b  density and bread crumb grain 

was wessed to test the validity and accuracy of a digital imaging system for direct 

determination of crumb grain parameters. For two widely different flour types, various 

dough rnixing and proofing times were used to create a range of loaf volumes and 

conesponding bread m m b  densities. Compared to dough rnixing, varying proofing time 

had a more pronounced eRect on crumb density and cmmb grain parameters for both 

flours. Average gray level and void fiaction of crumb were most strongly correlated with 

cmmb density. A two-variable mode1 using void fraction and cell wail thickness 

permitted very good prediction of the density of fiesh and dried bread cmmb samples. 

This result indicates success&I validation of the imaging system to accurately measure 

cmmb grain features. Therefore, the assessrnent of the relationship between structure and 

textural properties in bread cmmb by DIA would seem feasible. 



3. Effeets of  Dough ingredients and Proctuing Conditions on Density, Crumb 
Grain and Mechanical Propertics OC Bread Crumb 

ABSTRACT 

The objective of this study was to determine the effects of ingredients and 

processing conditions on the density, grain features, and mechanical properties of bread 

crurnb. Bread loaves were prepared by a short time breadmaking process using four 

spring wheat flours of varying strength. For two of the flours (CWRS and CWES), the 

effects of varying water absorption (WA) between 60 and 65% were also assessed. 

Processing treatments included variation in proof time (PT) and in the number sheeting 

passes (SP). AAer cmmb density measurement, crumb grain features were measured by 

digital image analysis (DIA). Tensile tests were perf'onned on bone shaped specimens cut 

from the same bread slices used for DIA. Tensile parameters included Young's modulus, 

fiacture stress, fracture arain, and fracture energy. Structural and mechanical properties 

were significantly affected by flour type, with CWES bread having the lowest density, 

more uniform grain, and greater mechanical strength. WA only affected the mechanical 

strength and the brightness of bread cnirnb, which generall y decreased with increasing 

W k  Number of SP only had a srnaIl influence on crumb structure. With increasing PT, 

the effect of the two extra SP has decreased for cnimb density and void fraction, 

suggesting that the extra SP did not alter the gas retention properties of the dough. 

hcreasing PT decreased cmmb density, produced a coarser grain and reduced the overall 

mechanical strength. The decrease in mechanical strength was not observed for ail PT 

despite the changes in density and grain features. This indicated that the mechanical 

properties of the ceIl walls were been enhanced with increasing PT. 



3.1. INTRODUCTION 

The assessrnent of the visual texture (or cnimb grain) and physical texture (or 

inechanical properties) of bread cmmb is important for both bakers and researchers as 

these two quality attributes determine consumers' acceptability of the products (Pylet 

1988). The traditional method for evaluating the visual texture of bread cmmb relies on 

human vision, and is qualitative and subjective in nature. In the pst few years, bread 

technoiogists have successfully adapted digital image analysis for quantitative and 

objective measurement of cmmb grain (Sapirstein et al 1994; Rogers et al 1995). The 

physical texture of bread crumb has been extensively studied and related to quality 

attributes (Elton 1969; Brady and Mayer 1985). Although compression testing of bread 

cmmb has been the method of choice for many years because of its simplicity, recently 

cereal scientists have become interested in using tensile testing (Nussinovitch et al 1990; 

Chen et al 1994; Scanlon et al 1997). Despite some limitations of the latter (gripping 

problems and sample dimensions requirements), it has been chosen since it provides 

parameters that can be easily interpreted (Nussinovitch et al 1990). In addition, tende 

testing offers additional information such as energy to fracture which is a measure of 

crumb coherence (Scanlon et al 1997) as well as cmmb extensibility. Furthemore, this 

method was s h o w  to be highly sensitive for detecting defects in food products (Luyten 

et ai 1 WZ), such as stnictural defects, which are of particular importance in detenining 

the quality of bread cmmb. 

The visual and the physical texture of bread cnimb are known to be infiuenced by 

both the ingredients of the dough and the processing conditions employed in making the 

bread. Examples of bread ingredients would include flour strength or protein content 



(Ponte et al 1962; Pyler 1988; Sapirstein et al 1994; Scanlon et al 1997). baking 

absorption (Larsen and Gieenwood 1991; Piazza and Masi 1995), and shortening 

(Lasztity 1980). On the other hand, processing conditions such as sheeting (Stenvert et al 

1979; Hibberd and Parker 1985; Levine 1998; Whitwonh and Alava 1999) and proof 

tirne (Freilich 1949; Ponte et al 1962) were also reported to influence the visual and 

physical texture of bread crumb. The objective of this sîudy was to determine the effects 

of flour type. water absorption, sheeting, and proof time on the density, cmmb grain 

features (measured by DIA), and the mechanical properties of bread cmmb (determined 

by tensile testing). 

3.2. MATERIALS AND METHODS 

3.2.1. Flour 

Flou of three wheat classes and a flour blend (al1 grown in 1998) were used in this 

study. These flour samples, which represent a wide range of inherent strength, included 

Canada Westem Extra Strong (CWES), Canada Western Red Spring (CWRS) and 

Canada Prairie Spring (CPS), and a 50% blend of CWES and CPS wheats. Wheat was 

milled to straight grade flour on a pilot mil1 at the Canadian International Grains Institute 

(CIGI), Winnipeg. 

3.2.2. Chernical Analysis of  Flour Samples 

Moisture, ash, and protein (5.7 x N) contents of wheat flour samples were 

determined in dupiicate according to AACC approved methods 44-1 SA, 08-0 1, and 46- 13 

(AACC 1983), respectively. Starch damage of flour samples. expressed in Fanand units, 

was determined using a modified AACC approved method 76-30A CFarrand 1964). 

Falling Number (in seconds) and amylograph propecties of the flour samples were 



detemined using AACC approved methods 56-818 and 22-10, respectively (AACC 

1983). 

3.2.3. Technological Characterization o f  Rour Simples 

3.2.3.1. Farinograph Tut 

Flour samples (50 g, 14% moisture basis) were mixed with water in a temperature 

controlled Brabender farinograph (FA-MV 100, South Hackensack, NJ) bowl (30°C) at 

63 rpm. The farinograph water absorption (FWA) corresponded to the amount of water 

added to the flour so that peak dough consistency of the curve was centered at the 500 

BU line according to AACC approved method 54-21 (AACC 1983). Other farinograph 

parameters derived from the curve incloded dough development time @DT. min) and 

mixing tolerance index (MTI, BU). The DDT is the time required to reach the peak 

dough consistency. On the other hand, the Mn, which is the difference in dough 

consistency between the peak and the peak + 5 min. is a measure of the ability of the 

dough to withstand over-mixing (a dough with a srnall MT1 value can tolerate over- 

mixing, while a dough with a large Mn value is very susceptible to breakdown upon- 

over-mixing). 

3.2.3.2. Extensigraph Test 

The extensigraph provides information about the resistance of dough to stretching 

and extensibility by rneasurïng the force required to pull a hook through a rod-shaped 

piece of dough. Extensigraph parameters of flour samples were determined according to 

AACC approved method 54-10 (AACC 1983). Doughs were rnixed in a large Brabender 

farinograph bowl using 300 g flour, 2% salt, and the appropriate amount of distilled water 

(to obtain a peak resistance centered at 500 BU Iine). The reponed measurements 



included maximum resistance (RMAX, the height of the curve at the peak expressed in 

BU), extensibility (EXT, the length of the curve between the start of stretching and the 

breaking of the dough expressed in cm), a r a  under the curve (in cm2 which is  equivalent 

to 65.2 BU . cm). and the ratio of maximum resistance to extensibiiity (RMLWEXT. BU 

cm"). Ail these measurements were determined in duplicate ftom the extensigraph 

curves. which were obtained 135 min afier mixing (Holas and Tipples 1978). 

3.2.3.3. Mixograph Test 

Mixograph data were detemined using a 2 g computerized direct dive  mixograph 

(National Manufacturing, Lincoln, NE). All flour samples were mixed in duplicate at 88 

rpm and at 2S°C using 2 g of flour (14% rn.b.) and constant water absorption (60%). In 

addition, CWES and CWRS flours were tested at 63 and 65% water absorption, 

respectively, which corresponded to their optimal baking absorption. 'Mixsmart' 

software (Version 3.4, filter value of 160) was used to analyze mixograph data. 

Mixograph development time (MDT, min) was determined from the top-line mixogram 

curve since the peak was better defined than that of the mid-line curve, especially for 

CWES flour. Based on the MDT, the other parameters were rneasured by the sohare 

from the mid-line curve of the mixogram. These parameters included peak dough 

resistance (PDR the height of mixing curve expressed in % of full-scale torque). 

bandwidth at peak dough resistance (BWPR, % torque), resistance breakdown (RBD, 

change in dough resistance two min afier PDR), bandwidth breakdown (BWBD, change 

in bandwidth two min after PDR), and work input to PDR (WIP, % Tq-min). 



3.2.4. Bakiag 

Bread of each type of flour (CWES, CWRS. CPS, and 50% blend of CWES and 

CPS) was baked using a straight dough shon time process. Bread loaves (225 g flour, 

14% m.b.) were prepared using the GRL-Chorleywood baking procedure (Kilbom and 

Tipples 198 1 b). Shortening and sait levels in the bread formulation were increased to 3% 

and 1.8%, respeaively, for optimizing the baking procedure (on the basis of loaf volume 

and cnimb grain fineness as measured by DIA). To investigate the effect of water 

absorption (WA) on bread characteristics, two levels of WA were used: fixed (60%) and 

optimum WA. The optimum W 4  which was determined on the bais of the farinograph 

absorption and the handling propenies of the dough at panning stage, was 65, 63, 61 and 

59 % for CWRS, CWES. blend and CPS flours, respectively (Tipptes et al 1994). 

Because the optimum WA of the blend and CPS flours were close to 60%, both fiour 

samples were baked at 60% WA only. This level of WA was considered optimum for 

these two flours. Dough development was achieved by rnixing to 10% past the peak 

dough resistance on a GRL 200 mixer (Kilborn and Tipples 1981b). M e r  an 

intermediate proof for 20 min, dough sheeting (3 sheeting passes) was camed out as 

described by Kilborn and Tipples (19s la). In addition, doughs were processed with two 

additional sheeting passes (SP) through the smallest roll gap of 118" (5 SP in total). The 

number of SP was varied to create differences in the cellular structure of bread crumb. 

The molded dough pieces were placed in aluminized steel pans with intemal dimensions: 

bottom, 166 x 72 mm; top, 187 x 90 mm; and height, 55 mm. Four final proofing times 

were used to create a wide range of density and structure in the bread mmb.  These four 

proofing times (35,45,60 and 85 min) were selected so that the densities of bread m m b  



were approximately evenly distributed. The panned and proofed dough was baked for 27 

min at 223°C. M e r  baking, loaves were allowed to cool for 30 min prior to loaf volume 

measurements by the rapeseed disp lacement met hod. The bread loaves were immediatel y 

weighed and double bagged in plastic bags (Polyethylene bags 1.7 mil (43 pm) wall 

thickness, Topsyn Flexible Packaging Ltd. Winnipeg, MB) and stored at 21°C ovemight 

to allow for moimire equilibration. Loaves of a given proof time (including al1 other 

treatments: gour type, water absorption, and sheeting) were prepared randomly in one 

bake day. Three replicate bakes were penormed for al1 the treatments. in this 

experirnent, the number of baked loaves was 144, yielding 720 bread samples in total (5 

slices per loat). 

3.2 S. Density Measurement 

The bread loaves were sliced transversely as indicated above (2.2.3), yielding 11 

slices per loaf From each loaf, five central slices were selected and manually fut by a 

slow sawing motion (to prevent crurnb compression and structural damage) around a 

template (40 mm by 1 : O  mm) with a pathoiogy tnmming blade. Each set of five cut 

bread samples from a given loaf were then kept side by side in an air-tight plastic 

container (946 ml, Rubbennaid Inc. Wooster, OH) throughout the experiment to prevent 

rnoisture loss. Three slices from each loa'end were timmed so that they fully covered 

the surface area of the container, and three each were placed under and above the five 

bread samples. This was done to eliminate the head space in the container and reduce the 

moisture loss that takes place while the container was opened to remove or retum 

specimens. Density measurements of individual bread samples were perfoned as 

described in 2.2.3. 



3.2.6. Image Analysis 

Image acquisition and analysis was performed after measuring bread crumb density 

as described in 2.2.4. The field of view was slightly reduced by lowering the camera to a 

distance of 26.2 cm fiom the surface of bread sarnples to ensure that bread cmmb hl ly  

covered the field of view (42 x 32 mm). The cnirnb grain features that were deterrnined 

by DIA were those described by Sapirstein et al (1994). These features included cnirnb 

brightness, cell wall thickness (CWT), mean cell area (MCA), void fiaction (VF). number 

of cellslcm2. and small-to-large ce11 cou~t  (SLCC, a ratio of cells with areas above and 

below 4 mm2). The SLCC i s  a rneasure of cmmb uniformity within a slice, with higher 

values indicating greater uniformity of cmmb grain. 

3.2.7. Tensile Testing 

The same bread samples that were used for imaging and density measurement were 

cut into bone shaped-specimens for tensile testing. The bread specirnens were prepared 

using a sharp stainless steel hole circular cutter (42 mm in diameter) mounted on a drill 

(Delta International Machinery Coq.  Guelph, ON) to cut four circles: two from each side 

of the bread specimen width (see Fig. 5 A & B). The remaining bread material between 

the two half-circle cuts was then trimmed rnanually with a high speed drill @remel, 

Racine, WI) to give the bone shaped specirnen shown in Fig. 5C. The preparation time 

for a bread specimen was approximately 2 min. The gauge length and width of the 

specirnens were 30 and 10 mm, respectively, with a cross sectional area of 1 .Z x 104 m2 

(10 x 12.5 mm). Bread samples were allowed iû rea for four hours in an air-tight 

container to permit moisture equilibration before perfodng the tensile tests. The bread 

specirnens were then attacheci by a diamond shaped four-pin fixture to a TAXT2i 



Figure S. Schernatic representation of the preparation of the bread specimen used in 

tende testing: (A and B) cutting the two halficircles Eorn each side of the 

bread specimen with hole cutter, and (C) a bone shaped specimen obtained 

after the remaining material between the two cuts was trimmed 





Texture Arulyzer (Texture TechnoIo= Corp. Sadaie ,  NY) aquipped with a 5 kgf l o d  

cell. The specimens m r e  arbjected to tensile l d i n g  until f ~ l u r e  at a aouheod -cd of 

0.1 mm s". which comspds to rorin rafe of 6.66 10" s? fhe mechonid 

propaties of b m d  au& uac dccmnined by dw TAXrti roftmre Born the stress- 

main curve. These pmpdes included Young's modulus (lehl mg'. the slope ofthe stms- 

nr*n cunn k t m c n  O ud 2% rolin). 6.dUre ~ i a r  (kN mg*. maximum tainle 

forcehitial cross sectionil ara), â.aure anin (defônnation to hchidgaup lengih). 

and fiamure en- (J mg'. m a  unda the came to the point o f  firaure). The moisain 

contentr of the m œ h n i d l y  testai b d  speeimens (on per Io@ were deamined uring 

an air oven operatin8 rt 103 O C  for 5 hwn (fanmet n ai 1997). Room tempemtufc wu 

monitored dunng the expriment, and its effcn on the mechmicd propaiies wu 

evaluatd. 

3.2.û. Statistiul Andysb 

Data wen uulyzai by SAS Version 6.12 (SAS Wnite Inc.. Cly. NC). MI rrsults 

including density. cmmb grain fernires. uid mcchrnid propcriis w«c avcnged on loaf 

basis to reduce the ~~ of inherent variation in b r d  crumb within eich loaf as well as 

the variation in sampling h m  b d  slices. Anrl ysir of &MEC for various ingrdienu 

and proccuing conditionr wu pdocmcd usin8 the G e n d  Linut  Modcls (GLM 

were eoubiished using a = 0.05 with type Ili mm of squucs (SS) in an uulysis -ch 

included the e f f i  of  replication. The type III SS w u  used since the hypochaa to k 

testcd are in- to the d d n g  of tnunicnu or the ~CCSCIK:C of cowiitcr in t k  

modci. Effiicts of the VUjrtion in i#na tcmpartun ud nioisture content of brad aumb 



on the mechanical properties were assessed by including these two factors in the GLM 

mode1 as covariates. 

3.3. RESULTS AND DISCUSSION 

The results of this study are presented and discussed in two sections. Section 3.3.1 

deals with technoiogical quality characteristics of flour samples. In section 3.3.2, the 

effects of dough ingredients and processing conditions on loaf volume, density, structural 

properties (detedned by DIA) and mechanical properties (determined by tensile testing) 

are presented and discussed. 

3.3.1. Technologieal Quality Characteristics of Flour Samples 

3.3.1. 1. Chernical Analysis 

Table 7 shows the analytical results for the flour samples used in this study. The 

protein contents of flour samples ranged from 10.0 to 12.m. The ash content ranged 

frorn 0.46 to 0.57%. Amylograph and Falling Number results indicated that al1 floun 

samples used in this expenment were sound. Starch damage of flour sarnples ranged 

from 27 to 55 Farrand units (FU), with the highest and lowest values for the CWES and 

CPS flour, respectively. As expected, the starch damage was lower for the soiter wheat 

flour. but the aarch damage values were about 10- 15 FU higher than those reponed in the 

Wheat, Rye & Triticale Subcommittee Report for similar flour samples (Anonymous 

1997). These high values of starch damage are likely to be due to the greater desree of 

mechanical damage of starch during tlour milling since the hiph ash content, 10-2556 

higher than normal, is an indication that the flours were rnilled to a higher extraction rate 

(Dexier et al 1994). 



Table 7. Means and Standard Deviatians o f  Analyticul, Farinograph'', and 
Extensigraph Results of Flour Samples. 

Flour CWRS CWES CPS ~ l e n d ~  
Moisture Content (%) 
Protein (%) 
Ash (Yo) 
Starch Damage (FU) 
Amylograph (BU) 
Fall iiig Number (sec) 

Farinograph 
FWA (%) 
DDT (min) 
ST (min) 
MT1 (BU) 

Extensigraph 
WA (%) 
RMAX (BU) 
EXT (cm) - 

" The reported results are means of two replicates except those of farinoçraph where only 
one replication was performed. 
b Values for moisture, protein, ash and starch damage of blend flour are means of CWES 
and CPS floun. FAW, farinograph water absorption; DDT, dough development tirne; 
ST, stability time; MTI, mixing tolerance index; WA, water absorption; RMAX. 
maxi mum resistance; EXT. extensi bi 1 ity; A, area under the curve. 



3.3.1.2. RLeoiogbl tropcr(icr 

It has long ôœn established thrt b g h  rheologial proptnies ue telated CO flour 

strengh and brudmaking performance. The rhcologial propertia of flarr samples 

rneasured by tlinograpk extemigraph and mixognph are sumrnuitcd in Tables 7 and 8. 

Fasinopph water absorption (FWA) of the flour samples used in this study showed a 

wide range: 57.9. 6û.4. 62.2. and 64.PA for CPS. Bled (SV!% CWES and CPS). CWES, 

and CWRS fleurs, mpectively. The FWA of flour samples genenlly appand w k 

aEected by starch damwe and protein content as was indicated by Bushuk and Hlynkr 

(1964). except the FWA of CWES flour. The luter hd a comparable protein content to 

CWRS flour but its FWA was Iowa than dia of CWRS tlour despite its higha -di 

damage. The fina particle size (Williams 1993) and porsibly the higher pentosan content 

(Bushuk 1966) of CWRS Bout as cornpurd to CWES tlour may account for the higha 

water absorption observed for the CWRS flair. Thac resulu suggested that although 

FWA is known to k dependent on protein contait and qurlity, it doer rot necessarily 

reflect flour strength rince the results of this study showed that CWES flour had lower 

FWA than CWRS, despite its highcr inhacnt sirmgth (dirwKd below). 

Dough development time (DDT, min) o f  flour sunpla detemiined by either 

farinognph or mixognph (see Tables 7 & 8) wu w n g l y  rela!ed to mixing time on the 

GRL 200 mixer (R' > 0.95). In g d .  the dough developrnem timer o f  the flour 

samples, which ue positivdy d a t d  to flour strenfl (Tippler et d 1982). i n d  in 

this ordr: CPS. CWRS. Bled, and CWES. thc d o  of  RhdAXlEm corniderrd 

be an indicator of the dwgh mixing requinnitnt ud ntdmil<ing q d i t y .  with doum 



T a k  8. Mcru and Slirdud ûeviatkns (n = 2) or Miring QrrUty Characterislics u r Functkn of flour Type and Watcr 
Absuplkn. 

GRL 2@0 œhw 
bî7' (min) 4.7 HA 5.1 î0.2 7.2 H.5 7.7 fO.8 4.0 f 0 . I  5.5 fO.3 
Wi (Wh kBO') 14.8 f 1.4 13.7 î2.7 22.3 f 1.8 22.6 S . 0  10,O M,8 15.6f 1.l  

Mi- 
M(rr (min) 3.28 f i 0 9  3.77 M.01 5.01 f0.06 5.31 30.24 3.40 fO.1 I 4.18 NO6 
PDR (96) 38.5 M.8 34.9 f 1.8 46.4 f 1.2 44.9 î1.8 30.8 f0.7 40.3 a 2  
SWm (%) 24,6 f0.2 21.8 f 1.2 32.2 f0.4 31.6 f0.5 19.1 M.0 25.3 f0.4 
RBD (94) 1.4 M.4 2.4 M.0 0.7 M.6 0.2 39.7 I l  î4.I 3.4 49.3 
BWBD (96) 6.7 W.2 5.1 fO.2 7.2 fO.4 7.2 M.4 7.7 M.3 9.5 M.2 
WlP(%Tq.nin) 85 fZ 88 î 4  145 ;fO 144 kt2 64 î 3  105 f l  

WA, wrtu iboorpion; MT, mining t h ;  WI, wotk input (GRL 200 mixer); MDT, minogrrph dcvthpmtnt time; PDR, pmk dw& 
raiatmce; BWPR, brdwidth at pcJI dou~h mistuicc; BWBD, bandwidth ômkdown; RB& raistance breakdom; WIP, wvork inpii 
to ?Da (nhio#?ipii). 



having high RMAX/UCf mios king c - d d  rrionger tlours (üthay.iaimuin ct rl 

1999). Results of this midy dso showcd that the RMAXEXi ratio wor clorcly related 

to mixing cime on the GRL 200 mina (R' - 0.92) a d  thmefore it codd k u d  o an 

indication of flour stm~gth. 

Peak dough d b u i œ  (PDR). W h  is the height of the mixognph cunn u the peJS 

i s  a rncasure of do@ mismue to extension (Spies 1990). PDR wu find ta k highly 

correlatecl to p d n  qwliry u i d ' b d d n g  perlonnuice (Khatkat et aï 1996). The 

results of this study showed dut PDR d RMAX which wen highly co~eiated (p = 

0.94). dectcascd in the sune otda of flour as wu obrmcd for DDT. 

The uea unda tk extensigrrph c u w  (A). which U a mryarre of the a ~ g y  n d e d  
e 

to saetch the dough piae to its bmking point. is  du, a masure of dough rtrrngth 

(Tipples et al 1982; Preston and H o m  199 1). Mixograph wodc input (W) and A 

were highly comdatcd with the worlr input on the GRL 200 mixer (R' &es were 0.98 

and 0.92 respcctively). and they both dccreased in the urne order of flour romples as was 

observai for DDT and PDR 

Finney and Shograi (1972) indiatcd that M i l  does n a  n d l y  nflat fiout 

strength rince whcrt flour with vay low protein content M p t e r  mixing tolcruice 

than flour with medium or high protein content. HOWCVC~. for medium and mong wheu 

floun. the MT1 vu shown to k sipiificuitly comhtcd with brking pcdonnuicc 

(Kunerth a d  D'Appolmh 198). fhc Mn of the fbur vmplcr used in this mdy 

nnged h m  15 to 68. The Mn values, which were pcnnlly  i n v e d y  proponiod to 

the DDT n l u y  d c a n r d  in the COltowiyl orda of fiour -la: CPS. CWRS. B l e d  

a d  CWES. fhis j & i m  f b ~  h d  more t d w  t~ o~dxi ix ing ud to 



variation in proccuing conditions (Tippta et J 1982). For the niiow flour -la 

used in this expwimc~  rcsistanœ b m k â o m  (RBD) whick is a m e w n  o f  the dough's 

rolerance to ovu-rnixing. .lu, rhowed (widi the exception of bled) a similar tmd  m 

hm. 

lncreasing watw absorption &om Wh to optimum level(63 ud 65% for CWES and 

CWRS. respocrively) inaucd MDT. d d c a u c d  PDR uid BWPR (Table 8). These 

results arc consistait with t h  np~ned by Larsen a d  Grœnwood (199 1). The changes 

in the other Mxo~prph parameers as a ninction of  water aôsorpion w m  s d k r  r d  

inconsistent for CWRS and CWES floutr. In geneml, mixognph parameters b w d  <hr 

CWES flour was krt sensitive to the inaeue in water absorption ( h m  60.A to 

optimum) than wu CWRS flow. This could in put k due to the f~ thu les  water wu 

added to the CWES fkur. In addition, the higher inhcnnt m g t h  of CWES flour mry 

be responsiblc for the dativeiy small variation in its rhcologid propenits when more 

water was added to the dough. 

The resulu of the hcologicrl tests including DDT. RMAXIEXT, PD& WIP. A and 

RBD clearly dected the wide nnge of the inhennt s t m @  of the fOur tkur SU'@-. 11 

can be concluded h m  these results that CWES b t  vu vey ruon& CWRS and 

(CWES uid CPS. SW) fiours wac modauely ruons ud CPS flmr was dativdy 

wcak- 

3.3.2. Efftds of DoyL Ingdients and hoccrring Comditioms 

The expuimenul design of this study. which wu an inamplete bctorial fonn. is 

show in Table 9. Rrailtr of brking. dais@ masurements, @n ainua. ud 

rncchuùd propatier of brad aumb u 8 &nc!ion of  the individuil arpaimtntd 



treatments are s h o v n  in Tables 1-15. A p p d i r  m. The 6u were rubdivided into thrœ 

categories. uch repruenting a complete f~ttorirl set of matmenu to simplify the 

statistical analysis. The effats of apdrn«itd t-nts on bread m m b  chuacteristics 

was examined on the b u i s  of fixed m e r  absorption (WA). optimum W h  and optimum 

versus fixed W A  Thedore. the uulysis of variance wu pafonned in ttuee stages to 

detemine the significcut diRerrnces among w i o u  kvels of the hllowing tteatments 

and th& interactions (TabIe 9): 

1. Four flour vmples prcporrd at fixed WA (Wh). tiwo shœting trcatmcnts. a d  four 

proof timu (rutinial rcailts are listed in Tables 16-28. Appmdix IV): 

2. Four flour wmples prepucd rt optimum WA, two d i n g  trrnmcnts. and four 

proof tirnes (statistiul mults are listed in Tables 2941. Appcndix V); 

3. Two flour u n i p k s  (CWRS ud CWES). nio WA (fixcd and optimum). cm, 

sheeting tratments, and fwr poof times (suiaicd resulu are Iisted in Tables 42- 

54. Appendix VI). 

Replicate eff- wwe sœn on the phyrical properties of  breaô aumb, and <heK 

likely represent slight variations in position when dccting m m b  specimens Born a 

bread siice (Appendices IV-VI). The efircu of the wiation in r w m  temparture (kss 

than ?C) during tamile tcr<*ng ud wi*abilily in moimn content (leu thn 1%) o f b d  

crumb (among repliutes of the same nrrment) on the Youyy's modulus, bcture a m ,  

fncnre rurin, and enugy to h m  of brcd cnvnb were rlso rsxssed by incorponting 

these <wo fatocs in the GLM mode1 u covathte~ The stathtid rcailts ( h u m  in 

Tabla 25-20. Appadix IV; 3841. A p p d ~ t  V; 51-54 Appendix VI) indiatd thr 

d a t i o n  in moiraire content a m m  te- of the bmd aumb did not have a 



SP 
PT (min) 

Andysis 1: F u d  Water Ab80rgtiom 
Flours CWRS CWES 
WA (%) 60 60 
SP 3 5 
PT (min) 33 45 

Analysis U: Optimum Water A b o r p t h  
Ftours CWRS CWES 
WA (%) 65 63 
SP 3 5 
PT (min) 35 45 

CPS Blend 
60 60 

CPS B l e d  
60 60 

Aaalysis fXI: Fiscd venus Optimum Watcr Absarption 
Flours CWRS CWRS CWES CWES 
WA (,?A) 60 65 60 63 
SP 3 5 
PT (min) 35 45 60 85 

W 4  rms aûsorption; SP. numkr of s h a t i n ~  p w r ;  PT. poof time. 



3-32 1. Fi.& Wacu Akotptiom 

3.3.2.l.L. Roar Strrigtb 

Table 10 shows the effiéct~ of flour stren~h on loif  volume. density, p i n  fumns, 

and mechanical proparies of  b d  cnimb prcpued rt 6û% watcr absorption. fhe flour 

type had a signifiant &kt on I d  volume which d e c r d  in the rsme ordr  u flour 

strength detamined by the rhcologial tests. arccpt for the blend. The luter hrd lower 

loaf volume than thu of CWRS despite its mlitivdy h i g k  flour stmgth. Thcse nsults 

suggcsted that the anying crpocity of CWES fiow wu manifa  more in the rhcologial 

propenies o f  the dough thin in its baking pdormance. The cmmb density was also 

significantly affccted by dout type. It s h d  the umc trend obscwed for loaf volume. 

but the crumb density o f  CWRS b d  wu wt signiticantly diffmnt 6om thrt of the 

blend (Table 10). Unlike cnimb demFty and I d  volume. the v i d  tamue of  b m d  

cmmb nmples which wu detamined by D U  did not show a luge variation amos b m d  

sampla made nom diffmnt floun. Ce11 walt thickness (CWi). n u m k  of cclldcm'. 

and mean ceIl uco (MCA) wac not Pgnificantly a f k t e d  by bread type. Howcver, void 

fiaction, ratio of  smdl-to-large œlls count (SLCC), and cnimb brightness were 

significantly influenccd by the flow type or flwt strrri@h Cf.bles 19-24. Appendix IV). 

The void &action. whkh is raondy cornlucd with I d  volume ud ciurnb density 

(2.3.4). h d  the l u g a t  d u e  in CWES bmd. The SLCC showd that CWES b r d  had 

the most uniform cnimb grain despite its luga loafvolume and void fraction (Taôle 10). 

This suggested thrit the d e p e  of gu-ccll -ce is low in CWES daugh, and that 

CWES tlair hr i aigaior brudmJring palonnrnce. Sinœ CWES tlour producd 

strong douph. the low nie of- d l  cookrcmcc in thh daigh is due co its hi- rate of 



Table 10. EffuU of Floir Type 00 the Cî~amctdsticr oî Bread Criab Preparcd rt 
Fixed Watcr Abwrpli8. 

Flour Type CWES CWRS Blend CPS 

Loaf Volume (cm') 
Dcnsity (g cmt3) 

Crumb ûrain 
No. ~ellrlcrn' 
MCA (mm2) 
C W ï  (mm) 
SLCC 
Crumb Brightneu 
Void Fraction 

Modulus (kN mg') 1 i S3ab 12,608 11.961 1 0.46b 
Frauun S m s  (kN m") 2.32a 2-40. f .97b 1.47~ 
Fracture Strain 0.451 0.41b 0.36~ 0.30d 
Fracture Emrgy (J mJ) 673a 62% 462b 28% 

a Data of various pmof timcs ud shcaring truûmnts wmc combined for u c h  type o f  
fleur. Meuis wirh diRaent le t ta  ~ S S  cidi row are sipifiantly différent @ c0.05). 
MC4 m a n  cell uar; C m  cal1 wdl uiiclrnsr; SLCC, sdl - ta luge  œll count. 



main hudening whcn subjated to artauion nich as occun dunns proofing 

@obnsrczyk Md Roberts 1994). This strajn hudtning phenornemin, which is die 

inctease in the dope of thc dwgh cum with incrcasing extauion. is k n o m  

to Iimit the growth of the lugc pu œlls pamitting the srnail œlls to aprnd .  and thus. 

Ieading to a unifonn and fine crurnb p i n  (van Vliet a d 1992). The highu the rate of 

strain hardenina the -ter the stability of the dough's ceIl mils against mpture and the 

more uniform the breaâ cmmb will ôe. D o b m k  and Roberts (1994) indicated that 

the mechanisni of main hudening involvcd moleculu orientation and dignment o f  

polymcr chahs unda lupc dehmtion, auring mater mistance to further 

deformation. In contras to CWES, CPS which wu producd h m  a relatively 

w u k  flour. haâ pool cmmb @n churaeristiu: couza grain a d  lower uniforrnity 

(small value of SLCC). Thest rrailts sugp~ed thu a higher degree of codescence had 

occurred in CPS daigh during W n g ,  rince weak dwgh is genenlly known to athibit r 

low rate of stnin hrrdening ud a poor gas cc11 rubility (Dobmzcqk and Roberts 1994). 

Thcreforc. CPS flour is not optimally aiited for bmdnuking The ovml l  crumb gnin 

features of CWRS and bled  b d  were p d l y  v a y  similar and wae  considued 

sat isfactory. 

Typial smss-Ænin curves of the fwt types of b m d  cmmb t d  in tension are 

shown in Fig. 6. The mtchuiicril proputier or physid texture of b u  cnimb. which 

wen determincd Born the stress-suain avve, included Young's madulus, a.s<urt 

eacture cncrgy (or ~ r e  dr<msc. a r a  unda stress-stnin wrve to nilurc). and 

hcture anin. All of tkse mechuiid properties mn signifiuntly a f € i i  by dwr 

type (Tables 25-28, -rrppcndix IV). îhe bnchuc nnin rnd enefgy of  bmd mmb 



Figure 6. Typid  swes-stnin aiives of CWES. CWRS. CPS and blend (Sm CWES 

and CPS) W crumb prrpued u f icd wuer absorption. 





dcciearcd in the following ordu of  flair samples: CWES. CWRS. blend uid CPS Cfible 

10). indiuting thrt Houn with h i g k  inhersnt strcngtb producrd b r d  c m b  thu hu a 

greater fracture &stance and grata mauibility. The arraisibility of dough u 

measund by the cxtensignph did not d e c t  the ntcnsibility of b r d  aumb as 

determined by fircnire stNn (Taûles 7 a d  10). Fmm this rait it appurs that 

extensibility in dough and bread are govancd by diRerem factors. in the dough, 

extensibility is enhonced by the amount of water d d d  and the giiadin proteins (Spies 

1990). However. in ptoofd dough extmsibility is expecteû to k d n l y  a f ~ o t  of the 

quantity of HMW glutmin since these orientcd ud aiigncd long moleniles a n  slide 

along each 0 t h  *hout rffécting the cohcnrrec of thc dough (Blokrmi 1990). Because 

the large extmibility of the proofal dough is amiiuted to protein st~cûwe (Blokrnu 

1990; Dobraszczyk and Robau 1994). and thU is eqœted to ay through the b&ng 

process. the gr- extensibitity of the CWES bread crumb is klieved to  k due to the 

higher quantity of HMW giutenin. Although the Young's modulw was significunly 

affectcd by flour iype. it did not show u i y  cleu aend with respect to flour sttcngth. For 

instance. the awngc Young's modulus of  CWES b r d  cnr not signitiuntly different 

liom that of CPS brad (Table 10). despite the large d i f f i m  in dKir flour stmngth. 

The Young's modulw of thex two types of b m d  king dmost qwl does not imply that 

the stiffness of the cd! wdls are undFected by flour stren@. In fkt, dwrt mults imply 

that the s t i f f i  of the cell d l s  of the CWES b m d  is higher than that o f  CPS. niis 

conclusion was rucheû on the b u i s  cht the Young's modulus of ccllulu muai& 

including indusrid pro duc^ (Cîbwn ud khby 1991). rwch b d  ( K d  

L996b) and starch fount (Shogm et d 1998). 8re 8 haution of the dffWSs of the C d  



wails and the dative dauity of ùw brad cmmb (Equuion 4. 1.6.2). And bffuuc 

CWES b r d  hd significuitly Iowa cmmb dtnsity than thu of CPS bmd aven thou@ 

their moduli were compmble, it is nuoruble to suppose that the stifheu of CWES 

cmmb ce11 walls is higher chn CPS. The 6Mvt rtrrrrcr of CWES and CWRS bmds 

were comparable. but for b l e d  ud CPS b d .  arcaire stresses dccreased marlcedly (on 

average* by IF!% ud 40./. o f  the fhcturt stress o f  CWES brcrd. respectively). 

According to Gibron ud khby  (199f) fhctwe stress of cellular material is alto a 

function of  the hcture stress of the cell m l ls  ud the relative density (Equation 5. 1.6.2). 

rneaning that the fhcture mess incrcrxr with incrasing dcnsity anâlor Cnc<ure stress of 

the cell wallo. Since the Grcture stress 8CI\CII(ly decreased in the order of  demrting 

flour strength (CWES, CWRS. bled, and CPS; 3.3.1.2) &spite the inuease in density 

(Table 10). it is evidcnt that the strength of the ceil walis has &O decrrpxd with 

dccreasing flour stren- but more ro t h  the change in modulus. Al1 thtr rtnilts 

clearly indicated t h  the m e c h i d  proputics of  the cell walls of  bread m m b  are 

a k t e d  by flour sttcirgth. 

3.3.2.1.2, Sheetiag Pusa (SI) 

The shecting proces. which is a awid step in breaâmaking. serves many &dons. 

These functions include d o m  development, protein dignmenk gas repulsioq and 

lamination (Levine 1998). Excessive shccting kyond optimal lcvels wu rrponed to 

have a detrimental e f f i  aci I dvo lume ud cnimb @n o f  m k i v d y  WC& flwt, but no 

effecu were obravcd tbr mon8 flour (Stcnveri a J 1979). The rcrults of this m d y  

indicated that two additional pusu thnni* the ~ d k t  9.p (3.2 mm) of the rollers 

rewilted in smdl. but signifiant. dunges in both Idvolume ud cmmb deniity Chble 



i 1). On average. the ldvotume  dacrsued by 66 cm'. while m m b  density i n c r d  by 

0.00s g cm". 

For the crumb m i n  fmtures. the ~ Y O  dditionai SP hd a significant eEœt on void 

fiaction and SLCC. dcsrrrring the void hction ud increasing the SLCC. It is  

interesting to note thii the change in the tnimb density or loaf volume as a nrult of 

varying the numba of SP bmght dout an quivalent change in the void âaction. This 

confvmed the stmng relationship ôetwœn dcnsity uid  void fraction, which was ah 

observecl for wious types of  flour (3.3.2.1.1). No significrnt effcct3 wem observeû for 

the other imaging parameten. e.g. celldcm2. MCA CWT. ud cnimb brighaiess (Tables 

19-21 and 23. Appadix N). Although on average, the MCA and CWT did not ny 

with the sheeting tnrtment, the distributions ofccUs m y  h v e  k e n  improved (Stenwn 

et al 1979) since SLCC ill~leased mui the two extra SP. 

The number of sheeting passes did not pmduce uiy significant e f f i  on Young's 

rnodulus. hcture stress, h u r e  6 n .  or fircaire amey (Tabla 25-28. Appendix IV) 

despite the signifiant i n a i s c  in m m b  density (Table 18. Appendix IV). nit 

mechanical propenics of cellular muerials gennlly depend on the structural propaiies 

and the physiul propmties of  the ccll d i s  (Chen et J 1994; Gibron and Ashby 1997). 

Since the effcct of the shœting treatment on the o v d l  mechnical properties and moa 

strucnrral parameters of bnrd crumb wu insignifiant. one can spcculate that the 

imposed stresses of the two extra SP did mt have uiy major infiuence on the pmpcnics 

of the c t i l  walls. 



Table I l .  E f f k c ~  OC Nimber of Sbccriit Passes on the Chancteristia of Bread 
Crumb Prepireâ at F i  Witcr AbP.rp(k... 

No. of Shœting Passes: 3 5 

Lod Volume (cm') 21698 2103b 
Dmsity (g cmo3) O. 12% 0.134a 

Crumb rmtn 
No. ~el lskm' 
MCA (mm2) 
C W  (mm) 
SLCC 
Cmmb Brightmss 
Void Fraction 

Mechanical Probenie 
Modulus (kN ma) 
Fracture Stress (ûN ma) 
Fracture Stnin 
Fracture Energy (J ma) 

a Data of various flav types and pmof tirna werc combind for each shœting treatment. 
Means with dinimit l e ü a  laou a& iou me rignifiuntly diffemnt @ < 0.05). MCA. 
mcan ce11 ara; CWT, œil wdl thickness; SLCC. smrll-tduge cell count. 



33.2.1.3. Proal Ttw 0 

Table 12 shows <ht t f f k t s  of PT on avaase dcnsity. grain femres and mechical  

properties of bread cnimb p r e p d  with fixed W A  As wu expected. loaf volume 

significantly inaeucd u proof timc wu extaded ftom 35 to 85 min (Kamman 1970; 

Pyler 1988). This trend wu obrcMd for dl types of floun. and for both sheeting 

treatments. fhe density of btud cnunb s i g n i f i d y  dcetcluA with increasing PT. An 

interaction effect betwœn PT d numba o f  SP for density showed that the diEerence in 

cmmb density krwccn 3 a d  5 SP decreasâ with incteasing PT and resulted in 

approximately the same density at 85 min Pt (Fis. 7). Likewise, loaf volume showed 

similar trends as a function of PT d SP. but it urpr not statistially significant. Ai 35 

min PT. the m m b  dmsity w u  hishcr whm the dough w u  ptdctssed with 5 nthcr than 3 

SP. indicating that the bnncr wntained les p s  to stut with as a result of the two 

additional SP. In other words, 5 SP aused mare dcguring of the dough than did 3 SP. 

But at 85 min proof tinte. cnimb density wu the same regardlesr of the number of Si? 

Assuming that the density of the a l 1  wrll is unrfftcted by the two extra SP. this mans 

that at 85 min PT. the kt.d cmmb conîaind the rimc unount of gu. rrgudlers of the 

sheeting treatrnent. Thus. it U evidm dut the dough which ws ~ubjected to 5 SP 

retained more of the grc dw wu pmduceâ during f-enution. Thereforc, it can k 

concluded that the two addition4 sheetïng puscs di& not ause uiy structurai damage in 

the dough system ud did not have my n@ve effect on its mention proputier. 

All cnimb grain ftuures wac signifiantly infhienced by PT. With i n ~ i n g  PT. MCA. 

CWT. and wid m i o n  i n a m d ,  -le alldcm'. SLCC. mû cmmb b r i g h m  

decreased. n#e m i t s  ric consistent wnth those -cd in the p m h u s  c h p c r  (2-3.2 



Table 12. E R '  of  t roo f t i i i e  on the C h n c t ~ t i c r  of Bmad Crumb Prepad  at 
Fixed Witw ~ b s 0 r p t i . m ' .  

Pmof Timc (min) 35 4s 60 85 

1678d 1%9c 227ûû 262% 
0. 138b O. 120c O. 10Sd 

93 -68 90.98 87.3b 7 7 . 0 ~  
MCA (mm2) 0.508d 0 . 5 3 5 ~  OS65b 0.654a 
CWi (mm) 0.76 t b 0.76ûô 0.784b 0.8488 
SLCC 42-48 36.8b 3S.fb 30 .8~  
Cmmb Brightneu 187.78 185.98 18 1.4b 175.7~ 
Void Fraction 0.469d 0.48 1c 0.487b 0.49h 

Mechanical Pro 
Modulur (kN r n y  14.798 13.978 9.20b 8.5% 
Fracturc Saeu (kiU ma) 2-35. 2.22. 1 .Wb 1.67b 
Fracture Suain 0.3Sb 0.3Sb 0.43a 0,401 
Fracture Energy (J ma) 5 JSa 5278 520a 440b 

a Data of wious flmr types anâ sheeting b#ancnts were combincd fot crch proof tirne. 
Means with différent ksar vmrr cuh mw are sipificrntly diEmnt @ < 0.05). MC& 
mean ce11 ara; C m ,  dl wrll thicknru; SLCC. mail-tduge cell count. 



Figure 7. Changes in m u n  c ~ m b  density (flar types wmbined) of brud prepued at 

t ixd  absorption u r ffinctim ofprooftirne and m i m k  of shœting puscr. 





and refmnces thenin). For the SLCC. intaction e f k ~  (PT and SP; PT and flour type) 

were observed. 'Intrt i n t d o n s  showed no c l a r  ud consistent trends o f  the SLCC u 

a ninction o f  PT and numba of SP or as a ttnction of P7 and flour type. 

PT w u  dm fwnd to have a major effrct on the mechanical properties of  bruâ 

cmrnb. On average. as PT wu in& &om 35 to 85 min. the Young's modulus values 

decreased by as rnuch as 42h. The fhchire stress o f  brod crurnb alxi signifiantly 

decrewd with inaeuins Pi (on average, up to 29% dunion). Likewix. enagy to 

h c m n  (the a r a  under the m a ~ s t m i n  CU-) 8s 8 fÙnction of pmof time dso showcd a 

similar trend to thor of f i r u e  s r e s  anâ r t i f iess.  The changes in the mechmicd 

propenies o f  brcid c ~ m b  with incrasing PT wu klievcd to k mUnly due to the large 

reduction in bnad cnimb density (Ponte a ai 1962; Wassermann 1979). The resuiting 

changes in the grUn f~lt~ires of aad aumb with i n m i n e  PT may alro explain =me 

of the variation in its mechnicd propmties (Kammui 1970; Pyla  1988). The fhctwe 

strain (or extensibility) of brad m m b  significuitiy increased with inausing PT ( u d  

corresponding dectcase in density). The genenl increue in extensibility o f  bread numb 

with decreasing demity is in agreement with results reponed for baked starch foms 

(Shogmt a al 1998). Althoufi the changes in the mechanical propdes of brad uumb 

with varying PT g d l y  COllowcd the cxpocted WS. exceptions m r e  obsewed. For 

example, increasing PT lrom 35 to 45 min or h m  60 to 85 mi5 did not p d u a  a y  

signifiant efféct on the Y-'s modulus, fhcture stress. and hcture s h n ,  whik the 

tiacture energy wu dmost consunt between 35 ud 60 min PT. but rmrkedly deaeued 

at 85 min PT. As muitiond above, it is hiown thu the mcchuiicd propdcs of brud 

cmmb in generrl. ka Ztifhcu ud tir- in p.iticu1u. depad on the pro@= 



of the ceIl walls and tha aumb density (Ckn et ai 1994. Kœtcls r al 19%b; Oibron ud 

Ashby 1997). Bccwr the mechnical propaiies ware not s i g n i f i d y  rRécted as PT 

was increued ôom 35 to 4 or h m  60 to 85 min despite the major dccrcase in m m b  

density (Table 12). it is evidtnt cha the physicd i length of the ceIl walls has b e n  

enhancd by incnuing pmof tirne. ï h i s  appars  to k rasonable on the lpound that the 

effect of decreasing aumb density. which would normally cause a reduaion in the 

mechanial strength, cancelled out by the inacrse in the nrength of the cell walls 

resulting fiom inatuing PT. This conclusion is in line with t k  mlts of van Vliet uid 

CO-workat (1992) who indieucd dut strain hudening occumd in dough al1 walls as 

they are strached during f«menmion. cwsing hi&- r e s i s t ~ c e  to extension. Since the 

strain hardening phenornenon taking place in doufi's al1 mlls  upon rvecching involves 

reamngement of moleculu stnaawe of pdymen (i.e. o r i d o n  and alignment). its 

eRm is expeacd to cuy throrrgh the M i n g  opefation ud influence the propenKs of 

the ceIl walls of  brcîd as wII. 

3.3.2.2. Optimum Witer Absorption 

3.3.2.2.1. Fkur Stmgtb 

'the effects of flour s t m s h  on I d  volume, density. gnin f ~ r e s  and mechanical 

propatics of b d  manb prrpued at optimum wrta  absorption ue illustrattd in Table 

13. For b m d  prcpucd rt optimum WA, the efféet of flmr type on loaf volume and 

crumb density wem vcry similu to those o b d  for b r d  baked at f i x d  WA Thc 

only exception was the loafvolume of CWES uid CWRS bnds *ch wm signifimtl~ 

different at fixcd mta abroipion, but nat at q%imum WA Thr effécts of flow -@ 

on the m m b  gnin katurcs (cdIs/cm2, MC& S m .  awnb bnghtilc~s, mid 



Table 13. Elkc(r of mur Type oa the CLanctedstia of Bread Cmib Pnpared i t  
Optimum Watet AbwtpOiri'. 

Flow Type: CWES CWRS Bled  CPS 

L0af volume (cm') 22788 225% 213% 1967~ 
Density (g cm") 0.13ûb O, t 3Ob 0.13- O. 13Sa - 

Crumb Gmn 
No. ~ c l l d c m ~  87.9ab 
MCA (mm2) O. 563 ab 
C W  (mm) 0.786 
SLCC 38-88 
Crumb Brightness 178.7~ 
Void Fraction O.486r 

10.54b 
Fracture Stress (kbl mg*) 2.23. 
Fracture Stnir i  0.46. 
Fracture Energy (3 mg') 649a 

88.0aô 
0,560ab 
0.779 
34. lbc 
183,h 
0.483b 

a Data of Mnour proof times and swing ntrtmcnts mrr combind for ach type of 
flour. Means with difficlcnt h e m  rrwr ach mw are sipnificantly différent @ < 0.09. 
MC4 mean œll rrrr; C W ,  ceil d l  thickness; SLCC, sdl-to-1-c ceIl coÿnt. 



for fixed W 4  but diffuences among flour types wac more statisticaily sisnificuit. For 

the m e c h a i d  propatns ofbrsd cnimb. flou? type had a signifiant Mkct on YoungVs 

modulus. fracture stress. nwhirc rtnin anâ energy to fracture. At optimum W A  fracture 

mess, hcture strain, and energy to arcnire of CWRS biead cmmb wae signifiuntiy 

lower than those of CWES b r d ,  but thcy were cornpuable to those o f  blend bmd. As 

it was obsemd for bnid ptqucd u fixed W& the Young's modulus of  bruâ p r e p a d  

at optimum WA did me show any cleu trcnâ with respect to flour strcngch. On a-, 

CPS. CWES, and CWRS bmdr h d  approximUdy the urne Young's d u l u s  despite 

lheir difkrent inherent (TabIe 13). B l d  b r d  shomd signit'cantly higher 

values of Young's modulus ttun JI other floun. The rason for the Young's modulus of 

CPS, CWES, and CWRS brerd m m b  k ing rpproiumucly qua1 is due in part io the 

plasticizing e f f i  of wua (Wdo et d 1980; P b  and Masi 1995). as bread made 

fiom stronger flour h d  highcr moi- content. But cnn though these brad sampler 

which were p r e p d  with optimum WA (wmb containing different levels of  moisture) 

had compinble Young's moduli, the Young's moduli oftheir cell walls is rnticipated to 

decrcase with decraring flour strength. This co1IC(usion was mched by bllowing the 

same approach (theoy by Gibson ud k h b y  1997) that wss ptcviously dircussed in 

section 3.3 .2.1.1. A@& by usin8 thc CWES CPS brrid -pleV 10- 

dcnsity o f  the tonna (0.130 g d) mpd to (0- 135 un") ~88-d 

the modulus of CWES ce11 4 1 s  is higha tbui th o~CPS.  L i m w  the amgrh of the 

ceII walls is expœteâ to incrase with i m i n s  flour -@ (mon ~0 t h  Young's 



modulus). sincc the Grctun stress oCCWES b d  cmmb w a ~  higher than cht of CPS in 

spite o f  its lower dairity. 

3.3.2.2.3. S b r t i n ~  Purcr 

Both loaf volume and W m m b  density of b n d  prrpucd a optimum WA mre 

significantly affectcd by the n u m k  of shœting passes (Table 14). Among ail cmmb 

grain funires. the void fiaction wu the only fmtun which cwu affected by the number of  

SP. Interaction e f f i  ôetwecn flour type ud thc number of  SP was obscrved for void 

fraction (Fig. 8). No cffbct of  number of SP on void m i o n  wu obsewed for bknd 

fîour. but for the o t k  flwn the tiwd .dationai SP d s n u c d  the void firction. The 

difference in void hction inacucd in this ordm of flout type: CPS. CWRS. and CWES. 

The reasans for this interaction are unclar. 

As was the case for b r d  prepared with f i x d  water absorption. the nurnbcr of 

sheeting passes did not have a statjstiully signifiant efféct on the mechnical proparies 

of bread crumb (Table 14). 

3.3.2.2.3. ProoC T i i e  

For brud pnpareâ with optimum W& the eff'écts of PT on ail breid chuacteristics 

including loaf volume. dcnsity. physid a d  naul wmire of b m d  cmmb (shown in 

Table 15). wen similu to those &rand fiw b d  ôaked at fixed W A  An intenaion 

e E i  betwan PT ud flou type wu ObSCCVCd fw I d  volume of braâ prcpared at 

optimum WA (Tig. 9). This interaction, which wu v q  highly significmt (P < 0.001. 

Appendix V, Trble 30)  idid rh.t the fiout with highczt i n h m t  m g t h  (CWES) 

showcd more toknnce co ova-proofin#. This intadon wu also obsavcd for biud 

prepared with 4xed wua rbrorption, but it wu of M i n e  Yfiifiunce (P = 0.051). 



No. of  Shecting Passes: 3 5 

Loaf Volume (cms) 2 194r 2127b 
Density (g cmJ) O. l 29b 0. 13% 

Crumb -in 
No. ~ellslcrn' 87.0 88.0 
MCA (mm2) 0.570 0.556 

(mm) 0.789 0.798 
SLCC 35.4 35.8 
Cmmb Brightness 181.1 182.3 
Void Fraction 0.4848 0.48ûb 

Mechanical Pro 
Modulus m y  1 1.53 11.15 
Fracture Stress (W ma) 1.87 1 -94 
Fracture Strain 0.38 0.3 8 
Fracture Energy (J mg') 462 475 

a Data of wious flour types ud proof dmes wue combineû for erch shecting ucrmicnt. 
Means with diffbent mers rawt a& row are ri~nificantly diRaent @ < 0.05). MC& 
mean cell vu; CWT. ceil d l  thickneu; SLCC. mail-to-lupc d l  «nini. 



Figure 8. Changer in man void m i o n  (proof cimes wmbined) of b r d  cnimb 

p r c p d  a optimum wuer absorption u a Ciinction of flour type and 

number of shccting puses. 



CPS CWRS 

mur Type 



Table 15. EIIuts of Pmot7ime on the CLarrcccrLües of  Bread Crnib Crepad at 
Optimum W a ~ r  Ak.tpti.m8. 

Proof Time (min) 35 45 60 85 

Loaf Volume (cm3) 
Density (g cmJ) 

mb Gnin 
No. ce11 dcm2 
MCA (mm2) 
C W  (mm) 
SLCC 
Crumb Brighmu 
Void Fraction 

Mechanical Pr 
Moddus ( W s C L  14,180 12.87b 8.1 1c 8 .20~  
Fracture Stress (IrN ma) 2-15. 2.03b 1 .70c 1-6% 
Fracture Strrin 0.34 b 0.34b 0,42a 0.408 
Fracture Encrgy (1 mg') 5 17 160 465 433 

Data of various flout types ud shaaring wwc combined for ach proof Ume. 
Means with di f fhnt  kttar ach row are si@ficmntiy d i R i n t  @ < 0.05). MC& 
mean ccll ares; C W .  d l  d l  chid<ntu; SLCC. M.ll-to-kge ce11 count. 



Figure 9. Changes in m a n  loaf vdulnc (shcating mmnmr combined) of b n d  

ptepared at optimum water rbu,qtion u r Ciinaion of proof time and flour 

QI'=- 





Despite the good dationship b e t w a ~  loif volume and dauity. no interdon b c t n  

PT and flour type wu fmnd for density. fhc rason tht chis i n t h o n  wu not reen 

could be attributcd to ampling of b m d  cnimb. B m d  sampler were relatively smdl 

(taken fiom the centrd poition of the sliœ) and rhy m y  not -fore rcprcscnt the 

density of the whok slice. in addition, slight varilbility in rlecting the portion of the 

bread slice fiom which b m d  runples mre sut mry have muked the interaction 6om 

being obsewed. Pnœ the density of bn id  m m b  is known to nry across the btead slice 

(Ponte a al 1962). Pt and SP showcd an i n t d o n  effect (of borddine signifiancc, P 

= 0.057) for cmmb density. This intaucion which is similu to the one show in Fig. 7 

(fixai WA) fûrther indiuted t h t  t k  p retention piopanies of the doughs were not 

altend by the additional two SP (3.3.2.1 3). 

3.3.U. Fued Venus Opçhmr Watcr Abiorpti.a 

Incrwing water rbrorpion 60m 60,A to optimum l m l s  (65% and 63% for CWRS 

and CWES, respectively) g a d l y  rrrultcd in r artistidly significant incicipe in loaf 

volume; on average, there wu approximately 50 cm' inmase in loaf volume (Table 16). 

This increase in I d  volume cm k esplaincd by two mcchanisms t h t  are related to 

dough theology and its gm mention ptopcnies. F i ,  the sam in the dmgh of higha 

WA tendcd to wrl better whcn moided. sina the daigh wu mon dcky (AUins and 

Larsen 1990). and thcrefom, les gu aapsd thfough the s a m  of the dough. Secondly. 

the inctco~c in dough extaiability with inaaring mtcr content (Blok~mr 1990; Spics 

1990) may have accounteû for mer expansion of the dou* duiing final proofing. 



Table 16. Eâkc4s ot Wa8er Aôsorp8m am the CL.c~c!erhticr of Brrid Crumbm. 

Water Absorption Fixd Optimum 

Loaf Volume (cmJ) 2220b 2269r 
Density (g cmJ) 0.130 0.130 

mb Grain 
No. ~e l l z lc rn~  
MCA (mm2) 
CWï (mm) 
SLCC 
Crumb Bnghtness 
Void Fraction 

Fracture Stress ma) 
Fracture Strain 
Fracture Encrgy (J mJ) 

Data of various types of flair (CWES ud CWRS), rhceZing ttcrtrnenu, and proof times 
wete combined for ach  kvel of mer Absorption. Mans wirh différent k e n  wrou 
each row are significuicly difféicnt @ < 6-05). M C 4  m~in al1 CUTT: cd1 d l  
thickness; SLCC. smdl-tdugc ceIl camc 



the baking rclults (Tables 1-4. Appendix m) ince the haght of dou* u the tnd of 

proofin3 was grtater €or optimum WA thn its height u 6% W A  

The moiriun content of b m d  rpecimem wu niongly conclatd (R' = 0.993) with 

the wats absorption. The average moistute content was 37.1% for CWRS and CWES 

bread prepard at Wh Wk 38.1% for CWES b d  prepued u 63% W h  and 39.0 % 

for CWRS bread prepareâ at 65% WA. On rvcn8e. the density of b d  cmmb amples  

remained unaf€écted by incming WA bom Wh to optimum, despite the incrase in 

loaf volume Cfaôle 16). The reuon tha! WA did na influence the cmmb density is 

because the weight incrcase resulting from the highr WA or moisturc content was 

cancelled out by the volume innase 

Cntcnaion e f f i s  bcnivccn Pl' and nurnôer of SP unr observed for the dcnsity of 

bread cnimb. This interdon, which is ùmilar to th* obsccvcd br  JI flour -pies 

bakd at 6û% WA (Fig. 1) and i t  optimum W h  cofirmed thu the wo extra SP only 

expclled sir and did not cause any structural beakdown of the dough. 

WA also had only minor effects on the cellular ~ ~ r e  of b d  cnimb: on average, 

cellslcm2, MC& CWT. SLCC. and void fiaction were not rff'ktcd (idle 16). The effect 

of WA on aumb grain fatum dctamined by DIA is in agrœment with the raults 

reported by Luren urd Gmenwood (1991) which indicated t h t  aumb p i n  score of  

unlidded loavcs wu un in ied  by WA at ievels nnging betwecn 60 ud 66%. Unlike 

the other cmmb @n feuum. average cnimb brightncss d e c d  with inaasing WA 

from 6û?! to optimum levels ("l'able 16). Altbugh t h  w e f ~  vev  f~ exccptio~ the 

change in cmmb kightnes u hnc!ion of WA wu highly U@fi-t (P 0.01. 

Appcndix VI, Table 49). fLc higher &grœ of ruich gehtinizlthn wah i n d n g  waWf 



absorption is npected to gïve a a g m y  color <hu rppur l a s  bright (A W. M-oq 

persmal communiation). ï h d o r e ,  the lower brightnes ofbread m m b  pwud mth 

higher WA could k explUncd by 8 greatef of gdatinization of stuch. Although 

this argument is plausible, nirtk investi@on is required. [ntadngly. chis result 

suggened that the DïA Îs sensitive to changes wen u the aipramoleculu levd. 

Interaction c f f i  among expCnmentd tnrtments were observeci for cmmb 

brightness (PT, Flour. and WA) void h a i o n  (PT and SP). and SLCC (PT. W& and SP). 

Figure 10 illustnia the e f k t  of Pf. fkur type ud WA on cmmb bri~htrms. fhU 

figure clearly shows that the brishtness of CWES ad CWRS breaâ was gencrally Iowa 

for the bread sampla which wac p q u r d  with the higher (optimum) WA. Since cîumb 

brightness is also a ninaion of  crumb finenesr u wu prcviwsly s h o w  (2.3.4 d 

refercncc thmin), the two exceptions shown in Fig. 10 (CWRS u 35 min PT and CWES 

at 85 min PT) cauld be due to diflcr«rœs in aumb structure which ovcip0wCICd the 

effiect of  starch gelatinituion on aumb brightms. Figure 1 I shows the interaction efkt 

bchueen PT and SP for void &action. This in tedon  effect, which is  analogous to that 

obsennd for cmmb density (Fig.7). shomd that the diffaence in void hction betwecn 3 

and 5 SP decreasd with i h n g  PT. This Nnha oonhed chu the gu mention 

propatiu o f  the do@ wem u d ~ d  by the shccting tmtment. The interaction 

betwecn PT and SP for void fhction of b m d  mmb MI eumineci by plots (na shown) 

for ail typer of  brad  on the b u i s  of fixed and optimum W A  Similu a a d s  to diose 

shown in Fig I l  wefe dso fowd. dthough they M d d l y  ~ignifi~lllt- fht 

other obrrved intendon. which wcn confinrd by plots, showed no consistent and 

prcdicuble SLCC nrpon#r to PT. Rour t y p ~  or W A  



F i p r e  10. Changes in mcin cmmb bristuners of CWES and CWRS b m â  samples as a 

fûnction ofprooftirne. water rbsorption ud numkr ofsheeting passes. 





Figure LI. Changes in m a n  void fraction of brad a i m b  simples (flour types and 

water absorption combined) u tùnction of pioof tirne and number of 

rhecting passes- 



Proof Tut (min) 



In contnsl to czumb deruity a d  grain fmm, the mechanical proparies of bread m m b  

were gmdy influend by the moir<ure content of the b r d  umpla .  On average, 

Young's modulus. Graure s t m ~ ~ ,  and h r e  metgy o f  bnrd crumb significantiy 

decreased with imrruing W& kit ficrctun a n i n  did not show uiy cltu vad with 

respect to the chan~e in WA (Table 16). The decrase in the ovcrall mechanicol strengch 

o f  brcad cmmb (mainly due to CWRS brad, sec below) with increasing W& which is 

consistent with the reailts ofMaidO et d (198û) anâ Piazza and Masi (1995). is believed 

to be duc to the plasticizing eR'ect of water. It is obvious t h t  the mechanial propenies 

of crumb cell walls have b e n  drunatically altend with incrasing W A  ince the 

struaurai properties of b m d  crumb (dasity and fanires daamincd by DIA) werc 

not afEeaed. Interaction effects of  experirnental trutmcnts for hcture stress (Fiow and 

WA; PT. Flour. and WA) uid fiadure cnergy (flour and WA; PT. flou?. rnd \VA; PT. 

W 4  and SP) of bmd cmmb were oôstweâ. 

Unlike CWRS bread crumb. the aiaure mess of CWES brcad cmmb was not 

significantly affeaed by inaeuing WA fiom Wh to optimum (Table 17). The highcr 

water content in CWES bmd did not seem to act as a piasticitcr. This result ir n a  

surprising sincc the mixognph results (Table 8) showed that the hcological propatitr of 

CWES dough were only marginally affccted by the w a ~  addition. Thaefore. it rppan 

that the highu WA did not contribute to dditiocirl frœ wata in CWES b d .  and 

consquently its mœhuiicd m g t h  wu not af%cncd. Figurc 12 shows the variation in 

fracture stress of  bmd aumb as r ftnction oCPT for the wo types of Ilwt rnd the two 

WA. For CWRS b n d  prrpucd at both optimum ud W h  the decrrrw in the 

fracture stress as a funaion o l P î  wu Jmoa limir. w i l  b d  pmprcd at Wh WA 



Optimum 1.98b. b 2.234 a 

Data of various sheaing trutments ud proof times were combined for a c h  type of  flour 
and wata absorption Mruu with différent lmcn rrw uch mw or mlum are 
significantly différent @ < 0.8) .  



Figure 12. Changes in m a n  hcture stress (rhccting trutmcnts combined) of CWRS 

and CWES bruci aumb as a Lnction of proof tirne, flour type, and wawr 

absorption. 



+ c m ,  W !  WA - c m ,  Opt. WA 
-r- CWRS. 6w. WA 
-e CWRS. ûpt. WA 



having a smalla dope The l u t a  mult nipscztr t h  the rate of main hudrning in the 

dough ceil walls wu h i g k  it 60.A WA c o m p d  to optimum rcsuhing in much g r a u  

strength in the b d  ceIl walls. apeci Jly in ova-pmofd b d .  On the other hand. the 

chanse in fracture stress of CWES brad with incrasing PT du, showed a dccfeasing 

trend. but brcad preprnd with optimum wuu absorption had a sd ler  dope suggesting 

that the rate of amin haderring wu gmter rt optimum WA (Fig. 12). 

The interaction e f f î  of fbur type ud WA for amey to bncaire (or hctun 

resistancc) is shown in Tabte 18. For both types of flours, b d  baked u lower WA 

showed higher energy to fkture. but the d i f f ince betwœn optimum and Wh WA wu 

much lotgcr in the euc o f  CWRS b d .  This is due in put to the fàct thu optimum WA 

of CWRS was 2 ml h i g k  <hn the optimum WA of CWES k u r .  In addition. as wu 

euplaincd earlia, the h i g k  inhmnt ni-mgth of CWES flour may have rduced or 

eliminated its sensitivity to higha WA within the nngt of 6043%. The interaction 

efects mong PT, flour type, and WA for enagy to tircnrre (Fig. 13) showed very 

similar trends to the interaction effects obsewed for stress (Fig. 12). This 

interaction confirmed that the dtcn of WA or mer content on the mahuiical propaties 

varies depending on flour type lnacuing WA 6om fixed to optimum level ewsed the 

fncaire energy oCCWRS b d  to at a higha rate with incrrving proof time. 

but for CWES b d  oppsite mults were obsewed. Insreuing PT did mt a f k t  the 

f'ractlin tesistance of CWES b r d  i h t  wu prepucd with optimum rbmrption, kit 

decrrwd the fk ture rrrirrilre of CEWS b d  which U e d  with fixed W A  Thr 

interaction e f f ~  unong PT, W h  Md SP f i  eneqy ui braure were inconsinent ud 

unclear. 



Flow Type 
WA C m s  C w S  
Fixd 62% a 673% a 

Optimum 48ûb. b 649% r 

Data oCvarious shcaing tru!menu ud pmof times wcre combined for ach type of flour 
and water absorption. Mms with d i f f i t  lettes acmss uch row or column arc 
significantly difièrent @ < 0.05). 



Figure 13. Change in m e a ~  ûacture mergy (sheeting tnrtments combincd) of CWRS 

ud CWES brsrd aumb runples as i furnion of prooftimq flmt type, and 

water rbraqtion. 



-c CWES. 60% WA 
+ CWES. Opt. WA 
+ CWRS. 6QLA WA 
* CWRS. opt. WA 



3.4. CONCLUSIONS 

Flour type influenced the density. grain fanires ud mechanical properties of b r d  

cnimb. with stronga tlour proûucing btaâ  hving bwer demity, finu stniaure and 

p a t e r  mechanid m g t h .  Young's modulus homnr. did aot show any dependence on 

flour strcngth. Water absorption (WA) ~ k c t c d  the mechanical propmies and the 

brightness of bread m m b  only. Incnuing WA decreased the mechanical nrength of 

CWRS bread cnimb. but hd insignificant effeet on the mechanial proparies of  CWES 

bread. Beuuse WA did mt .ttkct t k  nruaunl propaiies of b r d  cmmb, it w u  

concluded that the proparies of the ce![ wdls m r e  d t d  wiih chuiging W A  Incrasing 

the number of shœting passes tiom 3 to 5 resuhed in a minor effect on aumb cellular 

structure. but no e f f i  was obwrved for the mechanical propatics. Proof time 

significantly affkcted dl b r d  chamct&stics: it i n c d  loaf vdume, de- c ~ m b  

density and mechmicd properties, and yialded bread crumb with cwvr @n. 

However, the decreae in mechanical proparies w u  mt observcd for dl p r d  times 

despite the continuous dccreast in aumb density and the coarscr cmmb gnin. This 

sugguted that the physial properties o f  the cd1 d l  of b d  cnmb were cnhuKtd 

through a main hudening phenornenon tht occumd during dough proofing. With 

incrcasing proof tirne, the e f k t  of the <wo extn shœting puscs cornpucd to the contml 

has dcclclsed COf Crumb density and void thclion, suggcsting i h t  the gas ramtion 

propaties of dough wem not dtered by the tiwo avr rhccting pas=. 



4. Structure and its Inllumcc on Ut Mabaik. l  Pmpertks of  B m d  Cmmb 

ABSTRACT 

Mechanid pmpatia ud ccll srniehm of brcd ciumb are important fmom in 

bread quality evaiuation. The objective of ihis midy wu to determine the influence of  

cmmb cellular structure on its mechanical pmpaties uid establish modcls for pndiaing 

the mechanical propcrties of b r d  cmmb h m  its nnieturd parameten. Variation in 

structural and m e c b i u l  propcctier wcn obciined by using diffaait types of  [leur. 

water absorptions. shœtinp passes, Md proof tirna. The cellular structure wu 

characterizcd by m m b  density ud cmmb grain f-res (detemincd by digital image 

anal ysis). while mechnicd propcnies were m u a i r d  by tensile terting to provide values 

for Young's modulus, fircaire stress, fracture stnin. and k t u r e  mcisy. The stmcturd 

paramaen of bread m m b  were closely retated to Young's modulus and baaure mcrt, 

with cmmb density and bnghtness ( v t d y )  showing very highly signifiant 

conelations. In addition, Young's modulus and hcturc stress m n  aiccesstully fitted to 

the power Iaw mode1 proposed by Gibron uid Ashby for chaerlling the propatier of 

indumial cellular solids. A iIrce-variable d e l  comprising cmmb denrity, cnimb 

brightness and SLCC (sdl-to-large cell cwnt ratio) pamitted the prediction of Young's 

modulus and aIcaire strength (R' a h e s  n n p d  from 0.76 to 0.97 d h m  0.86 to O.%, 

respectively). Fracture rtnin d enaey did not show my dependena on cnimb 

stninure, and s œ d  to k influenccd by the propecties of  ceIl walls. It wu concluded 

thit the ovedl m e c h i d  pmperties of b m d  cnimb are dependent on the m m b  

stniaure a d  the mechnicd pmpde~ of the ceIl w d l s  u influaiccd by dough 

ingrdienu anâ kcid pocasing conditionst 



4.1, IN'IUOOUCTION 

Studying and understanding the defonnation of poms f d  mrtaïals h u  become a 

subject of great interest to muiy C d  rientists. It is  widely b e l i d  that the mechanial 

propaties of brcad crumb were iffened by its nnicainl properties (Kunman 1970; Pylu 

1988; Chen a al 1994; Kœtels et al 1996b). Ho- wry little rcrcuch has b e n  

perforrned to quanti@ the structural propcnia of b r d  cmmb and assess thcu influence 

on the mechanid properties. For materials (mostly synthetic) having a cellular structure 

with cpm cells (as in a rpongc) or ciorcd c d l s  (as in r foam), theoretical and 

cxperimental results have shown t h  the mechanial propmtio are dependent on the 

gcometry of the stnicturc and the propenies of t k  materids fonning the ce11 wdls 

(Gibson and Ashby 1997). Relative density, which is defined as the density of the 

cellular material (its bulk density) dividcd by the density of the solid material. was show 

to be the dominant nmaunl chnctcristic <ht infiuenced mahuiiul  strength and 

siifhcss (Young's modulus) of synthetic Toms (Gibson ud Ashby 1991) and cellular 

food pmduas (Hutchinson et al 1987; Attenôurrow a al 1989; Wubunon and Donald 

1990; Kectels et al 1996b; Shogren et d 1 998). But, in addition. other cellular propdes 

nich as cell size distribution and cell wall thicknem distribution were du, anticipatcd to 

a f f i t  the mcchuiiul propaties (Gibron d Ashby 1997). Barrctt a J (1994) qxwted 

that the compressive strength o d ~ d e d  corn merls inmasd with kcrruing ceil size 

and inctcasing bulk density. Shogren et ai (1998) spcwlucd tht smik porc riw. 

t h i ~ e r  cell walls, and cksed cdls would convibute to mer mechnial m n *  and 

flcxibility of nuch b a n s .  Moa of the studier that have ken rrpaned in the litauun 



focused on the relationship of stifbss and Itnngth versus density or dative density. 

But no work lus kai undaraken to quantitatively mtasure the stmcturai propettics OC 

bread crumb and evaiuate tkir influence on the mechanical properties. Determinhg the 

relationship ktmcn nnieturl Md mechuiicrl pmpelties of b d  cnimb pnpared under 

différent conditions is of gmt importuiœ to brad tahnologists and to the baking 

industry for improving the qudity ofexibing baked goods as well as the development of 

new produns. 

Thcrefore. the objective of  this study was to detemine how the wious structural 

parameters affect the mechinicd propenies of bread aumb and estaôlish multi- 

regtession models . (using structurai parameters) for prediaing various mechuucd 

properties. The data wtiich were uscd to asses the reluionship betwun the stnictunl  

properties and mechanical propetits included cmmb density. grein futures (quantifid 

by DIA), and mechanial propcnies o f  the b m d  crumb (measund by tensile testin@. 

The structurai and mechanicd pmperties of bmad m m b  were a l t c d  by vrrying flour 

type. water absorption, nurnber of shœting ppaes. and prooftirne. 

4.2. MATERIALS AND METBODS 

4.2.1. Saruchiml and Muhanhl  Propeda  e t  B d  C ~ m b  

The same data (ïmluding structural 

disaissed in the pmRour chpttr wem 

stnictunl and mechnical propdts of  

ud mechnical puunctcn) that have k e n  

rid for r w u i n g  the re1ationship betwœn 

b d  cnimb. The expimentai trutments 

(described in 3.2.1 ud 3.2.4) lhrt h v e  ken usd to a i t e  diffinces in both stmcnid 

and mechanial pmpaîics involvd f~ur typer of flaut of nrious st- two kvds of 



mter  rbwrption, two rhccring tmtnmts (3 rnd 5 Jwcting passes), ud tour prriot times 

(35. 45. 60, and 85 min). The two formet ~ m t n t s  w r n  militcd mUnly to mcate 

differences in the pmperties of the wJlr, *le the t~ b e r  trmmcnu w a e  ured m 

manipulate the stmdunl propaties of the b n d  cnimb. The stmchrnl prnmaen of  

bread cnrmb includd density ud gUn fhairrr (cellrlcm2. mern ceIl wr (MCA), ccll 

wall thickness ( C m ,  snull-tdugc cell count ratio (SLCC). crumb brightness. and void 

ihction) which have k e n  quantitrtively m e r n i d  by DIA (2.2.4 and 3.2.6). fhe 

mechanical parameters d e t d n c d  by tensile testing (3.2.7) incladed Young's modulus 

(E, kN m"). fîïicture mess (q. kN mm'). fracture nnin (M. and mergy to failun (Ur. 

J mg'). 

4.2.2. Solid Denrie 

In a separate r~iûy, the e f k t  of proof time on solid (or cd1 d l )  density of b m d  

cntmb wu investigated. CWRS brad was prcpued in dupliate usine the Chodcywood 

baking mahod as desuibed by Kilborn ud Tippler (1981b). Roof times were 3 9  55 

and 80 min. Bread crumb samples (- 30 x 15 x 12 mm) wcrr cut âom the central portion 

o f  a b r d  slicc with 8 pathology riimming bude d wdghd. Solid dcnrities of 6csh 

brcad cnirnb simples wac detcnnineâ using ui AecuPyc 1330 pycnometer equipped 

with i 10 cm' runple clwnba (Miaomtriti y N o m s .  GA). Hdium was usd  as the 

displacement meâium to rnasum the solid volumes of  the b m d  umples. The solid 

density (in g cm-') was then dculated u ~ p k  d g h t  (or -s) divideû by solid 

volume. The icnincy of the muhr wu ~ s e d  by pmgr8mming the insrniment u> 

perfonn five purges and 10 successive maainments (or m). fht five purges, *ch 

wae d o n  kfore ach masurement, pamit the m v d  of Ur ud moiraire h m  the 



siample chamk. To ensure chat the five p y c r  did net rha the mults of b a h  b m d  

simples (Le. did not nmove m o i ~ n  fmm the umples). the solid density of 6œzc-dtied 

bread cmmb w u  rn- unda the r m e  conditions uid c o m p d  to that of 6 a h  

bread over the ten NN. 

4.2.3. S ~ t i r t i u l  Amdysic 

Data were analyrcd by SAS Version 6.12 (SAS ïnstimtt Lnc.. Cyr. NC). All resulu. 

including density. m m b  grain fatum. and m e c W u 1  p r o p h a  were ivemgcd on loaf 

basis to reduce the c f f i  of inhcrrnt variation in brad  m m b  wîthin ach I d a s  well as 

the w S i o r .  in runpling liom brad  sliccs. Pearson condeion uulysis (Con 

procedure) was p d o m ~ d  to determine the nhtionship between stfuctunl parametas of  

bread cmmb (density and aumb grain fmres d e t d n e d  by D U )  d the mechanical 

properties of b r d  cnimb. Stepwise lin- mgasion adysis  (Stepwise proceduic) was 

used to detamine the mode1 for cnimdnp the mechaniul propcnies of brad m m b  

fiorn its nntaunl paramctc~s~ 

4.3. RESUtTS AND DISCUSSION 

The assessrnent of the nluionship kwœn stn icn id  and mechmicd propenies of 

bread cmmb wu urried out in thme sections. Firstly, the relafionzhips unong nnictura! 

(dcnsity and cmmb gnin feicurer) uid mechuiial pmpaKks (Young's modulur. h m r c  

stress. fioaure anin anâ brcture energy) wcra detamincd uring cornluion uulysis. 

Secondly. a theay mluing the dative dauity to Y v ' s  modulus and to fhcture anrr 

(Gibson and Ashby 1997) wu rpplied to brad aumb. Thirdly. r modd bued on 

quantification of aNccwJ propanier wnr d d n d  to pcdia thc mechuricd 



propaies of b t d  ~ m b .  In dl tlme sections, the investigation of the mluionship 

belwecn structure and mechanial propatics wrs donc for ach cype of flour and unta 

absorption scparately. The rrrron fer xprnting the &ta according to flour type and 

watcr absorption was to diminate the différences in the proptnies of the ceIl W& 

irnparted by flour srmgth ud moirtun contait (3.3.2.1.1 anâ 332.3). and thus, focus on 

the effects of the stmcnid fatum of bred cfumb on its mechanical propcnier. 

Therefore, the rehtionship ktwan stmchinl and mahanical pmpaties wrc bascd on 

difirenca cruted by SP and PT (rune composition of  ceIl 4 1 s ) .  with rhe lutcr 

generating the 1- &aiions in both nnicture and mechanial propertia of breaû 

crumb. 

4.3.1. Rdationship khci CNQ~ Gni i  Fuhim rad MecLanid Propmtm 

P u n o n  comlrtion d y s i s  wu pdormed to determine the dationship b e n  

stnictunl and mechanid propmties of b r d  cmmb. Tables 19-24 prcsent the 

cornlations among m m b  srnaun and tain p m e t e ~  for d o u s  bread typ.s and 

W A  Void mion,  which is a me;isure of the proportion of g u  cclls in bmad cnimb. 

was vcry highly conducd with m m b  dcnsity. 'fhe correlation coefficient R mged 

between -0.90 and 4.97 depcnding on flour type and WA. B d  crumb btightncss wu 

the p=c<er th.1 wrs second highest in cordation to ciumb &nsity (R = 0.78 a 0.96). 

fhe 0th- cnimb p i n  fatum mdated with dmrity to 8 kuer e x t m  and Iacûed 

consistency mong diffkent flaur types and water absorption. These rrsults are in 

agreement with the findinp pmiou ly  reportcd in section 2.3.4. 

Young's modu1us of b m d  aumb wu vay hishly U p i f i ~ ~ U t y  codated with 

d m i v  of  brad mmb. with the mges ofR vrkier king 0.78 <O 





Table 20. The Correlation Coeificients Between Structural and Mechanical Properties for CWRS Bread Prepared at 65% 
Water Absorption. 

P c/cm2 MCA CWT SLCC CB VF E or Er Ur 

P 
c/cm2 

MCA 
CWT 
SLCC 
CB 

VF 
E 

Of 

Ef 

u f 
p, density of bread crumb; clcm2. cells/cm2; MCA, mean cell m a ;  CWT, cell wall thickness: SLCC, small-to-large cell count; CB, 
cn~mb brightness; VF, void fraction; E, Young's rnodulus: or. fracture stress; fracture strain; Ur, Fracture energy. *. **, and *** 
itidicate that the parameters are significantly, highly significantly, and very higlily significantly correlated at 5, 1. and 0.1 % 
probability. respectively. 





Tabk 22. The Cord88irn C.ctlkkn8s BMwetn Stmctunl and MuLanical teptrtici of CWES Bnad Irepiml rt 63% 
Wrrer A b r r ) l h .  

P Clcmz MCA CWT SLCC CB VF E or er Ur 

CWT 4 .31  -0.60 O. 52 1 .O0 

Ut 0.44 0.51 -0.53 -0,30 0.04 0.5 1 -0.47 0.45 0.67 -0.06 1 .O0 

p, demiîy of brtd crumb; c/cm2, ccllrlcm'; MCA, mein cdl uu; CWT, cell wall thickncss; SLCC, smrll-to-lue ccll count; CB, 
uunb ki~htness; VF, void frraion; E, Young's modulur; ar, fracture Stress; y, Ladure strrin; Ur fracture -y. *, @*, and @*4 

indiuie tlwl the puameters u c  significrntly. h i~hly si~nificintly, d very hi8My significintly comlrtd rt 5, 1, d O. 1% prokbilicy, 
mpraivd y . 





Tibk 24. The Cmclrtion Cocllkients Bchrccn Stmc4ural and Mechinical ?mpcrtiei of Bknd (50% CWES and CPS &ur) 
k r a d  Prepamd a( a% Water Akorptka. 

P Clcmz MCA CWT SLCC CB VF E ut Q Ur 

P 1 .O0 
~ c m '  0.81a 1 ,O0 

MCA -û.U*@ -0.99*@* 1.00 
CWT 4.82@ -O,Wa* 0.93'@* 1.00 
SLCC 0 .W 0.W' 4.84** ;0.82* 1 .O0 

Cm O . 9 P e  O.M+@ 4.W* 6.88*' 0.68 1 .al 
VF 497'" 4.81' 0.84'" 0.76. -0.69 -0.94''' 1 .O0 

E 0 . 9 P  0.65 -0.67 -0.37' 0.51 0.92" -0.86" 1.00 

ut 0.W" 0.73, -0.75' -0.78' 0.63 0.89'' -0.91" 0.W' 1.00 

I 4.66 4.39 0.40 O. 57 4 .2  1 -0.75' 0.61 4.9 1 4.70 1 ,O0 

Ur 0.25 0.32 4 . 3  3 -0, I S 0.5 1 0.03 -0.26 -0.12 O, 25 O S  1 1 .O0 

dciwity of b ied  aumb; c/cI~', cellr/cm'; MCA, mcan cell r r a ;  CWT, cell wrll ihickmss; SLCC, snull-to-Iu~e ccll m n t ;  CB, 
cnimb bri8hlncu; VF, void brction; E, Youn8's inodulus; or, fracture riras; Q, fracture stnin; Ur, fracture cnerBy. *, **, a d  *** 
indicrie thrt the puameters u e  significrnily, highly si~nificrntly, uid very highly significuitly corrclited rt 5, 1, a d  0.1% 
probrbiIity, respective l y. 



0.98 and 0.81 0.92. rrrpcc9vely. Ric corntuion coefficients bc~veen 

modulus and the d e r  crumb grain fatum w c n  reiatively low and inconsincnt for 

various types of flaurr and W A  The Youns's modukis of  b r d  aumb wrr positively 

correlatecf with dcmity. ccllrlcm2 and SLCC. and nqatively comlated with void 

tiaction. C W .  and MCA Fiom these results it rppcui that highs density. finer ccliular 

structure. thinncr cc11 4 1 s .  and lomr void m i o n  I d  to higha Young's modulus. 

The influence of  wiour structural p~mctm on Young's modulus of  b rud  crumb is 

generally similu to thai o f  synthetic cellular materials discussed by Gibson and Ashby 

(1997). who indiutcd chu Young's niodulus incrases with incmsing density. 

unifomity and finenas. and with decrasing a l 1  dtc. 

The hcture stress of brud mmb. which wu v a y  highly wrrdued with the 

Young's modulus (R = 0.92 to 0.96). dm diowed r rnong coirelation with density ud 

crumb brightness, wïth R vdues being comparable to those observai for Young's 

modulus (see Tables 19-24). The ah- cnimb grain prnmeten mndatd with fracture 

stress to a lesser cxtent. h was the case for the Young's modulus. the ûacture stress of 

bread cmmb was positively correIi(cd wiih density, cellrlcm2 and SLCC. and ncgativcly 

corralated with void fi.stion, CWT. and MCA. On the M s  of these mlts, it appcus 

that bread crumb with o !O- void ûaction, bna cdlulu structure. thinm cell walls and 

higher density wauld Jlo mit in strcmger awnb. Iba influence of the stmetural 

panmaen on bnchin stress of b n d  cmmb wu #enarlly similu to that observcd for 

atmdeci corn mal ( B m a  et J 1594). M e d  rursh f i  (Sb- et J 1998). ud 

synthetic mataùls (Gibson and llrhby 1997). 



Fracture amin a d  mergy hd poor cornlations (rutistically insignifiant) with 

density and crumb p i n  fumm.  In somc crry dependin5 on flour rype and wuer 

absorption. these two mechanid propenics wue found to have eidwr positiw or 

negative codation caemcients with the urne svuctunl puuneta. Th- m l t r  

suggested that the f b tu re  anin and mrpy wae mt signifiuntly idluencd by the 

structural propeaies of brud cnimb. Since in g e m l .  m m b  structure hd minor or 

insignifiant effects on the W r e  Iurin and cnagy, it is cvident chat these two 

mechanical properties are mody aEéctcd by the piopmies of  the cell d l s .  Thaeforc. 

it can be concludd t h  the influence of dough stmiglh and WA on the physid 

propaties of dl ml1 mataiais @par to be an important underlying -or <hu afSccrr 

the fracture smin and a#gy of b d  cmmb. 

4.3.2. Reâatioasbip m e e m  Rditive D u s i t y  and Muhanid Pmpercies 

83eZlm Rdative Dcuity 

Relative density of b d  w m b  is equd to cnimb density divided by solid (or ccll 

walls) density. Figure 14 show the solid density of  &sh and fkccztdried CWRS b r d  

as a fiinaion o f  number of measuremenu. For the h h  b r d .  the values of solid density 

were precise. rince on average9 the variation w n g  the 10 consecutive mycllrcments 

was very srna11 (CV = 0.2%) a d  was compudk to dut of the Grue  dtied b m d  rrmple 

(CV = 0.2%). Baseâ on this excellent rrpaubility in roüd dauity of k h  bred (no 

decline in solid density). on CWI ~ ~ ~ ~ l u d c  thrt tk five p u ~ a  w k h  wae pdonncd 

before cich mn did not mnon any moisturc h m  the samplc. In addition, the Iowa 

solid density o f  k h  ksd a imb (1.522 g an-') cornpared to the bffze-dried b d  



Figure 14. Solid density masuremenu of fksh and frœzedrKd CWRS b r d  m m b  

over 10 consecutive mm using 8 helium pycnomcter. 
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Nuiber of Rrm 



(1.601 g cmJ) mg. W) confinnd t h  the okrind m l t s  wcre accufate since 6esh 

bread (containhg - Wh moiare)  i s  apectcd to have Iowa density. 

The mulu of crumb dl solid density of  CWRS kead cmmb rr a function o f  the 

t h  proof tirner are shown in Table 25. The rolid dcnsity of  bruâ crumb inc- 

with incrcasing PT. This result is masonable k a u r c  the number of  inmmunl cclls in 

bread crurnb ( B u h w  and Clapp 1942; Cunpkll et al 1991) is expoctd to d e a a r e  with 

increasing PT as cell walls stretcb &sing ihcu tiny cells to opm up and becorne p u t  of 

larger gas cells. This w l d  decreue the volume asraciated with the soli& and dierefore 

i n c r e w  the solid denrity. Since the change in solid d d t y  as a ninetion of PT w 

relativeiy small (14% cornpuad to 8 53% dunge in loaf density). rn average solid 

density of 1.532 g an" wu usrd to clkulate the dative dcnsity of brad mmb. The 

purpose of using the relative density i n s t d  of cmmb density was to obtain an estirnate 

of the mechanid propaiies o f  ceIl dl mataials such as Young's modulus and f'ncture 

stress (sec beiow). Using this value, the dative deiuity of brcad cmmb sampla nngd 

fiom 0.067 to O. 11 5. The dationships bnwcen Young's modulus and aMi~ stress to 

the relative density of brsd cmmb am prrscnted md d i w u d  klow.  

4.3.2.2. Young's Modrlas Vmrs Relative Dcuity 

Figure 15 shows Young's modulus plotted @nst dative density (E. kN mœ2) on a 

double-log sule to fit the data ta powcr hw cqurtion o f  the following fonn (Gibson 

and Ashby 1997): 

E=E, (!#da (1 1) 

W b  Es (in kN ma) U the modulus of dw d l  m l l s .  p (in g cmœ') is the dauity of  the 

b d  aumb samplc, ud @(in g cm") is the dcnsity ofcdl w.Us (or rolid density). The 



Tabk 25. M u a s  a d  Srindard Deviatiom of Lod Ch.rrcteiiitiu and Sdid h i e  
of CWRS Bread Cnmb as r Functkr of ?rad T i  

Proof T h e  (min): 30 55 80 
L o d  Volume (cm') 740 t O  970 +O 1090 t14 
Lod Weight (g) 140.2 tO.4 136.3 4 . 2  133.9î0.8 
L o d  Density (g cm*') 0.189î.001 0.141 î.029 0.123 k.024 
Solid Density (g cm4) 1.430î.014 1.542t.029 1 -624 t ,024 
Loaf density = Io& weightlloaf volume. 



Figure 15. Changer in Young's modulus as a funetion of dative density for CWRS (A). 

CWES (C), CPS (E). uid Bknd (F) b m d s  prepucd with Wh waa 

absorption, d for CWRS (B) and CWES @) bruds prcpared with optimum 

-ter absorption. 





values of Es are obtained by intetpolation o f  the CUMI o f  log (E) v e n w  log Wp,) b w n  

in Fig. 1 S to the i n t q t  at 4, = 1. and n is the dope. Since b d  aumb mUnly hrr 

an open cellular structure (Cirn a d 1990; van Vlict et al 1992; Keetels et aJ 1996b). the 

theoietical n value which should k obtained would k 2 (Gibron and Ashby 1997). The 

n. E, and R' values as 8 hnction of flour type and wur absorption showed considerable 

variation (Table 26). The n values o f b m d  crumb tunples nnged from 0.98 to 1.75. 

while the E, values mged fiom 132 to $51 kN ma. The n values w u e  less than the 

theoretical d u e ,  but wm comparable to the rua~lts r e p ~ ~ c d  by Hutchinson a al (1987) 

and Shogren et J (1998) for octruded miize a d  baked starch f-S. respectively. Since 

the variation in relative density wu uurrd ni.inly by pmof tirne. one would expct n 

values to be grcater thui 2. This is kause  as PT is cxtded. a awnb with a c o r n  

grain and pouibly misring al1 ml ls  (stnictud d d i )  is ohtaid u a rcsuh o f  gu 

cells coalescence (Kamman 1970; Pyler 1988). In addition to dccrcrsing bulk density. 

the size of the defm (e.g absence or brokm ceII wrlls as a rcsult of cell niphrre) is 

likcly to incrcasc with inacuing PT. fhaefon, one would anticipate that the Young's 

modulus would mukedly decrease with incnuing PT or dccrruing relative density 

(Silva et al 1995) d thcrcfore. the dope n of log (E) vcrais log (P'A) would be higha 

than 2. the theore!iul due.  H o m ,  the rrsulîs of this study nin ccninta to apcctation 

since n values were lower thn the thcoretid d u c  This in mm aiggencd that the 

overall mechanial pmpenia of the cell wdls of brad aumb -me stîftkr with 

increasing PT and deerruing reluive dcnsity. This finding is  in line wirh the conclusion 

of van Vliet (1992) ud C O - ~ C ~  who indiciled dur nnin hudtning occumd in 

dough cd1 W l s  or films u thy were arrrdicd u r rmult of inauing proof time. 



Table 26. Rdafioosbips ktwcci Rditivt Dcuhy and M u b n i u l  ripperries of 
Bnod Crumb as 8 Fanctkn of Fkrr Type and Wa8u Absorption. 

Flour WA (%) n M as R~ 

CWES 60 1.75 85 t 0.72 1.16 40.7 0.6 1 
CPS 60 1.58 468 0.94 O.% 14.5 0.90 
Blend 60 1 -40 355 0.82 0.66 9.8 0.92 
CWRS 65 1-71 676 0.87 1-16 33.9 0.89 
C W S  63 1.11 158 0.59 0.47 7- 1 0.55 

W& -ter absorption; E. Young's modulus of b i a d  cnimb (W m"); p. bulk dcnsity o f  
brud cnimb (8 cmo3); pl. &id densïty (g cm"); 4 powv index obtained for the equrtioci 
UE, a (pIp,)", & modulus of the cell d i s  materiais (JEN m.'); 06 tirclun stress of 
bread c ~ m b  (kN mg'); a, hautr rtrerr of ce11 dis (kN ma); m, power index obtaincd 
for the equation a&, = @I~I)~. 



This increase in the mechanicd rvaigth of the ccll wdls with PT ftrther luppoi~ thc 

carlier discussion (3.3.2.1) for cxplaining the mechanical khavior of bred cmmb as a 

hinction of flour type rnd PT. For the Young's modulw of cell 4 1 s  (Es). the dues 

obtlined are of a rasonable nqpiaiâe, but they b w e d  luge variation betwœn 

difiérent flour types and W A  Tite wide da t ion  in n and El values as a funaion of flair 

type and -ter absorption cwld ôe ornibutcd to two fiaors which were not quuitified in 

this shidy: 1) différences in the d i d  density of brcaâ cmmb a d  its impact on Young's 

modulus of the cell mlls (Wuburtoa a al 1990; Donald 1994); 2) variation in the d e f ~  

site (Silva et al 1995) in aumb structure resulting from diflcicnt flours mponding to ef 

differently @obnrrayk ud Rokrt, 1994). Howew, tbis would n q u h  fùrihcr study. 

43-23. Fracture S m s  V m u  -ive Dcuiay 

Figure 16 shows the fracture stress plotteû against relative dmsity of b r d  aumb 

(ut, kN ma) on i âouble-log sale to fit the du m a powa iaw equation of thc followins 

form (Gibson and Ashby 1997): 

Of =a (@ps)- (12) 

Where cr, (in khi niJ) is the fircture stress ofthe d l  d l  materkds, p (in g cm-') ir the 

density of the b d  Crumb sample, ud &(in g cm4) is the darsity of cell d l  materids. 

The values of o, tn obtaind by iiitc~polrtim to thc intaccpt at @fi = i nom the CU- 

of log (q) van is  I q  wn) h w n  in Fig. 16, ud n, is thc slopc Trbk 26 shows the 

power inda n, a, and R' Aues as i fûnction of flour type and wrta ab=rp<ion. The m 

values of b r d  aumb runpla mgcd f b n  0.47 to 1.16. while the a; values mged ftom 

7.1 to 40.7 kN ni2. As wu the asa fw Young's m0duIu1. the in d u =  were nwich 10- 

thrn the theoreid d u c  Cx OpSmdl anichua which should e q d  1.5 (Gibwn ud 



Figure 16. Chanses in &erure nitra as a ninction of dative density for CWRS (A). 

CWES (C). CPS O, uid Bknd (F) bmds prepareâ with 60.A wu- 

absotption, ud for CWRS (B) rnd CWES @) brrrdr hked at optimum 

wata rbsorpion. 





Ashby 1997). fhm n, ud a values wefe very conristent &th the n anci E, val- 

observed for the Young's modulus. respœtivcly (R' were O.9û and 0.8 1 h e m  n yd n, 

and between Es and a, rrspenively). These high cornluion coefficients indicatcd that 

Young's modulus and aMm rtms o f b d  cnimb are nronsty relateâ piopatics which 

are aff'ed by the c h n g a  in relative density in a similar mannet. This also canfimieâ 

the nlationship betwecn Young's modulus Md hcture stress which w u  dctennined 

earlier b y correlation uulysis (4.3.1 ). By following the same reasoning thot was used for 

the Young's modulu, rhe low n, values cornpucd to the theoretid su~ested that the 

fiachire stress of ce11 wdl mataiils of b d  m m b  incmsed with inmuing PT as a 

result of anin hardening. The obsaved level of  variation in the powcr indices m and 

fracture stress of cell walls wen dmilar to that of n and E, o b ~ n n d  for the Young 

modulus (discussed above). 

1.3.3. Prcdicti.e Md& of MccLinkil hopc- o f  Bread Cmmb 

The comlation COcIlr~cients (hrt were pte~cntd in Tables 19-24 suggencd that 

structurai parameten cm be u d  to explain the variation obraved in the mechonical 

propdes  of b r d  cnimb. Derpite the high comlation d c i e n t s  between mechnial 

and structural parameters (e.g.. density and m m b  bri~htritsr), the lack o f  consincncy in 

the cordation coefficients rniong diffèrent (lour sampler and WA limited the usenilness 

of these individuai rtrucainl puunct~n fm predicting the chui~es in the mechnicd 

propcrries of bmd erumb. Tkdorc ,  the mhtionrhip bctwctll structud and mechanid 

pmpaics wos fucthu d n e d  using stepwise multiple linear mgrasion uulysis to 

gencrate models cocirirting of more bun one süuctd puunctet Out waild co(~~irtcntly 



estimate the mechanical properties of bread cnimb. In the regression rnodeling, the 

mechanical properties, including Young's modulus, fiacture stress, fracture strain and 

fracture energy were used as dependent variables, while density, void fiaction, cnimb 

brightness, CWT, cells/cm2, MCA and SLCC were used as independent variables. 

Regressio n models containi ng up to three independent variables were examined. 

None of the regression models pennitted an accurate and consistent prediction of 

fracture strain and energy. These results were not surprising since it was previously 

pointed out (4.3.1) that fracture strain and fiacture energy are mainly dependent on the 

mechanical properties of the cell walls which are in tum influenced by the formulation 

such as flour strength (protein quality) and WA and not on crurnb structure. 

Since Young's modulus and fracture stress are arongly related and were affected by 

the structural parameters in a similar manner, their relationships to structural propenies 

will be discussed simultaneously. Crumb brightness and crumb density (separately) 

explained 61 to 95% of the variation in Young's modulus (from Tables 19-14). These 

two parameters (separately) also explained 53 to 93% of the variation in fracture strength. 

However, as mentioned above, neither density nor crumb brightness alone can be used to 

predict the modulus and the fracture stress of bread cnirnb because of the lack of 

consistency in P values. 

The best two-variable model, which contained both density and cmmb brightness, 

resulted in a O to 8% increase in the prediction of the Youns's modulus and fracture 

strengt h (see Tabies 27 and 28). The coeficients of correlation ranyed hetween 0.70 and 

0.96 for the Young's modulus, and 0.74 to 0.97 for fracture stress. Despite the significant 

improvement in the predictive capacity of this two-variable model. it still suffered lack of 



Flour WA Cmmb Cmmb Two-Variable 
('?A) Density Brightntss Model 

CWRS 60 0.72 0.73 0.8 1 

CPS 60 0.64 0.79 0.8 1 

Blend 60 0.6 1 0.65 0.70 

Flour WA Crumb Crumb Two-Variable 
('w Density Brighmeu M d e l  

CWRS 60 0.66 0.83 0.86 

CPS 60 O S 4  0.73 0.74 

Blend 60 0.59 0.80 0.8 1 

CWRS 65 0.93 0.75 0-97 



consistency (wide range of R', depending on flour type and WA). Therefore, three- 

variable models were also examined to obtain a better prediction of the Young's modulus 

and fracture stress. The selected three-variable models (as a function of flour type and 

WA) containing cmmb density, cmmb brightness, and SLCC resulted in up to 15% 

improvement in the predictive capacity of the Young's modulus ( R ~  ranged nom 0.76 to 

0.97) and the fracture stress (R' ranged fiom 0.86 to 0.97). Figures 17 and 18 show 

predicted versus measured Young's rnodulus and fracture stress, respectively, for vanous 

flour types and WA. These models provided a good represeotation of the structural 

properties of bread crumb and indicated that Young's modulus and fracture stress can be 

predicted by a combination of structural features. For the different flour samples and 

WA, the density and cmmb brightness generally had positive coefficients, while SLCC 

generally had a negative coefficient (Tables 29 and 30). 

The rationale for density, crumb brightness, and SLCC being predictors of the 

Young's rnodulus and fracture stress is based on the following theory: higher density, 

srnaller ce11 size, thinner ce11 wall, and narrower ce11 size distribution (uniformity) lead to 

greater mechanical strength (Kamman 1970; Pyler 1988; Gibson and Ashby 1997; 

Shogren 1998). Density is one of the most important structural parameters that 

contributes to the mechanical strength of cellular food materials such as bread crumb 

(Ponte et al 1962; Wassermann 1979), sponge cake (Attenburrow et ai 1989), extruded 

corn meal (Barrett et al 1994) and baked starch foarns (Shogren et al 1998). However, for 

cmmb samples having the same density but different structure, the variation in strength 

and the modulus would depend on structural differences. Therefore, cnimb brightness 

and SLCC were incorporated in the models to account for the variations in mechanical 



Figure 17. Predicted versus measured Young's modulus for CWRS (A), CWES (C), 

CPS (E), and Blend (F) breads prepared with 60% water absorption, and for 

CWRS (B) and CWES @) breads prepared with optimum water absorption. 
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Figure 18. Predicted versus measured fracture stress for CWRS (A), CWES (C), CPS 

(E), and Blend (F) breads prepared with 60% water absorption, and for 

C WRS (B) and C WES @) breads prepared with optimum water absorption. 
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Table 29. Coeffîcients for the Three-Variable Modeh Used to Predict Young's 
Modulus (W m-') of Bread Crumb. 

Flour W A Intercept Densi? Crumb SLCC R" P > F  
(%) (g cm' ) Brightness 

CWRS 60 -34.16 95.39 0.2 17 -0.154 0.86 0.036 
CWRS 65 -49.15 56.05 0.349 -0.3 17 0.95 O. 004 
CWES 60 -0.13 282.98 -0.044 -0.4 15 0.89 0.022 
CWES 63 -85.04 43.38 O. 542 -0.18 1 0.76 O. 102 
CPS 60 12.77 160.60 -0.121 -0.058 0.97 O. 003 

Blend 60 -49.60 80.26 0.345 -0.365 0.9 1 0.0 16 

WA, water absorption; SLCC. small-to-large ce11 count. 

Table 30. Coemcienh for the ThreoVariable Models Used to Prtdict Fracture 
Stress (kN m") o f  Bread Crumb. 

WA Intercept Density Flour 
Crumb SLCC R' P > F  

(%) (g cm' ) Brightness 
CWRS 60 -5.34 6.37 0.040 -0.01 1 0.88 O. 026 
CWRS 65 -5.47 7.25 0.037 -0.008 0.93 O. 009 

CWES 60 2.57 46.78 -0.0 17 -0.075 0.86 0.035 
CWES 63 -11.32 2.09 0.080 -0.026 0.92 0.0 12 
CPS 60 4.7 1 17.08 -0.032 0.010 0.97 0.003 
Blend 60 2.04 1 1.98 -0.007 -0.0 1 1 0.90 0.018 
W& water absorption; SLCC, srnail-to-large cell count. 



strength that are associated with the changes in structural features. Crumb brightness was 

shown to be strongly related to the cellular structure of bread cmmb (Tables 19-24). 

Burhans and Clapp (1942) indicated that the bnghtness of bread cmmb is increased by 

the presence of a large number of small gas cells. In a recent publication, van Vliet et ai 

(1992) pointed out that the whiteness of bread crumb is enhanced by the tiny gas cells 

which might not be visible to the naked eye. In this study, crumb brightness was found to 

be negatively correlated with CWT (R = -0.65 to -0.92) and MCA (R = -0.84 to 4.95) 

and positively correlated with the number of cells/cm2 (R = 0.75 to 0.93). Therefore, it is 

evident that crumb brightness provides a good measure of the fineness of crumb cellular 

structure with higher crumb brightness values meaning finer cmmb structure. On the 

other hand, SLCC, which was considered by Sapirstein et al (1994) as a measure of 

uniformity of the cellular stnicture may also reflect cell size distribution. Generally, the 

higher the SLCC the more unifon the crumb structure. The incorporation of SLCC in 

the rnodel wouid appear to be a statistical correction factor. This is  because lower SLCC 

values usually indicate the presence of stnictural defects such as broken or missing ceil 

walls as a result of cell coalescence. Since these structural defects are known to degrade 

the mechanical strength of cellular materials (Silva et al 1995; Gibson and Ashby 1997), 

the negative coefficients for SLCC in the predicting models would run counter to 

expectation. 

4.4. CONCLUSIONS 

In this study, the relationship between structural and mechanical properties of bread 

cnimb was assessed to determine the influence of cmmb structure on the mechanical 



properties of bread crumb. Four types of flour with a wide range of inherent strength, 

two levels of water absorption, two sheeting treatments and four proof times were used 

to create differences in the structural and mechanical properties of bread cnimb. Bath 

Young's modulus and fracture strength were found to be dependent on the cellular 

structure of bread cnimb and the mechanical properties of the ce11 walls, with density and 

crumb brightness (separately) being the most highly correlated parameters. Young's 

modulus and fracture stress were successfully titted to the power law theory of Gibson 

and Ashby (1997). However, the power indices were found to be lower than the 

theoretical values suggesting that with increasing proof tirne, the mechanical propenies of 

the ceIl walls have improved as a result of strain hardening. A three variable mode1 

containing density, crumb brightness, and SLCC permitted an accurate prediction of 

Young's modulus and fiacnire strength, with R' being higher than 0.76 and 0.86, 

respectively. Fracture strain and energy to tiacture were not dependent on the structural 

parameters of bread crumb and appeared to be influenced by the properties of the ce11 

wall materials. It was concluded therefore, that the mechanical properties are dependent 

on the stmctural properties and the mechanical propenies of bread crumb as they are 

affected by bread ingredients and processing conditions. 



S. General Discussion 

One of the most important objectives of processing of cereai foods is to produce 

products with desirable physical and visual texture. Many of the resulting foods, e.g.. 

bread, cakes, and extruded produas, have a porous or cellular structure which consists of 

an interconnected network of solid stmts or plates that form the edges and faces of the air 

cells (Gibson and Ashby 1997). Since the physical texture of such produas is a key 

factor for their acceptance, identifying and understanding the elements that affect texture, 

have been a research focus for many food scientists (Wassenann 1979; Attenburrow et 

al 1989; Warburton et al 1992; Barren et al 1994; Keetels et al 1996b; Shogren et al 

1998). For synthetic cellular materials, Gibson and Ashby (1997) clearly showed that 

mechanical properties are dependent on cellular structure. They pointed out that relative 

density, ceIl shape, cell size, ceIl wall thickness (CWT), and distributions of cell size and 

CWT have a strong eflect on the mechanical strengh of cellular solids. For bread crumb, 

the mechanical properties were also found to be strongly related to its density (Ponte et ai 

1964; Wassermann 1979). Some researchers have speculated that other structural 

properties of bread crumb (Le. cell size, grain uniformity, cell wall thickness) influence 

its mechanical properties (Kamman 1970; Pyler 1988), but this has not been studied yet. 

5.1 Rclationship Betwceii Crumb Density and Crumb Grain Fcatures 

Crumb density is considered a quality factor in breadmaking since it is strongly 

related to loaf volume (Wassermann 1979), which is the primary criterion in scoring 

bread loaves (Pyler 1988). Besides its strong relationship with mechanical properties, 

cmmb density is expected to be related to the structure of bread crurnb on the basis that 



surface density of a bread slice (the proportion of ce11 wall material at the surface to total 

surface area) should be a good representation of its volume density (proponion of 

material's volume to total volume) (Underwood 1970). Assuming that ceIl wall density 

is invariant and the density of au equals zero, the volume density of cellular material in 

general is equivalent to its actual density (massfunit volume). Therefore, it was 

conceivable that digital image analysis (DIA) could be used to predict crumb density 

because DIA measures cmmb grain features based on identi@ing gas cells and cell walls 

in a given image of bread cmmb (Sapirstein et ai 1994). Since crumb density can be 

accurately and easily measured. its prediction fiom the computed crumb grain features 

was used as a means of assessing the accuracy of DIA for quantifying the structural 

parameters of bread crumb. The crumb density showed a high correlation with both 

crumb brightness and void fiaction, but there was a variation in R' values depending on 

bread type. ûther crumb grain features correlated with density to a lesser extent. 

Stepwise linear regression anaiysis was used to find a model containing structural 

parameters that consistently predicted the changes in the density of bread cnirnb. A two- 

variable model (shown below) comprising the void fraction and CWT permitted a good 

prediction of the density of the CWRS and CPS bread samples (Rf  = 0.80). 

Dertsity (g cM3) = 1.08 - (1.62 * VF) - (1.59 * C m  (Equation 10, 2.3 - 5 )  

in the density-prediction model, the void fraction and CWT had negative 

coefficients. Surface density, which theoretically corresponds to I - W, is the basis of 

the prediction model. The coefficient 1.62 represents a correction factor for the 

underestimatiori of the void Eraaion (see Appendix II). CWT appeared to be a predictor 

of density on the grounds that it may account for the undetected intramural cells located 



in the ce11 walls (Burhans and Clapp 1942). In addition, CWT represents the materiais 

surrounding the gas cells whose density seemed to change with processing conditions 

(Donald 1994). 

The results of the dned bread samples indicated that both structural parameten and 

density changed with moisture loss. Upon drying, the density, cmmb brightness. and 

number of cells/crn2 increased, whereas, void fiaaion, CWT, and average cell area 

decreased. The relationships between crumb density and various cmmb grain features 

were similar to those observed for fkesh bread samples. In addition, the same two- 

variable model (Equation 10, 2.3.5) containing the void fiaction and CWT allowed good 

prediction of the density of died bread (0.79 S & 5 0.82, depending on drying tirne and 

flour type). These results further confinned the robustness of the model in predicting 

cmmb density, and clearly indicated that DIA accurately measured cmmb grain features. 

The model for predicting density was also teaed on the bread of the second study, 

where sarnples (1 10 x 40 mm) were prepared using different fomulations and processing 

conditions (3.2). The coefficient of detenination (R) between measured and predicted 

density was 0.72. The reason for the relatively poorer reiationship with these breads was 

attributed to the differences in dimensions of the bread samples in relation to that of the 

imaging field of view (FOV). In the tirst study, the samples' length-to-width ratio (80:60 

or 1.33:l) was aimost equal to that of the FOV (4535 or 1.29:1), while in the second 

study, the samples' length-to-width ratio (1 1 O:4O or 2.75: 1) was more than double that of 

FOV. Because of the significant variation in cmmb density across a bread slice (Ponte et 

al 1962). the bread images gave a better representation of the grain features of the bread 

sample in the first study, and therefore, ailowed a better prediction of the cmmb density. 



5.2 Relationship Between Structural and Mechanieal Properties of Bread Crumb 

The mechanical properties of cellular materials including bread crumb, are affected 

by the mechanical propenies of its ce11 walls (Gibson and Ashby 1997). ifbread samples 

have ceIl walls with the same properties, then differences in their mechanical properties 

would be solely dependent on the differences in the stmcture (Le. density and grain 

features). In this study, by varying flour type and water absorption (WA), the properties 

of the ce11 walls in bread were affected (3.3.2.1.1 and 3.3.2.3). Therefore, the 

relationship between structural and mechanical properties of bread crumb was examined 

for each flour type and WA separately, in order to eliminate their effects on the propenies 

of ce11 walls. The variation in the structural properties of bread crumb was mainly 

achieved by varying proof time (PT). 

Results showed that the stnictural properties only affeaed fiacture stress and 

Young's modulus, but not fracture strain or energy to fracture. Crumb density, crumb 

brightness and void fraction were the most highly correlated parameter to Young's 

modulus and fiacture stress, while the other grain features correlated with these two 

mechanical properties to a lesser extent. It was generally found that fracture stress and 

Young's modulus incnased with increasing density, crurnb bngkness, cells/cm2, and 

SLCC, and decreasing MCA, VF and CWT. These results were in good agreement with 

the theoretical and experimental results for synthetic materials having porous structure 

(Gibson and Ashby 1997) and for baked starch foams (Shogren et al 1998). 

The power law theory relating both Young's rnodulus and fracture stress to 

relative density was applied to bread crumb. The ce11 wall density value of 1.532 g cm" 



was used to calculate the relative density in order to obtain estimates of the Young's 

modulus (Es) and fracture aress (a) of the cell walls (the intercept at pbs=l, obtained 

from plots of log (Q versus log @/pl and log (e) versus log (&p3). respectiveiy). 

Young's modulus and fkacture aress of bread cmmb were generally well fitted to the 

power law models (Equations 11  and 12). However, the power indices showed a large 

variation and were considerably lower than the theoretical values for industrial cellular 

solids based on regular foam structure. The low values of the yower indices mean that 

the overall mechanical strength and stiffness of bread cmmb decreased with decreasing 

relative density (as a result of increasing PT) at a lower rate than expected. Provided that 

the mechanical properties of cellular matenals are a function of relative density and the 

mechanical properties of the cell walls (Gibson and Ashby 1997), it is reasonable to 

speculate that in the bread the mechanical strength and stiffness of the cell walls 

themselves were enhanced by increasing proof time. This speculation is supported by the 

fact that ce11 wall density of bread Crumb increased with increasing PT. The increase in 

ceIl wall density can be explained by two mechanisms. Firstly, the number of intramural 

ceils in dough may have ruptured and become part of larger cells (no longer part of the 

ce11 walls) as the dough's ceIl walls were stretched, thus reducing the volume of cell 

walls in the resulting bread. Secondly, molecular orientation and alignment of protein 

polymer chains may have led to stretching of the cell walls of the dough (van Vliet et al 

1992), explaining the higher strength and lower volume of the cell walls of the bread 

cnimb. The second explanation, which is known to cause the strain hardening 

phenornenon that occurs in dough cell walls upon extension (van Vliet et al 1992; 

Dobrastcyk and Roberts 1994), appears to be predorninant. The calculated values of the 



Young's modulus and fracture stress of bread cmmb cell walls were 132-85 1 and 7.1 - 
40.7 kN m-', respectively. Although these values showed an unexplained large variation 

(depending on flour type and WA), they were of a reasonable magnitude when compared 

to experiments on compressed bread cmmb (Scanlon et al, unpublished results). It 

should be noted however, that the density of the whole bread sample (1 10 x 40 mm) was 

used in the analysis, while the mechanical properties were only measured Eorn the central 

portion of the bread specimen (30 x 10 mm). This may have introduced some 

discrepancy in the resuits since the cmmb density varies across the bread slice (Ponte et 

al 1962). 

Stepwise linear regression analysis was used to obtain a model that accurately and 

consistent1 y predicted various mechanical properties on the basis of aructural parameters, 

whic h i ncluded density and cmmb grain features. A three-variable model compnsing 

cmmb density, crurnb brightness and SLCC permitted the prediction of Young's modulus 

and fiacture strength. Depending on types of flour and Wq l? values rang& from 0.76 

to 0.97 and tom 0.86 to 0.94, respectively. The relationship between predicted versus 

measured Young's modulus and fiacture stress for al1 data combined is s h o w  in Figures 

19 and 20, and can be seen to be very strong (R' values were 0.90 and 0.95, respectively). 

These results indicated that both Young's modulus and fracture stress of bread cmmb can 

be accurately predicted from three elements of its structure. The reasons the rnodel 

contains density, cmmb brightness and SLCC as predictors of Young's modulus and 

fhcture stress are as follows: density is known to contribute to the mechanical strength of 



Figure 19. Relationship between measured and predicted Young's modulus of bread 

cmmb samples prepared using different types of flour and water absorptions. 
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Figure 20. Relationship between measured and predicted fiacture stress of bread cmmb 

samples prepared using different types of flour and water absorptions. 
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bread cmmb (Ponte et al 1962; Wassermann 1979); crumb brightness and SLCC were 

incorporated in the mode1 to account for the way that bread materials are distributed 

within the cmmb structure, since cellular material having the same density but different 

grain features is expected to have different mechanical strength and stiffness. Crumb 

brightness is a measure of cmmb fineness, since it increases with increasing number of 

small cells (Burhans and Clapp 1942; Kamman 1970). In addition, the results of this 

study showed that bread crumb with lower MCA, CWT, and higher nurnber of cells/cm2 

has brighter appearance. The lower MC& thinner ce11 walls, and higher nurnber of 

cells/cm2 in tum contribute to greater mechanical strength (Shogren et al 1998). SLCC, 

on the other hand, was considered a measure of crurnb uniforrnity (Sapirstein et ai 1994). 

and the higher the values the more uniform the crumb. SLCC is therefore expected to 

reflect structural defects in the bread cmmb, since low values are normally aûociated 

with a high degree of coalescence (gas cell rupture). The latter is known to have a 

detrimental effect on the overall mechanical properties of cellular matenals (Silva et al 

1995; Silva and Gibson 1997) including those of bread m m b .  

It was concluded fiom this study that the overall mechanical properties of bread 

crumb are dependent on the crumb structure and the mechanical properties of the ceIl 

walls as they are iduenced by bread ingredients and processing conditions. DIA can 

therefore be used to preâia the mechanical properties of the bread crumb from 

quantitative rneasurements of its structure as affected by the processing conditions only. 
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Mean Cell Arta: Observtd Vtrsus Actual 

The cell area obtained by DIA on the basis of the exarnined surface of bread crumb 

is underestirnateci. Regardless of whether a given gas cell (spherical shape) is sectioned 

below or above its center, the resulting cross sectional area is smaller than the cross 

sectional area passing through the center (center of  sphere). Therefore, in order to 

determine the degree of underestimation, the average of al1 possible cross sectional areas 

passing through the gas ceIl should be cornputed and compared to the cross sectional area 

which passes through the center. 

2. gas cells have a uniform size distribution and are spherkal in shape with a radius R 

giving a circular cell of radius r at the surface of the bread slice, where r = (RI- 2)"'; 

x = distance from the center of the spherical cell to the surface of the slice, with -R S 

x SR (sa figure 1). 

k during bread slicing, the spherical cells are randornly sectioned at a distance x from 

their centers. 

k the sectioned cells are representative of the population of cells in a given slice, since 

the number of cells observed at the surtace of a bread slice ranged from 1017 to 3850. 

The average gas ceIl area of radius r, sectioned at a distance x fiom the center plane is 

described by the fhction A,@): 



Therefore, on average, the cell area observed at the sufiace of the bread slice represents 

66% of the cross seaional area at the center of the sphere. 



Figure 1. Schematic representation of bread structure (A) sectioned as indicated with 

arrows, cross-sectional area of sectioned cells (B), and mode1 of individual 

ceil sectioned at 3 different locations, producing different radii r (C). The 

equation show calculates the radius r as a fiindon of x, distance from the 

center of the sphere, and the radius (R) of the sphere itself 





APPENDIX u 
Void Fraction: Observed Versus Actual 

Depending on whether the spherical (assumed) gas cells of radius R are sectioned 

above or below theu centers, the exposed ce11 volume based on cell size observed at the 

surface of the bread slice could be under- or over-estimateû (Fig 2). This problem arises 

60m the two dimensional nature of the DIA system, which compute the cell radius as 

(~reahr)'" based on ceIl area observed at the cut surface. Consequently, the exposed ce11 

volume V' (x) denved fiom DIA system is eguivalent to 2/3d, where r = (R'- ~3~ and 

-R I x  IR (see Fig. 1C). In contras& the true cell volume V - x )  corresponds to the portion 

of the gas cell below the sectioning plane. Therefore, in order to determine whether, on 

average, the gas cell volume is properly estimated, one needs to compare the mean 

exposed cell volume Y&&) and the mean tnie cell volume Vrw(x), for al1 possibilities 

of sectioning a gas cell. The equation Vr (x) of true ce11 volume, the portion of the ce11 

below the sectioning plane, as a funaion of distance x f?om the center cm be determined 

by the volumes of revolution theoiem. This equation is denved as follows: 

V,(x)= [ x ( ~ ~  -x2)& 

For simplification, R=l,  so -1- 5 1. Therefore, 



Figure 2. Schematic diagram of a section of bread crumb and the actual and predicted 

volumes of three gas cells cut at different distances from their respective 

centers: ce11 A sectioned above its center, cell B is sectioned, and ce11 C is cut 

below its center. For cells A and C, the digital imaging syaem wouid under- 

and over-estimate the void fraction, respectively, as indicated by the ratio of 

darker to lighter regions. 





Considering al1 sectioning possibilities, where - I l x  SI , the mean true ceIl volume, 

VTM(x), is: 

In contrast, by DIA, the mean exposed ce11 volume, Y&&), based on ce11 sire at the 

sample surface, where - 1 l x  I I is: 

By comparing the two results, VT&x) and VEmn(x) one can conclude that by estimating 

the cell volume from surface measurernents, the volume of the cells is underestimated by 

a factor of 1.70. 



BaWng Rcsults, Density, Grain Featurcs, and Mechanical Propertics of Bread 
Crumb 

Table 1. Baking Results for 35 min proof ~ i m e ' .  

Flour WA No. Dough Lt. Proof Ht. Loaf Wt. Loaf Vol. 
(%) SP (cm) (mm) (g) (cm3) 

CWRS 60 3 56.1 S.9 9 1 .O M.0 318.5 e . 8  1775 fi5 
60 5 66.0 k4.4 89.3f1.2 318.5k3.1 169Sk14 
65 3 58.8 H.7 92.3 S. 1 325.0 f 1.9 1800 -5 
65 5 75.4 f 1.5 90.7 e . 3  326.9 B . 3  1750 +25 

CWES 60 3 46.6 s . 7  91.3e.1 316.5f1.9 18OOE25 
60 5 58.4 k2.5 86.3 N.6 3 16.2 11.7 1692 k14 
63 3 52.1 f l . 2  92.0S.6 322.4H.0 1817k29 
63 5 66.5 k4.8 87.0 9 . 6  324.8 k3.3 1700 +43 

CPS 60 3 66.9 S.9 86.7 S . 5  3 15.7 41.6 1608 +29 
60 5 84.7 i l . 5  82.3 S. 1 3 19.2 11.4 1533 +14 

Blend 60 3 59.3 '1.9 88.0 B . 0  3 17.1 M.8 1700 +50 
60 5 71.1 e.5 8 5 . 3 e . 5  319.1e.4 1625+25 

Means f standard error; WA, water absorption; No. SP, number of sheeting passes; Lt., 
length; Ht., height; Wt., weight; Vol., volume. 

Table 2. Baking Resuh  for 45 min proof ~ i m e ' .  

FIour WA No. Dough Lt. ProofHt. Loaf Wt. Loaf Vol. 
(%) SP (cm) (mm) k) (cm3) 
60 3 55.9 S . 4  107.0 5.0 3 13.6 21.1 2058 214 

CWRS 60 5 71.8 G.7 103.3 k2.5 3 15.0 21.3 1983 +S2 
65 3 63.9 k1.9 106.3 fi. 1 320.9 M.7 2108 f 14 
65 5 78.1 k4.5 103.3 H.6 322.3 k1.3 2050 k75 

CWES 60 3 48.3 e.5 106.3 S. 1 3 14.7 H.8 2100 543 
60 5 60.1 S . 6  102.3 53.1 3 14.3 M.6 2042 f i 3  
63 3 49.1 E2.6 106.0 G . 6  3 15.1 32.5  2092 +29 
63 5 63.5 k1.8 101.7 H.6 3 18.0 I1.9 2067 +,14 

CPS 60 3 70.3 S . 9  102.3 52.5 3 12.5 k1.2 1825 +25 
60 5 84.7 I L 5  98.3 k2.5 314.211.2 1750e5 

Blend 60 3 59.7 52.2 105.0 k1.7 3 13.4 k1.2 2000 +43 
60 5 71.1 f 1.8 103.7 f3.1 3 15.2 f 1.6 1992 k87 

' Means f standard emr ,  WA, water absorption; No. SP, number of sheeting passes; Lt., 
length; Ht., height; Wt., weight; Vol., volume. 



Table 3. Baking Rrsults for 60 min proof ~ i m c ' .  

Flour WA No. Dough Lt. ProofHt. Loaf Wt. Loaf Vol. 
(%) SP (cm) (mm) (g) (cm3) 

CWRS 60 3 56.7 H.7 126.0 f 1 .O 309.1 f 1.7 2375 -25  
60 5 69.9 S . 4  122.7 S . 6  3 1 1.1 ,+OS 2300 +66 
65 3 63.1 f 1.9 126.3 H.6 3 16.5 kO.5 2482 116 
65 5 73.2 f 1.9 123.7 51.2 3 16.6 S . 2  2392 Ad53 

CWES 60 3 46.2 I2.9 124.7 e . 3  308.1 M.5 2450 +25 
60 5 61 .O 5 2 . 5  122.3 k1.5 309.3 t1.6 2325 .t25 
63 3 48.3 k1.3 125.0 f 1.7 3 12.9 S . 8  2492 k63 
63 5 64.8 11.3 123.3 k1.2 3 12.6 k1.4 2425 FO 

CPS 60 3 71.1 kî.5 123.3 M.6 308.2 f 1.6 21 17 +29 
60 5 83.4 S . 6  119.7 k1.5 3 10.7 H.9 2035 f i 6  

Blend 60 3 61.0 k4.4 124.7 S . 6  308.8 f0.5 2325 +25 
60 5 74.5 k1.5 123.3 M.6 308.1 f 1.2 2242 k52 

' Means + standard error; W 4  water absorption; No. SP, number of sheeting passes; Lt., 
length; Ht., height; Wt., weight; Vol., volume. 

Table 4. Baking Results for 85 min ~ r o o f ~ i m e ' .  

Flour WA No. Dough Lt. ProofHt. Loaf Wt. Loaf Vol. 
(%) SP (cm) (mm) 2) (cm3) 

CWRS 60 
60 
65 
65 

CWES 60 
60 
63 
63 

CPS 60 
60 

BIend 60 
60 5 69.5 k4.1 139.5 k2.4 304.7 52.5 2608 e 9  

1 Means f standard error, WA, water absorption; No. SP, number of sheeting passes; Ht., 
Lt., length; height; Wt., weight; Vol., volume. 



Table 5. Merns and Standard Errors o f  Bread Crumb Density (&m3 as a Function 
of Flour Type, Prool Time, Number of Sheeting Passes (SP), and Water Absorption 
(WA) 'm 

Flour WA SP Proof Time (min) 
Type (%) 35 45 60 85 
CWRS 60 

60 
65 
65 

CWES 60 
60 
63 
63 

CPS 60 
60 

Blend 60 
60 

1 Means f standard error. 

Table 6. Means and Standard Errors of Number of ~ellslcm' as a Function of Flour 
Type, Proof Time, Number of Sheeting Passes (SP), and Water Absorption (WA) '. 
Flour WA SP Proof Time (min) 
Type (%) 35 45 60 85 
CWRS 60 3 92.2 k4.8 92.6 k4.0 87.2 9 . 1  79.2 fl.8 

60 5 96.3 e . 9  90.7 Il .6 92.7 k4.0 77.7 k1.7 
65 3 93.0 k6.1 91.5 k4.1 93.7 e . 8  78.6 52.5 
65 5 93.8 33.9 89.5 f 1.8 95.5 k6.7 8 1.4 e . 4  

CWES 60 3 95.2 I .6 91.2 k4.1 83.2 +,.O 78.5 k4.0 
60 5 98.7 52.4 89.4 k1.2 88.8 21.2 76.7 S . 0  
63 3 94.5 f 1.2 91.4 53.4 80.7 S.5 76.6 H.6 
63 5 92.6 S. 1 90.9 f0.9 92.3 f l . 5  84.2 H.8 

CPS 60 3 88.9 S . 0  90.7 f2.4 82.3 e . 5  74.6 e. 1 
60 5 91.8 S . 4  89.7 A3.0 87.4 e . 5  70.7 k3.7 

Blend 60 3 93.7 G.7 94.5 f 1.4 90.2 k5.3 77.9 e.7 
60 5 92.4 k1.5 88.1 B . 8  86.7 k1.6 80.4 k1.6 

' Means +- standard error. 



Table 7. Means and Standard Errors OC Mun Celi Area (mm2) as a Funrtioa of 
Flow Type, Proof Timc, Numbcr of Sheeting Passes (SP), and Water Absorption 
WA) '. 
Flow WA SP Proof Time (min) 
Type (%) 35 45 60 85 
CWRS 60 3 

60 5 
65 3 
65 5 

CWES 60 3 
60 5 
63 3 
63 5 

CPS 60 3 
60 5 

Blend 60 3 
60 5 

' Means 2 standard error 

Tnble 8. Means and Standard Erron of Cell Wall Thickness (pm) as r Function of 
Flour Type, Proof Time, Number of Sbeeting Passes (SP), and Water Absorption 
WA) '. 
Flour WA SP Proof Time (min) 

CWRS 60 3 752 +t 1 734 +30 764 S 3  
60 5 802 +28 798 f 18 770 E35 
65 3 771 +23 771 f21 773 522 
65 5 818 +59 787 f 16 790 +33 

CWES 60 3 743 110 727 +33 775 118 
60 5 771 k26 770 &î2 779 525 
63 3 744 i8 751 fl2 825 +,15 
63 5 798 t28 804 e 6  785 f7 

CPS 60 3 771 773 f l 5  807 119 
60 5 75 1 +23 776 i l 5  797 e l  

Blend 60 3 745 f 1 5  734 f 19 793 f45 
60 5 758 B 7  769 +74 789 k7 

1 Means f: standard error 



Table 9. Means and Standard Errors of SrnaII-to-Large CeIl Count Ratio (SLCC) as 
a Function of  Fîour Type, Prooi  Time, Number of  Shetting Passa (SP), and Water 
Absorption (WA) '. 
Flour WA SP Proof Tirne (min) 
Twe 35 45 60 85 
CWRS 60 

60 
65 
65 

CWES 60 
60 
63 
63 

CPS 60 
60 

Blend 60 
60 5 38.5 k3.3 32.2 +t .3 33.4 k1.0 3 1.9 H.3 

' Means k standard error. 

Table 10. Means and Standard Erron of Crumb Brightness as a Function OC Fiour 
Type, Proof Tirne, Number o f  Sheeting Passes (SP), and Witer Absorption (WA) '. 
Flour WA SP Proof Time (min) 
Type 35 45 60 85 
CWRS 60 3 189.I4fl.10 188.35M.67 182.69f1.67 180.4G.4 

60 5 185.40 f 1.47 186.50 H.17 185.36 21-62 178.3 S . 8  
65 3 188.04f1.03 185.03H.78 180.44B.98 173.5e.2  
65 5 189.53 f 1.57 187.41 f 1.26 181.44 S . 8 0  175.1 5 2 . 5  

CWES 60 3 186.74 S . 2 4  185.53 kû.82 177.44 M.08 173.8 g . 0  
60 5 182.64 e . 1 9  183.92 M.46 182.68 k1.93 174.2 k3.9 
63 3 183.69 fl.57 180.24 f 1.26 175.10 S .11  172.3 f 1.7 
63 5 182.00 f0.92 1 79.67 f 1.76 178.58 f 1.73 178.4 e . 7  

CPS 60 3 189.61 W.60 183.54 st0.98 178.75 k1.01 171.9 E2.0 
60 5 188.33 f 1.42 185.03 3 . 9 4  180.86 H.61 173.9 G.5 

Blend 60 3 190.07&1.81 185.83f1.13 182.13k3.66 176.7S.3 
60 5 189.88 G.95 188.58 k1.02 18 1 .50 f 1.73 176.3 B . 2  

* Means I standard error. 



Table I l .  Means and Standard Errors of Void Fraction as a Function of  Rour Type, 
Proof Time, Numbcr of Sheeting Passes (SP), and Water Absorption (WA) '. 
Flour WA SP Proof Time (min) 
Type 35 45 60 85 
C W S  60 3 0.4728 I.0035 0.4835 i.0019 0.4908 k.0022 0.4929 +O027 

60 5 0.46 18 +O047 0.4735 +O036 0.4843 f.0035 0.4377 f .O028 
65 3 0.4706 f .O004 0.4806 f .O03 1 0.4836 +O0 14 0.4926 h.0029 
65 5 0.4600 +O037 0.4739 f.0015 0.4798 +.O055 0.49 18 5.0022 

C WES 60 3 0.4757 +.O024 0.4892 +O0 1 1 0,4959 1.0043 0.4950 2.0065 
60 5 0.4664 +,O0 13 0.48 10 1.0022 0.4866 1.0033 0.4966 '00 13 
63 3 0.4798 f .O029 0.4905 4.0023 0.4907 f .O029 0.5025 2.0032 
63 5 0.4648 5.0033 0.4770 500 13 0.485 1 f.0053 0.5002 +O059 

CPS 60 3 0.4673 '0028 0.4786 '0045 0.4870 f .O006 0.4898 '0027 
60 5 0.4666 +O034 0.4749 2.0034 0.4829 f .O039 0.4839 '0006 

Blend 60 3 0.4701 $00 16 0.484 1 '0020 0.4842 *.O0 12 0.4937 +.O034 
60 5 0.4684 f .O06 1 0.4800 +.O032 0.4865 +.O0 14 0.4969 f .O0 17 

1 Means + standard error. 

Table 12. Means and Standard Erron of Young's Modulus (W nfZ, 0-20h strain) as 
r Function of Fiour Type, Proof Time, Numbcr of Shecting Passes (SP), and Wnter 
Absorption (WA) '. 
Flour WA SP Proof Time (min) 
Type 35 45 60 85 
CWRS 60 3 15.43 L1.32 14.01 M.51 10.84 M.59 10.63 k2.53 

60 5 
65 3 
65 5 

CWES 60 3 
6 0  5 
63 3 
63 5 

CPS 60 3 
60 5 

Bfend 60 3 
60 5 

' Means f standard error. 



Table 13. Means and Standard Erron of Fracture Stress (kN m-') of Bread Crumb 
as P Function o f  Flour Type, P m f  Time, Number of Sheeting Passes (SP), and 
Wnter Absorption (WA) '. 
Flour WA SP Prwf Time (min) 

60 5 
65 3 
65 5 

CWES 60 3 
60 5 
63 3 
63 5 

CPS 60 3 
60 5 

Blend 60 3 
60 5 2.257 I0.202 2.018 iû.228 1.740 W.042 

' Means r standard error. 

Table 14. Means and Standard Errors of Fracture Strain of Brcad Crumb as a 
Function of Fïour Type, Proof Time, Numbcr of Sheeting Passes (SP), and Water 
Absorption (WA) '. 
Flour WA SP Proof Time (min) 
Type 35 45 60 85 
CWRS 60 3 0.39 M.03 0.38 S.04 0.43 39.02 0.42 9 . 0 0  

60 5 0.37 *.O2 0.38 I0.03 0.44 f0.03 0.42 H.04 
65 3 0.37 S.01 0.36 H.02 0.44 H.02 0.42 M.04 
65 5 0.35 M.03 0.36 H.03 0.43 H.03 0.34 k0.03 

CWES 60 3 0.45 f0.03 0.38 M.02 0.57 H.02 0.42 fO.0 I 
60 5 0.39 fO.05 0.44 H.03 0.48 9.09 0.47 f0.03 
63 3 0.41 M.03 0.42 S.02 0.50 H.02 0.5 1 *.O3 
63 5 0.44 M.04 0.40 f0.03 0.53 H.02 0.48 H.04 

CPS 60 3 0.26 f0.01 0.25 H.01 0.30 f i .05 0.37 M.04 
60 5 0.27 M.01 0.3 1 f0.03 0.34 M.00 0.33 f0.04 

Blend 60 3 0.32 f0.01 0.35 fO.0 1 0.43 M.01 0.37 M.01 
60 5 0.33 fO.05 0.28 f0.02 0.41 *.O5 0.42 M.05 

' Means k standard error. 



Table 15. Mcans aud Standard Errors of Fracture Energy (J ma) of Bread Crumb 
as a Function of Flour Type, Ptoof Time, Numbcr of Shteting Passa (SP), and 
Water Absorption (WA) '. 
FIour WA SP Proof Time (min) 

CWRS 60 3 707 k64 627 f 128 635 &IO5 581 +140 
60 5 597 I67 653 f l l 648 k68 55 1 173 
65 3 566fIl 490 +19 512 fi9 429 L84 
65 5 555 Hl 528 &37 458 &45 300 k47 

CWES 60 3 902 f 86 672 +,26 842 +64 435 $522 
60 5 606 il01 815 k37 601 2112 507 541 
63 3 63 1 f 89 662 247 569 kIS 613 184 
63 5 755 f98 606 f 86 686 +13 673 k12 

CPS 60 3 290 +74 230 k29 235 k66 299 f 18 
60 5 333 f21 342 +,17 294 543 244 fi3 

BIend 60 3 498 k35 456 +t5 500 f29 422 f 115 
60 5 506 +98 366 t32 463 f58 585 f96 

l Means t standard error. 



Treatments and Interaction ECfccts, on the Characteristics of Bread Baked at Fixed 
(60%) Water Absorption. 

Table 16. General Linear Models Procedure 

Source Levels Values 

Proof Time (PT, min) 4 35,45,60 and 85 
Flour (F1) 4 Blend, CPS, CWES and CWRS 
No. Sheeting Passes (SP) 2 3 and 5 
Replication (Rep) 3 1.2 and 3 

Number of observations in data set = 96 (4 x 4 x 2 x 3) 

Table 17. Trertments and Interaction Effects for Bread Loaf Volume (cm3) 
Pnpared at Fixed Waier Absorption. 

Source DF TypeïïïSS Mean Square F Value P r > F  

PT 
Ft 
SP 
R ~ P  
PT4SP 
PT* FI 
FPSP 
PTSFI*SP 

Table 18. Treatments and Interaction Effects for Bread Crumb Dcnsity (g cm') 
Prcpand at F M  Water Absorption. 

Source DF Type UI SS Mean Square F Value P r > F  



Table 19. Treatments and Intenetion Effects for Number of ~e l l skrn~ of Bread 
Cmmb Prepard at Fixcd Water Absorption. 

Source DF TypeiIiSS Mean Square F Value Pr > F 

Table 20. Treatments and Interaction Effects for Mean Cell Arta (MCA, mm2) o f  
Bread Crumb Prepared at Fixed Woter Absorption. 

Source DF Type III S s  Mean Square F Value Pr > F 

Table 21. Treatmeats and Interaction Effects for CeIl Wall Thickness (CWT, pm) of 
Bread Crumb Prepand at Fixed Water Absorption. 

Source DF Type III SS Mean Square F Value Pr > F 



Table 22. Tnatmccits and Interaction Ef'fertr Cor SmalCto-Large CeIl Count (SLCC) 
of Bread Crumb Prtpartd at F i x d  Water Absorption. 

Source DF Type XI SS Mean Square F Value Pt > F 

PT 
FI 
SP 
R ~ P  
PT* SP 
PTSFl 
FI * SP 
PT*Flt SP 

Table 23. Treatments and Intemction Effects For Crumb Brightness of  Bread 
Crumb Pnparcd at Fired Water Absorption. 

Source DF TypeiIISS Mean Square F Value Pr > F 

Table 24. Treatments and Interaction EKects for Void Fraction of Bread Crumb 
Prepared at Fucd Water Absorption. 

Source DF T y p e E N S  Mean Square F Value Pr > F 

PT 
FI 
SP 
R ~ P  
PTSSP 
PT+FI 
FISSP 
PT* FI* SP 



Table 25. Tmtments and Interaction EfTects for Ysung's Modulus (W m") of 
Bread Crumb Pnpared at Fixcd Water Absorption. 

Source 

PT 
F 1 
SP 
MC 
Temp 
R ~ P  
PTSSP 
PTSFl 
Fl* SP 
PT"Flf SP 

DF TypemSS Mean Square F Value P r > F  

Table 26. Treatments and Interaction Effects for Fracture Stress (W mm.') of Bread 
Crumb Prepand at Fied  Water Absorption. 

Source DF TypemSS Mean Square F Value P r > F  

PT 3 7.11498557 2.37166 186 20.90 0.000 1 
FI 3 13.9867046 4.66223489 4 1 .O9 0.000 1 
SP 1 0.03445789 0.03445789 0.30 O. 5836 
MC 1 0.084 18736 0.084 1 8736 0.74 O. 3924 
Temp 1 0.3 7472939 0.37472939 3.30 O. 0742 
R ~ P  2 1 .O533 1429 0.52665714 4.64 0.0134 
PTSSP 3 0.50957960 O. 16985987 1 .50 O. 2245 
PTSF1 9 1.62777650 O. 18086406 1.59 O. 1377 
FIFSP 3 0.27473 548 0.09 157849 0.8 1 0.4949 
PTSF1*SP 9 0.6735 1027 0.07483447 0.66 0.74 16 



Table 27. Treatmenb and Interaction Effets for Fracture Straia of Bread Crumb 
Pnpareû at Fhed Water Absorption. 

Source DF Twe III SS Mean Sauare F Value Pr > F 

FI 
SP 
MC 
Temp 
R ~ P  
PT*SP 
PTIF1 
FISSP 
PT*FISSP 

Table 28. Treatmenb and Interaction Efltcts for Fracture Energy (J ma) of Bread 
Crumb Prepared at Fixed Water Absorption. 

Source DF TypeIIISS Mean Square F Value Pr > F 

PT 3 150813.1220 5027 1.0407 3 -46 0.0218 
F1 3 226 1457.577 753819.192 5 1.84 0.000 1 
SP I 8804.3003 8804.3003 0.6 1 0.4396 
MC 1 7394.2875 7394.2875 0.5 1 0.4786 
Temp 1 34623.1682 34623.1682 2.3 8 0.1281 
R ~ P  2 7535.0050 3767.5025 0.26 0.7726 
PT*SP 3 70290.0749 23430.0250 1.61 O. 1962 
PTf Fl 9 202420.14 1 22491.1268 1.55 O. 1527 
FISSP 3 42353.3401 141 17.7800 0.97 0.4 125 
PTSFI* SP 9 20592 1.803 22880.2004 1.57 O. 1440 



Treatments and Interaction Eflects on the Characteristics of Bread Prepand at 
Optimum Water Absorption 

Table 29. General Lintar Models Procedure 

Class Levels Values 

Proof Time (PT, min) 4 35,4560 and 85 
Flour (FI) 4 Blend, CPS, CWES and CWRS 
No. Sheeting Passes (SP) 2 3 and 5 
Replication (Rep) 3 1 ,2and3 

Number of observations in data set = 96 (4 x 4 x 2 x 3) 

Table 30. Treatments and Interaction Effects for Loaf Volume (cm3) of Bread 
Prepand at Optimum Wnter Absorption. 

Source DF Type HI SS Mean Square F Value Pr > F 

Table 31. Tmtments and Interaction E f k t s  for Density (g cm4) of Bread Crumb 
P n p a d  at Optimum Water Absorption. 

Source Type ïU SS Mean Square F Value 



Table 32. Treatment~ and Interaction Effects Cor Number of  ~ e l l s / c m ~  o f  Bread 
Crumb Pnpared at Optimum Water Absorption. 

Source DF TypemSS Mean Square F Value Pr > F 

PT 
F1 
SP 
R ~ P  
PT* SP 
PT* Fl 
FISSP 
PT*Flt SP 

Table 33. Treatmtnts and Interaction Effects for Mean Ce11 Are:, (MCA, mmz) of  
Bread Crumb Prepared at Optimum Water Absorption. 

Source DF Type IU SS Mean Square F Value Pr > F 

Table 34. Treatments and Interaction Effects for Cell Wall Thickness (CWT, pm) of 
Bread Crumb Prepared at Optimum Water Absorption. 

Source DF Type III SS Mean Square F Value Pr > F 



Table 35. Treatments and Interaction Effects for SrnaIl-to-Large Ctll Count Ratio 
(SLCC) of Bread Crumb Prepared at Optimum Water Absorption. 

Source DF TypeüXSS Mean Square F Value Pr > F 

Table 36. Treatments and Interaction Effects for Crumb Brightness of Bread 
Pnparcd at Optimum Water Absorption. 

Source DF TypeiIISS Mean Square F Value P r > F  

Table 37. Treatments and Interaction Effects for Void Fraction of Bread Crumb 
Prepared at Optimum Water Absorption. 

Source DF Type DI SS Mean Square F Value Pr > F 



Table 38. Trcatments and Intenction Efiectr for Young's Modulus (kN rn-') of 
Bread Crumb Prepared at Optimum Water Absorption. 

Source DF TypeIIISS Mean Square F Value Pr > F 

PT 3 
F1 3 
SP 1 
Temp 1 
MC 1 
REP 2 
PTSSP 3 
PTfF1 9 
FI * SP 3 
PT*FISSP 9 

Table 39. Treatmtnts and Interaction Effects for Fracture Stress (kN nf2) o f  Bread 
Crumb Prepand at Optimum Water Absorption. 

Source DF TypeilISS Mean Square F Value Pr > F 

PT 3 5.50733648 1.83577883 
F1 3 6.93345532 2.31115177 
SP 1 O. 1 1057077 O. 11057077 
Temp 1 0.04565020 0.04565020 
MC 1 0.00609398 0.00609398 
R ~ P  2 O. 54568228 0.27284 1 14 
PT*SP 3 0.02962943 0.00987648 
PTSF1 9 0.5074 1058 0.05637895 
FI * SP 3 0.177713 18 0.05923773 
PTSFI*SP 9 0.4273 7025 0.04748558 



Table 40. Treatments and Interaction Efftcts for Fracture Strain of Bread Crumb 
Prepared at Optimum Water Absorption. 

Source DF TypemSS Mean Square F Value P r > F  

PT 
FL 
SP 
Temp 
MC 
R ~ P  
PTSSP 
PTSFI 
Fl* SP 
PTSFI*SP 

Table 41. Treatments and Interaction Effects for Fracture Energy (J ma) of' Bread 
Crumb Prepared at Optimum Water Absorption. 

Source DF Type ïïï SS Mean Square F Value P r > F  

PT 
FI 
SP 
Temp 
MC 
R ~ P  
PT*SP 
PT*FI 
FI*SP 
PT*Flf SP 



Treatments and Interaction Effects on the Chamcteristics of  CWRS and CWES 
%nad Baked at F U 4  (60%) and Optimum Water Absorption 

Table 42. GencmI Linear Modeb Proctdurt 
- 

Class Level Values 

Proof Time (PT, min) 4 35,45,60 and 85 
Flour (FI) 2 CWES and CWRS 
Water Absorption (WA, %) 2 fixed and optimum 
No. Sheeting Passes (SP) 2 3 and 5 
Replication (Rep) 3 1,2and3 

Number of observations in data set = 96 (4 x 2 x 2 x 2 x 3) 

Table 43. Treatments and Interaction Ef'f'ects for Loaf Volume (cm3) of CWRS and 
CWES Bread Prepared at Fixed and Optimum Water Absorption. 

Source DF TypemSS Mean Square F Value Pr > F 



Table 44. Treatmeatc and Interaction Effects for Crumb Density (g cmJ) of' CWRS 
and CWES Bread Prepared nt Fixed and Optimum Water Absorption. 

Source DF TypeIIISS Mean Square F Value Pr > F 

PT 
WA 
F1 
SP 
R ~ P  
PTSSP 
PT'FI 
FIf SP 
PTSWA 
Fl* WA 
WA*SP 
PTSF1* SP 
PT'Ff * WA 
PT*WASSP 
Fl* WA*SP 
PT*FIS WA* SP 

Table 45. Treatments and Interaction Eflects for Number o f  ~cils/cm' of CWRS 
and CWES Bread Crumb Prepared at Fùed and Optimum Water Absorption. 

Source DF Type ID SS Mean Square F Value Pr > F 



Tibk 46. Treatments and Interaction Effects Tor Mean Cell A n a  (MCA, mm2) of 
CWRS and CWES Bread Crumb Prepared nt Fixed and Optimum Water 
Absorption. 

Source DF Twe üI SS Mean Sauare F Value Pr > F 

Table 47. Treatments and Interaction Effects Tor Cell Wall Thiekness (CWT, pm) of 
CWRS and CWES Bread Crumb Prepared at Fixed and Optimum Water 
Absorption. 

Source DF Type Di SS Mean Square F Value Pr > F 



Table 48. Treatments and Intemetion Effects Tor Small-to-Large Cell Count Ratio 
(SLCC) OC CWRS and CWES Bread Crumb Prepared at Fixed and Optimum 
Water Absorption. 

Source DF Type ru ss Mean Square F Value Pr > F 

PT 3 
WA 1 
FI 1 
SP 1 
R ~ P  2 
PTf SP 3 
PT* Fl 3 
FI*SP 1 
PT*WA 3 
FISWA 1 
WA'SP 1 
PTSFl'SP 3 
PT*FIS W A 3 
PT*WASSP 3 
Fl* WASSP 1 
PT*Fl*WAS SP 3 

Table 49. Treatments and Interaction Effects For Crumb Brightness o f  CWRS and 
CWES Bread Prepared at Fixed and Optimum Water Absorption. 

Source DF TypemSS Mean Square F Value P r > F  

PT 3 
WA 1 
F1 1 
SP 1 
R ~ P  2 
PT*SP 3 
PT*Fl 3 
Fi* SP I 
PTSWA 3 
FPWA 1 
WA*SP 1 
f T* FISSP 3 
PTSFI*WA 3 
PTSWA*SP 3 
Fl*WASSP 1 
PTSFI*WA*SP 3 



Table 50. Treatmtnts and Interaction Effccts for Void Fraction of CWRS and 
CWES Bread Crumb Prtpared at Fked and Optimum Watcr Absorption. 

Source DF TypeüISS Mean Square F Value P r > F  

PT 3 
WA 1 
Fi 1 
SP 1 
R ~ P  2 
PTfSP 3 
PT*FI 3 
FI*SP 1 
PTSWA 3 
FI WA 1 
WAtSP 1 
PT*F14SP 3 
PT*FISWA 3 
PTSWA*SP 3 
FI * WA* SP 1 
PT*Flf WA*SP 3 



Table 51. Trcatments and Interaction Effets for Young's Modulus (IrN rn-') of 
CWRS and CWES B m d  Crumb Pnpared at Fùed and Optimum Water 
Absorption. 

Source DF Type m S S  Mean Square F Value Pr > F 
PT 3 636.02500 1 212.008333 47.17 0.000 1 
WA t 
F1 1 
SP 1 
Temp I 
MC 1 
R ~ P  2 
PT* SP 3 
PT*FI 3 
FI * SP 1 
PT*WA 3 
FPWA 1 
WA*SP 1 
PTSFI* SP 3 
PT*FIS WA 3 
PTSWA*SP 3 
FI* WA* SP 1 
PT*FI*WA*SP 3 



Table 52. Treatmentr and Interaction Effeetc Cor Fracture Stress (IrN m") of CWRS 
and CWES Bread Crumb Pnpard  at F u d  and Optimum Water Absorption. 

Source DF TypemSS Mean Square F Value P r > F  
- - 

PT 3 
WA f 
F1 1 
SP I 
Temp 1 
MC I 
Rep 2 
PTSSP 3 
PTSF1 3 
Fl*SP I 
PTSWA 3 
FPWA 1 
WASSP 1 
PTSFl*SF 3 
PTSF1* WA 3 
PT* WA*SP 3 
FISWA*SP 1 
PT*F1*WASSP 3 



Table 53. Tnatments and Interaction Ef'fects Cor Fracture Strain of CWRS and 
CWES Bread Crumb Preprred at F i x d  and Optimum Water Absorption. 

Source DF Type ITi SS Mean Square F Value Pr > F 

PT 3 
WA 1 
FL 1 
SP 1 
Temp 1 
MC I 
R ~ P  2 
PTSSP 3 
PT*Fl 3 
FISSP 1 
PT*WA 3 
FPWA L 
WASSP 1 
PT*Flf SP 3 
PT*FIS WA 3 
PT*WASSP 3 
FI*WA*SP 1 
PT*F1*WASSP 3 



Table 54. Treatments and Interaction Eff'ecb Tor Fracture Energy (J m3) of  CWRS 
and CWES Bread Crumb Pnpand at Fixed and Optimum Water Absorption. 

Source DF Type III SS Mean Square F Value Pr > F 
PT 3 302953.334 100984.44 6.83 0.0005 
WA 1 
FL 1 
SP 1 
Temp 1 
MC I 
R ~ P  2 
PT*SP 3 
PT*Fl 3 
FISSP 1 
PTfWA 3 
FLSWA 1 
WA*SP 1 
PTSFL*SP 3 
YT*FLSWA 3 
PTSVV P~*SP 3 
FISWA*SP 1 
PTSFI*WA*SP 3 




