
ABSTRACT 

MELITO, HELEN SHIRLEY.  Large Amplitude Oscillatory Shear Behavior of Food 
Systems.  (Under the direction of Drs. Christopher R. Daubert and E. Allen Foegeding). 
 

 Creation of desirable food textures begins with an understanding of structure, which 

impacts the mechanical, sensorial, and oral processing characteristics of the food product.  

Structural information may be obtained by measuring mechanical properties of foods under 

small- and large-strain testing conditions.  While large-strain mechanical properties have 

been correlated with sensory and oral processing characteristics, small-strain properties are 

typically not well-correlated.  However, most large-strain testing in food research involves 

determination of fracture properties rather than examination of nonlinear viscoelastic 

behavior.  Viscoelastic behavior is traditionally measured using oscillatory shear or creep 

tests.  In food research, these tests are generally performed in the linear viscoelastic region 

(LVR).  Although these tests may be performed beyond the LVR, nonlinear oscillatory shear 

testing is unusual in food research due to the lack of physical meaning of the viscoelastic 

moduli and the breakdown of the relationships between creep compliance and viscoelastic 

moduli.  Previous work in the polymer industry has developed an analysis protocol for large-

strain oscillatory shear (LAOS) data that gives physical meaning to nonlinear viscoelastic 

moduli.  However, this protocol was not experimentally validated with model elastic and 

viscous systems.  To that end, a model elastic solid and viscous liquid were tested under 

LAOS to compare the protocol to standard rheometer output and the known linear and 

nonlinear properties of both systems.  Upon successful validation of the protocol with 

experimental data, this analysis method was used to study whey protein isolate (WPI)/κ-

carrageenan gels and several commercial cheeses to determine the impact of structure on 



nonlinear viscoelastic behavior, and the relationships between nonlinear viscoelastic 

properties and rheological, sensory, and oral processing characteristics.  To accomplish this 

objective, the nonlinear viscoelastic properties of these systems were determined and 

correlated to mechanical properties and sensory and oral processing characteristics.  

Additionally, WPI/κ-carrageenan gel creep parameters were measured, fit to 4-element 

Burgers models, and correlated to nonlinear viscoelastic properties.  Three gel structural 

types were evaluated: a homogeneous protein (WPI) gel, a carrageenan-continuous gel, and a 

bicontinuous gel, in which both WPI and κ-carrageenan exhibited continuous network 

structures.  Previous study found significant differences in rheological, sensory, and oral 

processing characteristics for all three structural types.  Cheeses studied comprised Cheddar, 

Mozzarella, and American, as each cheese had distinct structural and textural properties.  

Carrageenan-continuous gels showed the greatest degree of nonlinearity of all three gels 

under LAOS (25% strain), while homogeneous gels displayed the least.  Of the cheeses, 

Cheddar displayed the greatest amount of nonlinear behavior under LAOS (25% and 50% 

strain); American cheese displayed the least.  For both the WPI/κ-carrageenan gels and 

cheeses, nonlinear viscoelastic properties correlated (0.5≥R2≥0.9, p<0.05) to rheological, 

sensory, and oral processing characteristics.  Correlations to sensory and oral processing 

characteristics included aspects evaluated after several chews as well as first bite.  In 

addition, predicted creep compliance values for the WPI/κ-carrageenan gels were found to 

agree with experimental data (R2≥0.90), and nonlinear viscoelastic properties correlated 

(R2>0.7, p<0.05) with parameters used in the 4-element Burgers model.  For all materials 

tested, structure appeared to impact the nonlinear viscoelastic properties of the material.  

Overall, determination of the nonlinear viscoelastic properties of food, and how those 



properties relate to rheological, sensory, and oral processing characteristics, allows a better 

understanding of food structure and structural deformation, and how that structure impacts 

food texture.  While nonlinear viscoelastic properties may be evaluated by both creep and 

LAOS tests, LAOS testing yields a quantitative measure of the type and extent of nonlinear 

behavior, while creep parameters indicate only the presence of nonlinear behavior.  Thus, 

nonlinear viscoelastic properties derived from LAOS data provide a more complete picture of 

structural deformation and breakdown beyond the LVR. 
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1.1.  OVERVIEW 

 Food texture is of high importance to consumers (Norton et al., 2011), and the 

decision to eat or purchase a food product is usually based on the sensory aspects of the food.  

Thus, control of food texture is of significant interest to the food industry.  To gain a better 

understanding of food texture, it is desirable to obtain fundamental measurements of the 

mechanical properties (Foegeding, 2007).  Often, this involves measuring the rheological 

properties of the food via compression, tension, or shear testing. 

 Rheological properties of food systems may be determined using small-strain and 

large-strain tests.  Small-strain testing denotes application of strains or stresses in the linear 

viscoelastic region (LVR), while large-strain testing denotes application of strains or stresses 

beyond the LVR, up to and including strains resulting in sample fracture.  However, no 

single rheological test yields a complete picture of sensory texture, especially changes in 

texture as food interacts with saliva and is broken into small particles during oral processing, 

or mastication (Ishihara et al., 2011).  It is also difficult to use mechanical data to describe 

sensory texture as evaluated by a trained panel (Foegeding, 2007, Ishihara et al., 2011).  

Studies involving food properties generally show little correlation between sensory or oral 

processing characteristics and small-strain rheological properties (Chen, 2009).  Large-strain 

rheological properties, on the other hand, have been found to correlate well with sensory and 

oral processing characteristics (Lowe et al., 2003; Tabilo-Munizaga and Barbosa-Cánovas, 

2005; van den Berg et al., 2008a, b; Çakir et al., 2012, Ishihara et al., 2011), although the 

correlations were usually limited to sensory and oral processing characteristics determined 

during the first bite or initial chewing phase. 
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 Large-strain rheological testing in food research, with the exception of percent 

recoverable energy (van den Berg et al., 2008a, b; Sala et al., 2009a; Sala et al., 2009b; Çakir 

et al., 2011; de Jongh, 2011), is typically used to determine fracture properties (Li et al., 

1999; Truong and Daubert, 2000; Nishinari, 2004; Tabilo-Munizaga and Barbosa-Cánovas, 

2005).  There has been little study of food properties beyond the LVR, but prior to fracture.  

Large amplitude oscillatory shear (LAOS) testing may be used to examine food behavior in 

this area between linear viscoelastic behavior and fracture.  Although LAOS testing has been 

used to study viscoelastic properties of polymers and polymer melts for over 40 years 

(Debbaut and Burhin, 2002), it is not used in food research.  Most food processing, as well as 

oral processing, occurs beyond the LVR, and a general means to characterize nonlinear 

viscoelastic behavior of foods in such processes is not currently in use.  Therefore, testing the 

nonlinear viscoelastic properties of foods via LAOS could yield information on material 

deformation that is currently unobtainable with current methodologies. 

 It has been shown that structural differences in gels result in significant differences in 

rheological, sensory, and oral processing characteristics (van den Berg 2007; van den Berg et 

al., 2008a, b; Çakir and Foegeding, 2011; Çakir et al., 2012).  In particular, whey protein 

isolate (WPI)/κ-carrageenan gels are able to generate a wide range of structures under 

different gelation conditions, with each structural type displaying different mechanical and 

sensory properties (Çakir and Foegeding, 2011; Çakir et al., 2012).  Different cheese 

varieties, such as hard, soft, reduced fat, and pasta filata, also have different structures, 

resulting in different rheological and sensory properties (Gunasekaran and Ak, 2003).  Small-

strain and fracture properties of these structures have been determined, but little is known 
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about the nonlinear viscoelastic properties.  Therefore, the overall goal of this study was to 

evaluate the nonlinear viscoelastic properties of different gel and cheese structures and relate 

these properties to rheological, sensory, and oral processing properties to gain a more 

thorough understanding of how different structures deform and break down under application 

of stress and strain. 

 

 

1.2.  MOTIVATION FOR FURTHER STUDY 

 As previously stated, LAOS testing is generally not performed in food research.  A 

protocol developed by Ewoldt et al. (2008) for analyzing LAOS data shows promise for use 

in the food industry.  However, the output from the protocol was not experimentally 

validated with an ideal elastic solid and viscous fluid, although protocol output was found to 

be in agreement with conventional rheometer data for a 0.2% w/w xanthan gum solution 

(Ewoldt et al., 2010).  Additionally, the nonlinear viscoelastic properties derived from the 

protocol should be compared with and correlated to traditional rheological, sensory, and oral 

processing characteristics to determine relationships between nonlinear viscoelastic behavior 

and other food properties and characteristics arising from structural contributions.  Therefore, 

the following hypotheses were developed for further study.  A brief summary of the 

objectives of the corresponding study follow each hypothesis. 

 

Hypothesis 1: First-harmonic data from conventional rheometry (ARES, TA Instruments, 

New Castle, DE) will be in agreement with first-harmonic data derived from the raw 
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wavedata analysis from the nonlinear analysis protocol for viscous and elastic systems 

evaluated in the LVR. 

 

 Before the LAOS protocol may be used to interpret nonlinear viscoelastic properties 

of materials, protocol output should be compared to traditional rheometer output to ensure 

the validity of the mathematical treatment of the raw stress-strain wavedata, or real-time 

stress and strain signals.  Hence, the initial objective of this research was to validate the 

LAOS protocol using model elastic and viscous systems (Chapter 3).  Agarose gels (2% 

w/w) were used as a model elastic system, while standard oil (polydimethylsiloxane) was 

used as a model Newtonian fluid. 

 

Hypothesis 2: The MITlaos protocol will correctly indicate the Newtonian behavior of 

standard oil regardless of applied strain, as well as the linear-to-nonlinear transitions and 

strain-hardening behavior of agarose gels. 

 

 The majority of oscillatory shear testing in food research is performed in the LVR; 

however, small-strain oscillatory rheological properties are generally not indicative of large-

strain and fracture behavior.  Probing material behavior beyond the LVR may yield 

additional insight into behavior resulting from structural deformation and breakdown.  To 

that end, the objectives of this study were evaluation of material behavior under LAOS and 

comparison of the LAOS analysis to the known nonlinear properties of the materials 

(Chapter 3).  Again, agarose gels (2% w/w) and standard oil (polydimethylsiloxane) were 



 

6 

used as elastic and viscous systems, respectively.  Agarose gels have ben found to show clear 

transitions from the linear to the nonlinear region and exhibit strain-hardening behavior 

beyond the LVR (Barrangou et al., 2006).  Standard oil, a Newtonian fluid, should have an 

infinite LVR and display no shear thinning or thickening behavior. 

 

Hypothesis 3a: Creep testing imparts a strain rate on a sample that is beyond the LVR, even 

if the stress placed on the sample is well within the LVR. 

Hypothesis 3b: Nonlinear viscoelastic properties of model systems correlate to creep 

behavior described by a 4-element Burgers model derived from creep testing. 

 

 Creep testing of foods is traditionally performed using a stress in the LVR, although it 

may also be performed using a stress beyond the LVR.  There has been little investigation 

into the effect of the rate of stress application during creep testing, as well as the 

relationships between creep and nonlinear viscoelastic properties.  To explore these effects 

and relationships, LAOS and creep tests at varying stresses and stress application rates were 

performed on WPI/κ-carrageenan gels with different structures (Chapter 4).  Creep data were 

fit to 4-element Burgers models for ease of comparison to nonlinear viscoelastic properties.  

WPI/κ-carrageenan gels were used in this study because it is possible to generate different 

structures by controlling gelation conditions (Çakir and Foegeding, 2011). 

 

Hypothesis 4: Nonlinear viscoelastic properties of model systems will correlate with large-

strain and fracture properties. 
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 Large-strain and fracture properties of gels have good correlation to sensory and 

functional characteristics and contain information on gel behavior that is unobtainable using 

small-strain tests (Ikeda et al., 1999; Zhang et al., 2005; Barrangou et al., 2006; van den Berg 

et al., 2008).  However, most studies examining the large-strain properties of foods focus on 

fracture properties.  There are few studies involving the nonlinear viscoelastic properties of 

foods; these properties may yield additional insight into structural deformation and 

breakdown of foods.  A study to examine the relationships between nonlinear viscoelastic 

properties and traditional large-strain and fracture properties of WPI/κ-carrageenan gels was 

conducted to provide further understanding of the deformation and breakdown of different 

gel structures (Chapter 5). 

 

Hypothesis 5: Nonlinear viscoelastic properties of model systems will correlate with sensory 

and oral processing characteristics. 

 

 Large-strain and fracture properties for various gels has been shown to be correlated 

to sensory and oral processing characteristics (van den Berg et al., 2008a, b; Çakir et al., 

2011, Ishihara et al., 2011).  Descriptive sensory analysis is generally considered the most 

desirable method to evaluate food texture, as it provides a quantitative evaluation of textural 

aspects and how those aspects change during mastication.  This study was conducted as an 

extension of the previous study to examine relationships between nonlinear viscoelastic 

properties and sensory and oral processing characteristics of WPI/κ-carrageenan gels 

(Chapter 5).  Correlation of nonlinear viscoelastic properties to sensory and oral processing 
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characteristics may allow evaluation of sensory and oral processing behavior based on 

structure type, leading to a better understanding of food texture based on structure. 

 

Hypothesis 6: Relationships between nonlinear viscoelastic properties and traditional 

rheological, sensory, and oral processing characteristics determined for model systems will 

apply to real food systems with different structures. 

 

 Cheese texture is commonly evaluated via descriptive sensory analysis.  To gain a 

better understanding of cheese texture, it is necessary to determine how the structure deforms 

and breaks down during mastication, as this breakdown impacts flavor release and mouthfeel.  

Building on the work of the previous study, this study evaluated the nonlinear viscoelastic 

properties of three cheeses with different structures via LAOS and determined relationships 

between nonlinear viscoelastic properties and sensory, oral processing, and large-strain 

rheological properties (Chapter 6).  Simultaneous analysis of these various properties may 

yield a more detailed fingerprint of cheese structures, as well as a better understanding of 

how those structures deform and break down under stress or strain. 
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 The four subsequent chapters detail the validation and application of a large 

amplitude oscillatory shear protocol for food products.  Because each chapter contains an 

introduction comprising relevant literature, objectives, and methodology for the particular 

study, repetition of that information in this chapter would be redundant.  Therefore, this 

review of literature provides an overview of the materials and methods used in the 

subsequent studies, in addition to previous work in this area of research. 

 

 

2.1.  DETERMINING FOOD BEHAVIOR AND MATERIAL PROPERTIES 

 An understanding of food structure is needed to control and explain food texture 

through chemical and physical composition.  To gain this understanding, it is necessary to 

measure fundamental mechanical properties of the food (Foegeding, 2007).  Rheological 

testing may be used to determine the mechanical properties of food via applications of force 

or deformation to the foods.  These rheological tests can be fundamental, in which the 

properties measured are independent of the testing apparatus and sample shape; or empirical, 

in which the characteristics measured are dependent on sample shape, sample composition, 

and testing apparatus (Wilkinson et al., 2000; Tabilo-Munizaga and Barbosa-Cánovas, 2005).  

The choice of rheological test is dependent on the consistency of the food and the objectives 

of the study.  The following sections provide a brief overview of methods used to determine 

the properties and characteristics of soft solid foods.  The structure, or lack thereof, of semi-

solids or liquids requires adaptation of the testing methodology, and some tests, such as 

fracture tests, may not be performed on these materials due to sample limitations. 
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2.1.1.  Evaluation of rheological properties 

 Rheological tests for solid materials may be grouped into three main categories: 

compressive, tensile, and shear (Steffe, 1996).  Most food products are tested using 

compressive or shear tests, as the sample requirements for tensile testing, such as the ability 

to hold a cut shape and to be placed into a testing apparatus without damaging the sample, 

are difficult to meet.  Both compressive and shear tests may be further separated into two 

types: small-strain and large-strain tests.  Small-strain tests impart a stress or strain in the 

linear viscoelastic region (LVR).  In this region, the material displays a linear relationship 

between stress and strain; thus, the material behaves as an ideal solid or liquid, and the 

properties measured are independent of the rate of applied stress or strain (Macosko, 1994; 

Steffe, 1996).  Large-strain tests impart a stress or strain beyond the LVR, resulting in a 

nonlinear stress-strain relationship.  In this region, material properties are dependent on both 

the stress or strain input and the rate of that input (Macosko, 1994).  Large-strain testing also 

includes fracture testing, in which the stress or strain imparted to a sample is increased until 

the material fails and ruptures.  A combination of small- and large-strain testing can yield 

information about the structure, deformation, and breakdown patterns of the sample. 

 

2.1.1.1.  Traditional rheological testing methods: small-strain 

 Two small-strain rheological tests commonly used to study viscoelastic properties of 

foods are oscillatory shear and creep testing.  Oscillatory shear testing uses a rheological tool 

to impart a sinusoidal stress or strain to the sample.  The resulting strain or stress response, 

respectively, is recorded and the viscoelastic moduli are calculated from the stress-strain data 
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(Macosko, 1994; Steffe, 1996; Läuger and Stettin, 2010).  Generally, oscillatory testing is 

performed holding all parameters but one, the sweep parameter, constant.  The sweep 

parameter, which may be stress, strain, or frequency, is increased or decreased, usually in a 

logarithmic manner.  Temperature sweeps may also be conducted to study the changes in 

viscoelastic properties during a temperature-induced change in the material, such as melting 

or gel formation.  In addition, it is possible to hold all parameters constant and oscillate 

isothermally at a given stress/strain and frequency to observe time-dependent changes in 

behavior (Steffe, 1996). 

 Regardless of sweep parameter, oscillatory testing allows determination of the 

viscoelastic properties of the material.  The magnitudes of the storage modulus (G ʹ′ ), the loss 

modulus (G ʹ′ʹ′ ), and the phase angle (δ ), determine the elastic, viscous, and amount of solid- 

or fluid-like behavior, respectively (Macosko, 1994; Steffe, 1996; Mezger, 2006).  The 

storage modulus, G ʹ′ , represents the apparent elastic component of the sample and is a 

measure of the stored energy in the sample from the imparted stress or strain, while the loss 

modulus, G ʹ′ʹ′ , represents the apparent viscous component of the sample and is a measure of 

the energy lost due to viscous dissipation (Steffe, 1996; Mezger, 2006).  Higher values of G ʹ′  

and G ʹ′ʹ′ , especially of G ʹ′ , indicate a firmer material.  G ʹ′  and G ʹ′ʹ′  are related via the phase 

angle, δ : 

 ( )
G
G
ʹ′
ʹ′ʹ′

=δtan  (2.1) 

 The phase angle varies between 0 and 90 degrees, with 0 degrees indicating an ideal 

elastic solid and 90 degrees indicating an ideal viscous fluid (Steffe, 1996).  It is generally 
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accepted that a phase angle of 45 degrees indicates the transition between solid- and fluid-

like behavior.  Materials with δ <<45 show predominantly solid-like behavior; materials 

with δ >>45 show predominantly fluid-like behavior.  G ʹ′  and G ʹ′ʹ′  are also coupled to each 

other through the complex modulus, *G , the overall response to the input stress or strain 

(Eqn. 2.2).  Figure 2.1 shows the relationships between the viscoelastic moduli and the phase 

angle. 

 ( ) ( )22* GGG ʹ′ʹ′+ʹ′=  (2.2) 

 Stress or strain sweeps are used to find the LVR of a material, the region in which the 

moduli are constant (Figure 2.2).  Stress or strain sweeps may also be used to determine the 

critical stress and strain, defined as the stress or strain at which the region of linear 

viscoelastic behavior ends (Steffe, 1996).  It is also possible to determine the critical strain 

rate, or the strain rate at which linear viscoelastic behavior ends.  Critical stress and strain 

values are frequency-dependent for many viscoelastic materials: values of critical stress and 

strain generally decrease as oscillatory frequency increases (Guskey and Winter, 1991; 

Bafna, 1996; Karrabi et al., 2004; Somma and Nobile, 2004; Jiang and Lu, 2009). 

 

 

Figure 2.1.  Geometric interpretation of the interrelationship between phase angle and the 
complex, storage, and loss moduli 
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Figure 2.2.  Strain sweep of a viscoelastic material showing the LVR and critical strain 
 

 Frequency sweeps are used to obtain the mechanical spectra of the material at 

different timescales and to compare several materials against each other (Steffe, 1996).  This 

type of sweep, usually performed over at least three decades of frequency, shows how 

material behavior changes with the rate of applied stress or strain (Steffe, 1996).  Most 

materials display solid-like behavior at higher frequencies (Steffe, 1996), so it is possible to 

determine a “crossover” frequency for weaker solids, or the frequency at which the phase 

angle is equal to 45 degrees, and G ʹ′  and G ʹ′ʹ′  are equivalent (Figure 2.3).  At frequencies 

much lower than this frequency, the material displays fluid-like behavior; at frequencies 

much greater than this frequency, the material displays solid-like behavior (Tabilo-Munizaga 

and Barbosa-Cánovas, 2005). 

 Creep testing, a second small-strain rheological technique, imparts a constant stress 

on a sample for a set period of time while measuring the resulting strain response (Steffe, 

1996).  It should be noted that creep testing may be performed using shear, tension, or 

compressive stress, as long as the stress is held constant over the testing period.  Creep 
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Figure 2.3.  Frequency sweep of a viscoelastic material showing the crossover point from 
liquid-like to solid-like behavior 
 

testing in the food industry is typically performed using a stress in the LVR so that the 

material can be assumed to exhibit a linear viscoelastic response.  Since the stress used is in 

the LVR, all permanent deformations are assumed to be from viscous relaxations within the 

material rather than behavior resulting from a nonlinear response (Ferry, 1970).  While 

testing in the LVR is not a requirement and testing beyond the LVR is fairly common in the 

polymer industry, the relationships between viscoelastic moduli and creep compliance values 

do not hold beyond the LVR, resulting in the inability to calculate spectrum data from a 

nonlinear creep test.  In addition, it is possible for viscoelastic phenomena arising from 

normal forces applied to the sample during testing, such as the Weissenburg effect, to affect 

the results of the test (Ferry, 1970). 

 Creep data may be fit to a model after testing, allowing creep behavior to be 

described by mechanical analogs such as springs (elastic behavior) and dashpots (viscous 

behavior) (Steffe, 1996).  For viscoelastic systems, the simplest mechanical analogs are the 

(Kelvin-)Voigt element, or spring and dashpot in parallel, and the Maxwell element, or 
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spring and dashpot in series (Ferry, 1970).  Since these elements by themselves describe the 

behavior of only simple viscoelastic systems, various combinations of elements have been 

created to more accurately describe the creep behavior of more complex systems.  The 4-

element Burgers model, a combination of one Maxwell and one Voigt element in series, is 

one of the most basic combinations of these elements.  This model may be used to describe 

the elastic, viscoelastic, and viscous behavior of a material during creep (Figure 2.4).  The 

equation for the model is as follows (Steffe, 1996; Alvarez et al., 1998): 

 
0

10 exp
µλ
ttJJJ

ret

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+=  (2.3) 

 In Eqn. 2.3, the three terms on the right-hand side of the equation are, in order, the 

elastic, viscoelastic, and viscous components.  The term J  is creep compliance (1/Pa), 0J  is 

 

 

Figure 2.4.  Graphical depiction of the 4-element Burgers model 
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instantaneous compliance (1/Pa), 1J  is retarded compliance (1/Pa), t  is time, retλ  is 

retardation time (time needed to reach 63.2% of the final compliance, s), and 0µ  is the 

Newtonian viscosity (Pa s).  More complex combinations of Maxwell and Voigt models have 

been used to describe material behavior; however, the model parameters lose physical 

meaning as the model grows increasingly complex. 

 

2.1.1.2.  Traditional rheological testing methods: large-strain 

 Large-strain rheological tests are typically compressive tests, although tensile and 

torsional fracture methods are also used.  Common fundamental large-strain rheological tests 

performed in food research include compressive fracture and torsional fracture.  Other tests, 

such as the Texture Profile Analysis method and percent recoverable energy (%RE), are also 

used.  Provided that the sample is not compressed to the point of fracture initiation, percent 

recoverable energy may be considered fundamental test because the energy recovered 

depends on the amount of energy stored or dissipated during compression and recovery.  It 

should be noted that, because these large-strain tests are performed beyond the LVR, it is 

important to perform the tests at several strains and strain rates, or stresses and stress rates.  

Viscoelastic material behavior is dependent on the rate of application of stress or strain 

beyond the LVR (Bagley, 1983; Goh et al., 2003), so testing at several stress or strain rates 

gives a more thorough understanding of stress- or strain-dependent behavior. 

 The test for %RE involves a one-cycle compression, usually to about 50 to 75% of 

the original sample height (van den Berg et al., 2008a; Çakir et al., 2012).  The sample is 

cored or cast into a cylindrical shape for testing.  The extent of compression is chosen so that 
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the sample undergoes large-strain deformation, but does not fracture.  Percent recoverable 

energy is calculated as the ratio of the work recovered during decompression to the work 

required to compress the gel (van den Berg et al., 2008a).  Hence, this test shows the degree 

of recovery from a compressive force and gives a measure of viscoelasticity under large 

strain.  Samples with a significant amount of elastic behavior will have high values of %RE, 

with samples with predominantly viscous behavior will have low values of %RE. 

 Fracture testing of foods is most commonly performed using compression, although it 

is also possible to use shear or tensile force to fracture foods (Luyten et al., 1992; Truong and 

Daubert, 2000; Hamann et al., 2006).  Tensile fracture testing is uncommon in the food 

industry due to difficulties in sample preparation.  Compressive fracture testing imparts an 

increasing uniaxial force to the sample until the sample fractures, as seen by a rapid yielding 

behavior (Hamann et al., 2006).  As with the %RE test, the sample is cored or cast into a 

cylindrical shape for testing (Tabilo-Munizaga and Barbosa-Cánovas, 2005).  Although 

sample preparation and testing methodology for compressive fracture testing is relatively 

simple, it does have several disadvantages.  Compression may result in the excretion of water 

from the sample, resulting in slumping and affecting the fracture properties derived from the 

test (Truong and Daubert, 2000; van den Berg et al., 2007b).  It may not be possible to 

visually determine the onset of fracture during compressive fracture testing, as fracture 

initiation usually starts in the interior of the sample rather than at the outside edges (Luyten et 

al., 1992) making determination of the exact point of fracture difficult.  In addition, highly 

elastic samples, such as gelatin gels, do not fracture under compression (Truong and Daubert, 

2000; Rahman and Al-Mahrouqi, 2009). 
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 Torsional fracture may be used to fracture highly elastic samples, as well as provide a 

second method of fracture testing for other samples.  Torsional fracture testing imparts an 

increasing, pure shear force to the sample until fracture.  Samples for this type of test are 

ground or cast into capstan shapes to control the point of fracture (Diehl et al., 1979).  

Torsional fracture has the advantages of determining fracture properties of highly extensible 

materials that do not fracture during standard compressive fracture tests, preserving sample 

shape and volume throughout testing, and allowing the sample to fail in the weakest mode: 

compressive, shear, or both modes.  However, there are several disadvantages to using this 

fracture method (Truong and Daubert, 2000; Tabilo-Munizaga and Barbosa-Cánovas, 2005).  

Sample preparation can be time-consuming, and the test requires the sample to be fixed to the 

apparatus.  Additionally, this type of test may only be performed on firm samples, as softer 

samples will sag or be unable to withstand the sample preparation process (Truong and 

Daubert, 2000; Tabilo-Munizaga and Barbosa-Cánovas, 2005; Hamann et al., 2006). 

 Large-strain tests provide additional information on food behavior that is 

unobtainable using small-strain tests, and large-strain data has been shown to correlate to 

sensory and functional properties (Ikeda et al., 1999; Zhang et al., 2005; Barrangou et al., 

2006; van den Berg et al., 2008a).  Fracture behavior in particular has been shown to 

correlate to several sensorial aspects of foods (Montejano et al., 1985; Tabilo-Munizaga and 

Barbosa-Cánovas, 2005; Zhang et al., 2005), indicating that fracture properties are important 

in evaluation of sensory behavior.  In addition, fracturing of foods is a necessary part of 

mastication, so it is desirable to determine the fracture properties of food and relate them to 

sensory aspects determined during mastication (Hamann et al., 2006).  However, it is 
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difficult to perform large-strain or fracture testing on semi-solid or fluid foods using current 

methodologies.  As previously stated, large-strain and fracture tests typically require the 

sample to be cut or cast into a certain shape; many foods are unable to be cut or cored to the 

desired shape.  Soft-solid and semi-solid foods also tend to sag under their own weight and 

show fracture patterns that are more ductile than brittle, requiring correction factors for sag in 

the calculation of fracture stress and strain and causing difficulty in determining the onset of 

fracture.  Because of these challenges, large-strain and fracture tests are generally restricted 

to firm solids, such as aged cheese, fresh fruit and vegetable slices, and strong (rigid) gels. 

 

2.1.1.3  LAOS testing by different groups 

 The majority of studies on food viscoelastic properties use small-amplitude 

oscillatory shear (SAOS) testing, during which applied stresses and strains remain within the 

LVR.  Large amplitude oscillatory shear testing (LAOS), relatively common in the polymer 

industry with the advent of Fourier computing, is not widely used in the food industry.  

However, LAOS testing may be a valuable tool for examining the viscoelastic properties of 

food systems, since it is sensitive to microstructural changes in polymers (Hyun et al, 2002; 

Carotenuto et al., 2008), which comprise many food products. 

 Shearing a material often results in microstructural changes, such as alignment of 

polymer chains in the direction of flow, increased chain-chain interactions, and network 

disruption or formation (Sim et al., 2003).  Because LAOS is sensitive to these types of 

microstructural changes, it has been used to classify polymers based on strain-induced 

microstructural changes (Hyun et al., 2002).  However, one of the main challenges of using 



 

23 

LAOS to evaluate materials is data interpretation.  Classical treatment of viscoelastic data 

provides physical meaning to viscoelastic moduli within the LVR; outside of this region, the 

moduli lose physical meaning and data analysis becomes more difficult.  Therefore, various 

approaches to assign physical meaning to LAOS data have been studied in an effort to gain 

an increased understanding of nonlinear viscoelastic behavior. 

 Hyun et al. (2002) examined polymer melts and a xanthan gum solution via LAOS 

and determined four behavioral categories based changes in viscoelastic moduli: strain 

hardening (increase in both G ʹ′  and G ʹ′ʹ′ ), strain softening (decrease in both G ʹ′  and G ʹ′ʹ′ ), 

strong strain overshoot (initial increased in both G ʹ′  and G ʹ′ʹ′ , followed by a decrease), and 

weak strain overshoot (decrease in G ʹ′  with an initial increase G ʹ′ʹ′ , then decrease in G ʹ′ʹ′ ).  

Strain softening indicates increasing deformation rate with increasing strain, while strain 

hardening indicates decreasing deformation rate with increasing strain (Hyun et al., 2002).  

Although the linear relationship between stress and strain required for physical interpretation 

of G ʹ′  and G ʹ′ʹ′  does not hold beyond the LVR, Hyun et al. (2002) analyzed the nonlinear 

stress responses via Fourier transform and concluded that there were no significant deviations 

from linearity and therefore the data analysis was valid.  Cho et al. (2005) proposed a second 

method of interpreting LAOS data via stress decomposition into elastic and viscous 

components using symmetry.  This method of interpretation yielded viscoelastic moduli that 

retained physical meaning beyond the LVR, and did not require Fourier analysis or the 

assumptions of a constitutive model for data interpretation.  Ewoldt et al. (2008) expanded on 

the stress decomposition of this work, defining new parameters for the description of 

nonlinear viscoelastic behavior.  Further discussion of the method proposed by Ewoldt et al. 
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(2008) may be found in the following section (Section 2.1.1.4.).  Yu et al. (2009) also 

expanded on the work by Cho et al. (2005) to extend the method to unsteady-state strain 

inputs as well as including the even higher-order harmonics into the stress response.  It is 

also possible to use the response waveform to interpret nonlinear viscoelastic behavior.  

Klein et al. (2007) identified several basic wave shapes, such as sawtooth, square, sinusoidal, 

and triangular, that represented different nonlinear behaviors.  Rogers et al. (2011) and 

Rogers and Lettinga (2012) interpreted the stress response waveform as a series of physical 

processes, such as yield stress behavior followed by shear thinning.  This approach reduced 

the assumptions made during analysis, addressing the concern that not all behaviors during 

LAOS testing were present at all times in the response wave (Rogers and Lettinga, 2012). 

 The use of Fourier analysis to examine LAOS data has become more widespread over 

the last decade, as modern computing technology is able perform the necessary calculations 

(Debbaut and Burhin, 2002).  Fourier analysis begins with the assumption of a sinusoidal 

strain input.  Differentiating the input strain function with respect to time yields the strain 

(shear) rate function.  The absolute value of the strain rate function may then be converted 

using Fourier analysis to a sum of harmonics and inserted into the stress equation (Wilhelm 

et al., 1998), enabling analysis of LAOS data for the contribution of higher-order harmonics 

to the stress response.  Only the first harmonic is seen in a SAOS stress response; however, 

LAOS-induced stress responses include higher-order harmonics due to nonideal behavior in 

the sample (Figure 2.5) (Wilhelm et al., 1998; Debbaut and Burhin, 2002).  Most studies use 

the third harmonic as an indicator of nonlinear viscoelastic behavior; however, nonlinear  
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Figure 2.5.  Plots of the Fourier spectrum for a. linear viscoelastic (1% strain, 0.0628 rad/s) 
and b. nonlinear viscoelastic (25% strain, 0.0628 rad/s) behavior of agarose gels (2% w/w) 
 

behavioral type may be determined by considering the Fourier spectrum to be a superposition 

of functions characteristic to certain types of nonlinear viscoelastic behavior, such as strain 

hardening and softening (Klein et al., 2007).  In addition to analysis of nonlinear oscillatory 

data, Fourier transforms have been used to examine linear-to-nonlinear behavioral transitions 

(Wilhelm, 2002), characterization of polymer dispersions (Wilhelm, 2002), normal stress 

during LAOS (Nam et al., 2008), accuracy of predictive rheological models (Debbaut and 

Burhin, 2002; Wilhelm, 2002), and polymer morphology (Wilhelm, 2002; Carotenuto et al., 

2008). 

 Several studies have used LAOS testing to examine the nonlinear viscoelastic 

properties of food ingredients, such as oil in water emulsions (Knudsen et al., 2008), gluten 

gels (Ng and McKinley, 2008) and dough (Ng et al., 2011), fish protein isolate gels (Brenner 

et al., 2009), skim milk gels (Knudsen et al., 2006), and hydrocolloid solutions (Song et al., 

2006; Klein et al., 2008).  It was found that LAOS testing could differentiate between 

a. b. 
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samples that SAOS could not (Klein et al., 2008) and provided information on the type of 

observed nonlinear viscoelastic behavior (Klein et al., 2008; Brenner et al., 2009; Ng et al., 

2011).  In addition, LAOS data was used to create a constitutive model for a biopolymer 

network over a range of strains and frequencies (Ng et al., 2011).  However, even though 

LAOS testing has been used to evaluate the viscoelastic properties of polymers for over 40 

years (Debbaut and Burhin, 2002), LAOS testing is generally unknown in food research.  

 One of the main challenges of LAOS testing is the difficulty in assigning physical 

meaning to the higher-order viscoelastic moduli (Cho et al., 2005; Ewoldt et al., 2008).  In 

addition, viscoelastic responses beyond the LVR determined using only the first-harmonic 

viscoelastic moduli ( 1Gʹ′  and 1G ʹ′ʹ′ ) give an incomplete picture of nonlinear viscoelastic 

behavior (Ewoldt et al., 2008).  Distortions in the base wave due to higher-order harmonics 

can provide additional information on nonlinear material behavior.  Materials displaying 

similar behavior in the LVR may have different behaviors beyond the LVR; higher-order 

harmonic responses may be used to differentiate these materials (Hyun et al., 2002).  Higher-

order harmonics can also be used to indicate linear-to-nonlinear behavioral transitions 

(Wilhelm et al., 2000), since increased nonlinear viscoelastic behavior results in an increase 

in the magnitudes of the higher-order harmonics (Wilhelm et al., 2000; Läuger and Stettin, 

2010).  Measurement and analysis protocol for LAOS testing should be able to capture, 

distinguish, and assign physical meaning to higher-order harmonic data to take advantage of 

the additional information on material structure and behavior provided by the nonlinear 

viscoelastic response. 
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2.1.1.4.  LAOS measurement method 

 The LAOS measurement method described in this section was developed by Ewoldt 

et al. (2008) to more closely examine and assign physical meaning to higher-order harmonic 

data arising from a nonlinear viscoelastic material response.  A full description of the 

development of the LAOS measurement method used in this work may be found in Ewoldt et 

al. (2008).  This section provides a summary of the theoretical background of the 

measurement method. 

 Oscillatory testing imparts an oscillating stress or strain to a sample, and the strain or 

stress response is observed.  Because the analysis program using the LAOS measurement 

method described in this section requires a strain input, the following theoretical analysis is 

based on a strain input and a stress response.  The stress response to a sinusoidal strain input 

in SAOS testing is a simple sine wave (Steffe, 1996).  Increasing the amplitude of the input 

wave results in a more complex wave, as higher-order harmonic contributions to the stress 

response become significant.  Rather than a single sine wave, the response may be written as 

a Fourier series (Ewoldt et al., 2008):  

 σ t;ω,γo( ) = γo !Gn ω,γo( )sin nωt( )+ !!Gn ω,γo( )cos nωt( )( )
n:odd
∑  (2.4) 

where oγ  is the strain amplitude (unitless), nGʹ′  and nG ʹ′ʹ′  are the elastic and viscous moduli for 

harmonic n  (Pa), oγ  is the maximum strain rate (1/s), and nηʹ′  and nη ʹ′ʹ′  are the in-phase and 

out-of-phase apparent viscosities for harmonic n  (Pa s), respectively.  nGʹ′  and nG ʹ′ʹ′  are also 

the Fourier coefficients for the series.  Beyond the LVR, material behavior is strain- and 

strain rate-dependent, so the stress responses, viscoelastic moduli, and dynamic viscosities 
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are functions of strain or strain rate to reflect this dependence.  In the LVR, only the first 

harmonic contributes to the stress response and material behavior is independent of strain and 

strain rate, so the sums reduce to: 

 σ t;ω( ) = γo !G1 ω( )sin ωt( )+ !!G1 ω( )cos ωt( )( )
n:odd
∑  (2.5) 

 This stress response may be divided into elastic (σ ʹ′ ) and viscous stress (σ ʹ′ʹ′ ) 

responses, written as a Fourier series.  

 !σ = γo !Gn ω,γo( )
n:odd
∑ sin nωt( )  (2.6) 

 ( ) ( )tnG
oddn

ono ωγωγσ cos,
:
∑ ʹ′ʹ′=ʹ′ʹ′  (2.7) 

 Eqns. 2.6 and 2.7 allow the higher-order harmonic viscoelastic moduli to be 

determined from the stress-strain wavedata.  However, the magnitudes of the moduli are not 

independent of each other using these equations: they are dependent on the polynomial 

chosen when performing a regression fit to the Fourier series (Ewoldt et al., 2008).  Thus, 

Ewoldt et al. (2008) rewrote the Fourier series using Chebyshev polynomials.  Chebyshev 

polynomials were selected due to their orthogonality of each term in the series, their 

symmetry around the origin, and the finite nature of the series.  Fitting Chebyshev 

polynomials of the first kind to plots of elastic stress response vs. strain input and viscous 

stress response vs. strain rate input yields two separate Fourier series (Ewoldt et al., 2008). 
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Here, ( )onT γγ /  and ( )onT γγ  /  are n th order Chebyshev polynomials of the first kind, and 

( )one γω,  and ( )on γωυ ,  are the elastic and viscous Chebyshev coefficients, respectively. 

 Fitting the polynomials to wavedata allows determination of the type of nonlinear 

viscoelastic material behavior based on the signs of the third-order Chebyshev coefficients, 

3e  and 3υ .  Material behavior may be grouped into four main categories: strain-softening      

( 03 <e ), strain-hardening ( 03 >e ), shear-thinning ( 03 <υ ), and shear-thickening ( 03 >υ ) 

(Ewoldt et al., 2008).  In the LVR, 3e  and 3υ  are zero, since there is no higher-order 

harmonic contribution to the stress response; thus, no nonlinear behavior is predicted.  The 

third-order Chebyshev coefficients are related to third-order Fourier coefficients, 3Gʹ′  and 3G ʹ′ʹ′ , 

as follows: 

 3
*
333 cosδGGe −=ʹ′−=  (2.10) 

 3

*
33

3 sinδ
ωω

υ
GG

=
ʹ′ʹ′

=  (2.11) 

where 3δ  is the initial value of the third-order harmonic contribution and varies between 0 

and 2π.  Note that Eqns. 2.10 and 2.11 may be written in terms of the storage and loss moduli 

or the complex modulus and phase angle.  The value of the third-harmonic phase angle may 

also be used to interpret nonlinear viscoelastic behavior.  For elastic materials, a phase angle 

of π/2 to 3π/2 indicates strain hardening, while a phase angle of -π/2 to π/2 indicates strain 

softening. For viscous materials, a phase angle of 0 to π indicates shear thickening, while a 

phase angle of π to 2π indicates shear thinning (Ewoldt et al., 2008). Thus, the third-
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harmonic Chebyshev coefficients give physical meaning to the third-order phase angle and 

viscoelastic moduli. 

 It is also possible to determine the type of nonlinear viscoelastic behavior exhibited 

by a material under LAOS using elastic moduli and dynamic viscosities evaluated at certain 

strains and strain rates, respectively (Ewoldt et al, 2008).  Two new elastic moduli were 

defined by Ewoldt et al. (2008): a large strain elastic modulus LG ʹ′  (the secant modulus 

measured at maximum strain), and a minimum strain elastic modulus, MGʹ′  (the tangent 

modulus measured at zero strain).  The equations for these moduli are as follows: 

 !GL = !Gn −1( ) n−1( )/2

n:odd
∑ = e1 + e3 +…  (2.12) 

 !GM = n !Gn
n:odd
∑ = e1 −3e3 +… (2.13)  

Similarly, two new dynamic viscosities were defined: an instantaneous viscosity at maximum 

shear rate, Lηʹ′ , and an instantaneous viscosity at minimum shear rate, Mηʹ′  (Ewoldt et al., 

2008).  The equations for the dynamic viscosities are: 

 !ηL =
1
ω

!!Gn
n:odd
∑ =υ1 +υ3 +…  (2.14) 

 !ηM =
1
ω

n !!Gn −1( ) n−1( )/2

n:odd
∑ =υ1 −3υ3 +…  (2.15) 

  All four of these newly defined properties account for nonzero higher-order harmonic 

contributions.  The elastic moduli may be seen in a Lissajous plot of stress vs. applied strain 

(Figure 2.6a and c), while the instantaneous viscosities may be seen in a Lissajous plot of  
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Figure 2.6.  Lissajous plots of a. elastic moduli, LVR; b. instantaneous viscosities, LVR; c. 
elastic moduli, beyond LVR; d. instantaneous viscosities, beyond LVR 

Data shown is from agarose gel LAOS testing in the LVR (a, b) and beyond the LVR (c, d). 
 

stress vs. applied strain rate (Figure 2.6b and d).  The extent of nonlinear viscoelastic 

behavior may be determined using the ratio of LG ʹ′  to MGʹ′  and the ratio of  Lηʹ′  to Mηʹ′ .  In this 

case, 1/ <ʹ′ʹ′ ML GG  indicates strain-softening, 1/ >ʹ′ʹ′ ML GG  indicates strain-hardening, 

1/ <ʹ′ʹ′ ML ηη  indicates shear-thinning, and 1/ >ʹ′ʹ′ ML ηη  indicates shear-thickening (Ewoldt et 

al., 2008).  In the LVR, materials display ideal behavior, so 1GGG ML ʹ′=ʹ′=ʹ′ , where 1Gʹ′  is the 

first-harmonic elastic modulus.  A Lissajous plot of a material in the LVR confirms this 

observation: the slopes of the tangent and secant lines are equal (Figure 2.6a).  Similarly,

1ηηη ʹ′=ʹ′=ʹ′ ML  in the LVR, and this observation may also be seen in a Lissajous plot (Figure 

2.6b).  Here, 1ηʹ′  indicates first-harmonic dynamic viscosity. 
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 The LAOS protocol discussed above may be used for any stress-strain wavedata 

derived from oscillatory testing, provided that the input strain wave was sinusoidal.  The 

stress-strain data are fit to Eqns. 2.8 and 2.9, and coefficients, viscoelastic moduli, and 

dynamic viscosities are subsequently determined.  The resulting Lissajous plots, large-strain 

and minimum moduli and viscosities, and third-harmonic moduli give multiple methods of 

determining nonlinear viscoelastic behavior, allowing comparison of the data against itself 

for validity and quantitative measurement of the extent and type of nonlinear viscoelastic 

behavior.  This protocol has been used to determine the nonlinear viscoelastic behavior of 

gastropod pedal mucus (Ewoldt et al., 2008), a 0.2% w/w xanthan gum solution (Ewoldt et 

al., 2010), and gluten dough (Ng et al., 2011). 

 

2.1.2.  Evaluation of sensory characteristics 

 Food texture is of high importance to consumers, as the decision to eat or purchase a 

food product is usually based on sensory aspects of the food.  However, no single rheological 

test can give an overall picture of the sensory texture of a food, especially changes in texture 

during chewing as the food interacts with saliva and breaks into small particles (Ishihara et 

al., 2011).  It is also difficult to use mechanical data to evaluate the entirety of sensory 

texture as described by a trained panel (Foegeding, 2007, Ishihara et al., 2011).  Several 

mechanical tests, such as those measuring recoverable energy and fracture stress, have been 

found to correlate well with first bite sensory terms (Foegeding, 2007).  However, these tests 

are not well correlated with sensory terms describing food texture in the middle or at the end 

of the masticatory process (Foegeding, 2007, Foegeding et al., 2010).  Thus, sensory analysis 
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is considered the “gold standard” for evaluation of food texture as experienced in the mouth 

during mastication. 

 Sensory characteristics of food, such as flavor and texture, are commonly evaluated 

using descriptive analysis.  In descriptive analysis, a trained panel evaluates various aspects 

of foods using a number or line scale, yielding quantitative data on the sensory properties of 

the food (Lawless and Heymann, 1999).  While there are several methods for evaluating 

sensory aspects of foods using descriptive analysis, such as the Quantitative Descriptive 

Analysis®, Sensory Spectrum®, and Texture Profile® (Lawless and Heymann, 1999), the 

general procedure used for descriptive analysis comprises three basic steps.  First, the 

panelists must be trained.  Training involves generating a lexicon of terms with reference 

standards used to describe the various sensory aspects to be evaluated, or familiarizing 

panelists with an existing lexicon.  A sample sensory texture lexicon is provided in Table 2.1.  

Panelists are also exposed to the range of products to be tested and taught how to rate the 

attributes of each product on a numbered scale, using the reference products as a guide 

(Lawless and Heymann, 1999).  Next, the reproducibility and consistency of the panelists 

must be confirmed.  This step is typically done by having the panelists evaluate several 

samples in triplicate, without the panelists knowing which samples are identical.  The data 

from the panelists is analyzed to determine the reproducibility of each panelist’s evaluations 

(Lawless and Heymann, 1999).  Finally, the panelists may be used to evaluate samples once 

reproducibility is confirmed.  Standard sensory practices, such as randomization of samples, 

sample coding, and standardization of sample preparation and presentation are employed for 

each evaluation (Lawless and Heymann, 1999). 
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Table 2.1.  Sample sensory texture lexicon for evaluation of solid foods 

Sensory term Definition Chewing phase 
Corresponding oral 

processing phase 

Springiness Degree of return to original shape of sample after partial compression between tongue 
and hard palate 

First compression 
(compress sample 
between tongue and 
hard palate) 

-- 
Compressibility Degree of sample deformation/compression before fracture using tongue and hard 

palate 

Firmness Required force to fracture sample using molars 
First bite (bite 
completely through 
sample using molars) 

First chew cycle Fracturability Degree to which sample fractures into pieces during first bite 

First bite moisture release Extent of moisture release from sample during first bite 

Particle size Size of sample pieces after mastication 

Mastication (chew 
sample 5 to 8 times 
and evaluate) 

First five chew cycles 
to middle three chew 
cycles, depending on 
number of chew 
cycles needed before 
swallowing 

Particle size distribution Degree of homogeneity of size of pieces after mastication 

Cohesiveness Degree to which sample mass stays together (bolus formation) during mastication 

Rate of breakdown Rate of sample breakdown to smaller particles during mastication 

Chalkiness Extent of perception of fine, chalk-like particles during mastication 

Adhesiveness Degree to which sample (mass or pieces) adhere to oral surfaces 

Smoothness of pieces Extent of sensation of roughness of/individual particle detection in mass 

Mastication moisture release Extent of moisture release during mastication 

Number of chews Number of chews needed to prepare sample for swallowing (rate of one chew per 
second) 

Particle mouthcoating Number of particles remaining in mouth after expectorating sample Residual (expectorate 
sample and evaluate 
residual in mouth 

Last 3 chew cycles 
Moisture mouthcoating Amount of liquid remaining in mouth after expectorating sample 
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2.1.3.  Evaluation of oral processing properties 

 Oral processing has been defined as the physical and physiological processes 

occurring in the oral cavity from the time food is placed in the mouth until the food is 

swallowed (Chen, 2009).  Major steps in oral processing include initial fracture of the food, 

breakdown of the food into small particles, mixing of the food with saliva, formation of the 

food into a bolus, and swallowing (Lucas et al., 2002; Chen, 2009).  Food mechanical 

properties, in addition to the physical and chemical changes of the food during mastication, 

determine chewing pattern and duration, and affect food texture perception during chewing 

(Chen, 2009; Foegeding et al., 2010; Le Révérend et al., 2010). 

 

2.1.3.1.  Neuromuscular control of mastication 

 Oral processing is controlled by both food texture and the central nervous system 

(Ishihara et al., 2011).  The brain stem coordinates facial muscle, tongue, and jaw movement  

based on continuous feedback from receptors, such as those in the teeth, muscles, skin, and 

taste buds, during the entire mastication process (Agrawal et al., 2000; Chen, 2009; Foster et 

al., 2011).  The major muscles controlling jaw movement during oral processing include the 

temporalis, masseter, and digastric muscles (Foegeding et al., 2010), located on each side of 

the head at the temples, under the cheekbones, and under the jaw, respectively (Figure 2.7). 

The digastric muscles are used mainly during jaw opening and swallowing, while the 

temporalis and masseter muscles are used during jaw closing and occlusion (Çakir et al., 

2011).  The magnitudes of the mucles activities are dependent on food texture: higher muscle  
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Figure 2.7.  Major muscles used during oral processing 
 

activity is needed to chew firmer foods, as the resistance to fracture must be overcome to 

break the food into smaller pieces in preparation for swallowing (van der Bilt et al., 2006).  

The tongue is used throughout the mastication sequence to manipulate the food, evaluate the 

particle size of the food to determine if additional chewing is necessary, and position the food 

correctly for chewing and swallowing (van der Bilt et al., 2006; Chen, 2009; Foster et al., 

2011).  Tongue movement is dependent on food texture and increases with semi-solid foods, 

which require a greater degree of transportation in the mouth and less chewing than firmer 

foods (Chen, 2009). 

 There are several main phases of the mastication process for solid foods.  Semi-solid 

and fluid foods are palated, or compressed between the palate and the tongue, rather than 

chewed (Foegeding and Drake, 2007; Foegeding et al., 2010).  The first phase is the 

introduction of food into the mouth, or the first bite.  During this phase, food texture is 

evaluated and required bite force is adjusted accordingly (Peyron et al., 2002).  Next, the 
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food is moved to the molars for breakdown and particle size reduction (Agrawal et al., 2000).  

Breakdown involves fracturing the food into small pieces and mixing the food with saliva to 

form a bolus (Chen, 2009; Foster et al., 2011).  When the particle size reduction and 

lubrication reach a critical level, swallowing occurs (Hutchings and Lillford, 1988).  

Swallowing, the final phase of mastication, involves transport of the food to the back of the 

tongue to engage the swallowing reflex.  There is little jaw movement during this stage of 

mastication (Chen, 2009; Foster et al., 2011).  

 

2.1.3.2.  Collection of electromyographical and jaw movement data 

 Studying the effects of food texture on mastication patterns involves examination of 

jaw movement via three-dimensional jaw tracking or muscle activity via electromyography 

(EMG).  For a more complete understanding of how texture impacts mastication it is 

recommended that both of these measurements be made at the same time.  Simultaneous 

EMG and jaw movement measurements simplifies analysis of each chewing cycle and allows 

for analysis of EMG activity at various points in the chewing cycle (Foegeding et al., 2010). 

 Jaw movement during chewing may be recorded using a magnetic tracking system, or 

motion-capture imaging (Xu and Bronlund, 2010).  Motion-capture imaging involves 

placement of LEDs or reflective markers at various points on the subject’s jaw or head.  The 

subject is given a sample to chew and the positions of the markers or LEDs during chewing 

are recorded by camera (Yoshida et al., 2007; Wilson and Green, 2009).  Magnetic tracking 

uses magnets attached to the subject’s teeth or jaw, rather than LEDs or markers, to follow 

jaw movements.  The subject’s head is placed in an electromagnetic field; the equipment for 
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field generation may be on an apparatus that fits onto the subject’s head or in a larger frame 

that surrounds the subject’s head (Peyron et al., 1996; Xu and Bronlund, 2010; Çakir et al., 

2011).  Regardless of the collection method, the data are analyzed in a similar matter.  The 

reference position is taken from a closed-jaw measurement for each subject, and the x, y, and 

z positions of the sensor at each time point are determined.  Jaw positions in each dimension 

may be plotted against time to determine how lateral (left/right), vertical, and 

anterior/posterior (forward/backward) movements change during mastication. 

 Electromyographical measurements during chewing are performed on the anterior 

temporalis, masseter, and anterior digastric muscles.  The locations of these muscles on each 

subject are determined by anatomical landmarks and palpation (Foegeding et al., 2010).  

Surface electrodes are attached on both sides of the face over each muscle; a reference 

electrode may also be placed on the subject as a ground (González et al., 2001; Çakir et al., 

2011).  The subject is given a sample to chew, and EMG data for each muscle is recorded 

during mastication.  EMG signals have a relatively low voltage, so they are conditioned by 

filtering, amplifying, and rectifying via analysis software (González et al., 2001).  Further 

data analysis may be performed by examining and comparing the peak voltage, time between 

peaks, and area under the voltage curve for each chew cycle.  Part of the entire mastication 

sequence, such as the first five or last five chews may also be analyzed, depending on the 

sample and changes to the sample during mastication (González et al., 2001; Foster et al., 

2006; Çakir et al., 2011).  In addition, analyzing the EMG data in tandem with jaw tracking 

data allows for comparison of muscle activities during different parts of the chewing cycle 

(opening, closing, and occlusion), and can help identify odd chewing cycles and swallowing. 
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2.1.3.3.  Oral processing properties and food behavior 

 There has been increased interest in the relationship between the mechanical and oral 

processing behavior of foods over the last decade.  Mechanical testing by itself is not 

sufficient to describe food textural changes in the mouth during mastication (Chen, 2009; 

Ishihara et al., 2011).  Therefore, studies on oral processing of foods have attempted to 

determine relationships between food mechanical properties and textural characteristics, 

linking mechanical and sensory data.  It has been found that water content, fat content, 

particle size, rheological properties, hardness, and structure of foods significantly impact 

mastication pattern (Peyron et al., 2002; Foster et al., 2006; van der Bilt et al., 2006; Chen, 

2009; Çakir et al., 2011; Foster et al., 2011; Ishihara et al., 2011).  Increased sample hardness 

resulted in increased jaw movement and muscle activity during mastication (Peyron et al., 

2002; Foster et al., 2006; Ishhihara et al., 2011).  Gels with stronger structures, and thus 

increased hardness, also required increased jaw movement and muscle activity during 

mastication (Çakir et al., 2011).  Increased moisture or fat content resulted in decreased 

muscle activity and number of required chewing cycles, as moisture and fat provide 

lubrication and soften the food (Foster et al., 2011).  Since particle size reduction below a 

certain threshold is required for swallowing (Hutchings and Lillford, 1988), foods with larger 

particles require more chewing cycles.  The extent of jaw opening also increases with 

increased particle size (Foster et al., 2011).  Rheological properties such as the ratio of 

toughness to modulus of elasticity, yield force, and mechanical hardness, have all shown to 

impact oral processing: an increase in magnitude of these parameters corresponds to 

increased muscle activity during chewing and an increased number of required chewing 
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cycles prior to swallowing (Agrawal et al., 2000; Foster et al., 2006; Chen, 2009).  In 

addition, samples having similar mechanical properties have been found to have similar oral 

processing characteristics (Mathevon et al., 1995). 

 While relationships between oral processing characteristics and fracture, sensory, and 

large-strain mechanical properties have been found, these relationships hold only for the 

beginning of the mastication sequence (Foster et al., 2011; Ishihara et al., 2011).  Mechanical 

properties do not correlate well to oral processing characteristics determined midway through 

chewing or just prior to swallowing (Foegeding et al., 2010).  It is possible that the physical 

and chemical properties of the food at these points in the mastication process differ enough 

so that the material measured by mechanical testing can no longer be considered the material 

being chewed.  Additionally, the mechanical tests used to determine food properties may not 

be representative of the forces applied to the food during the later stages of chewing.  Further 

study is needed to determine how foods change during oral processing and develop testing 

protocol to measure the resultant changes in the fundamental properties of those foods. 

 

 

2.2.  PROTEIN/POLYSACCHARIDE GELS 

 Foods are complex systems comprising water, lipid, proteins, polysaccharides, and 

other small molecular weight components.  The protein-polysaccharide interactions in these 

foods give rise to many of the structural, mechanical, and textural properties of the foods 

(Tolstoguzov, 1991; de Kruif and Tuinier, 2001; Benichou et al., 2002; Turgeon et al., 2003).  
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Understanding the interactions between proteins and polysaccharides is a key aspect in 

designing foods (Benichou et al., 2002). 

 Mixing proteins and polysaccharides in solution results in one of three possible 

outcomes, depending on the solution conditions: co-solubility, aggregation, or segregation 

(Tolstoguzov, 1991; Samant et al., 1993; de Kruif and Tuinier, 2001).  Under co-solubility, 

the proteins and polysaccharides are present as soluble complexes or do not interact.  They 

are typically stabilized by hydrogen bonds and electrostatic interactions.  Co-solubility 

usually occurs in highly dilute solutions and is not common due to the functional groups 

present on each molecule as well as the size of the molecules (Tolstoguzov, 1991; de Kruif 

and Tuinier, 2001).  Increasing solution concentration generally results in either aggregation 

or segregation, depending on the charge of each molecule (de Kruif and Tuinier, 2001).  

Aggregation results when proteins and polysaccharides have opposite charge, thus attracting 

each other.  The proteins and polysaccharides form complex coacervates, which may 

flocculate and precipitate depending on the solution concentration (de Kruif and Tuinier, 

2001; Benichou et al., 2002).  Aggregation is usually reversible by shifting pH and ionic 

strength (Benichou et al., 2002).  If the protein and polysaccharide have similar charge, they 

repel each other, resulting in segregation.  This segregation can result in either a single- or 

two-phase solution, depending on solution concentration.  In the two-phase system each 

phase is composed mainly of either protein or polysaccharide, but not both (Tolstoguzov, 

1991; Benichou et al., 2002).  As with aggregation, segregative phase separation may be 

reversed by adjusting pH and ionic strength (Benichou et al., 2002).  Given the right solution 
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conditions (protein/polysaccharide ratio and concentration, pH, ionic strength), both 

aggreaged and segregated solutions can form gels. 

 

2.2.1.  Protein/polysaccharide gel structural types 

 Protein/polysaccharide gel structures may be separated into three main types: 

coupled, interpenetrating, and phase separated.  Coupled structures occur when the protein 

and polysaccharide have attractive charges, resulting in association.  Interpenetrating 

networks comprise protein and polysaccharide networks that are independent of each other 

and interact only at points of entanglement (Morris, 1986).  Phase separated gels are the most 

common protein/polysaccharide gel type (van den Berg et al., 2007b).  Phase separated gels 

may be further separated into homogeneous, protein continuous, coarse-stranded, and 

bicontinuous gels (Figure 2.8) (van den Berg et al., 2007a; van den Berg et al., 2008a). 

 Homogeneous gels show no phase separation on the microscopic level and are 

generally composed of a large amount of protein and a very small amount of polysaccharide  

 

 
Figure 2.8.  Microstructures of gels depicting a. homogeneous, b. coarse stranded, c. 
bicontinuous, and d. protein continuous structures 

Images depict areas 160 x 160 µm.  Light areas represent the protein phase; dark areas 
represent the serum/polysaccharide phase.  Reprinted from van Vliet et al., 2009. 
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(van den Berg et al.,2007a; van den Berg et al., 2008a; Çakir and Foegeding, 2011). 

Increasing the polysaccharide concentration results in a phase-separated gel with a coarser 

gel structure (van den Berg et al., 2007a; van den Berg, 2007b).  Protein continuous gels 

comprise a continuous protein phase with spherical or elliptical inclusions of the 

polysaccharide phase (van den Berg et al., 2007a).  Coarse-stranded gels have a continuous, 

isotropic protein network that exists throughout the serum/polysaccharide phase.  This gel 

type has a protein network with a coarser, less compact structure than the protein network in 

protein continuous or homogeneous gels (van den Berg et al., 2007a).  Bicontinuous gels 

consist of a continuous protein network with the serum/polysaccharide phase forming 

continuous channels or pores through the protein network.  Thus, both the polysaccharide 

and protein exhibit continuous phases in a bicontinuous gel (van den Berg et al., 2007a, b).  

Microscopy techniques such as confocal scanning laser microscopy combined with protein 

staining are used to view and analyze the microstructures of protein-polysaccharide gels. 

 

2.2.2.  Studies involving comparison of gel structures 

 Over the past fifteen years, microscopy equipment techniques have evolved to the 

point that structural analysis of gels is readily conducted via confocal scanning laser 

microscopy or similar techniques.  Microstructures of β-lactoglobulin/polysaccharide gels 

(Dumay et al., 1999), milk protein/k-carrageenan (Hemar et al., 2002; Thaiudom and Goff, 

2003), and whey protein/polysaccharide gels (de Jong and van de Velde, 2007; van den Berg 

et al., 2008b; de Jong et al., 2009; van den Berg et al., 2009; Çakir and Foegeding, 2011) 

have been determined using microscopy techniques.  Structural information may be used to 
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explain differences in gel rheological behavior (Hemar et al., 2002; Thaiudom and Goff, 

2003; de Jong et al., 2009; Çakir and Foegeding, 2011), determine the effects of changes in 

pH or ionic strength on final gel structure (de Jong et al., 2009; Çakir and Foegeding, 2011), 

compare gels comprising different protein and polysaccharide combinations (Hemar et al., 

2002; Thaiudom and Goff, 2003; de Jong and van de Velde, 2007; de Jong et al., 2009; van 

den Berg et al., 2009), and examine structural changes as the ratio of protein to 

polysaccharide changes (Dumay et al., 1999; Hemar et al., 2002; van den Berg et al., 2009; 

Çakir and Foegeding, 2011).  In general, an increase in the ratio of polysaccharide to protein 

resulted in structural changes from a homogeneous gel to a coarse stranded or bicontinuous 

gel, depending on the particular polysaccharide and the amount of polysaccharide added 

(Hemar et al., 2002; van den Berg et al., 2007a; de Jong and van de Velde, 2007; Çakir and 

Foegeding, 2011).  Phase inversion, or change from a protein-continuous network to a 

polysaccharide-continuous network, occured if the ratio of polysaccharide to protein passes a 

critical value; this value was dependent on the particular protein/polysaccharide combination 

and the ionic strength of the gel (de Jong and van de Velde, 2007; Çakir and Foegeding, 

2011).  Serum release was generally higher for coarse-stranded and bicontinuous gels, as 

these gels have continuous serum channels that release fluid more easily than protein 

continuous or homogeneous gels, in which serum droplets are surrounded by a continuous 

protein network (van den Berg et al., 2007a, b; van den Berg et al., 2008; van den Berg et al., 

2009; Çakir and Foegeding, 2011).  Coarse stranded and bicontinuous gels tended to have 

higher fracture stress and strain than homogeneous and protein continuous gels, although the 

differences in fracture strain were reduced when corrected for serum release (van den Berg et 
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al., 2007a, b; Çakir and Foegeding, 2011).  Different gel structures have also been found to 

have different sensory textures.  Coarse-stranded gels, which had high serum release and 

fracture along multiple planes were perceived as watery and less crumby, while 

homogeneous, protein continuous and bicontinuous gels, which fractured through a single 

plane, were perceived as more crumbly (van den Berg et al., 2007a; van den Berg et al., 

2008a, b; Çakir et al, 2012). 

 

 

2.3.  WHEY PROTEIN ISOLATE/κ-CARRAGEENAN GEL STRUCTURES 

 Whey protein isolates and κ-carrageenan are two common ingredients used in food 

products.  Whey proteins are globular proteins used to modify food texture, appearance, and 

water-holding ability via heat-induced gelation (Morr and Ha, 1993; Ikeda and Foegeding, 

1999; Vardhanabhuti et al., 2001).  Whey is a general term for the liquid removed from the 

curd during cheesemaking.  It is usually processed into either whey protein concentrate 

(WPC, 50-70% protein) or whey protein isolate (WPI, ≥90% protein) (Morr and Ha, 1993). 

 The major proteins in whey are β-lactoglobulin, α-lactalbumin, bovine serum 

albumin, and immunoglobulins.  Of these proteins, β-lactoglobulin and α-lactalbumin have 

the greatest contribution to structure and functional properties (Morr and Ha, 1993).  Beta-

lactoglobulin comprises about 50% of all whey proteins.  The isoelectric point of β-

lactoglobulin is 5.2, and it has a denaturation temperature of about 65°C, above which it 

readily forms sulfide bonds with itself.  Denaturation of β-lactoglobulin is generally 

irreversible above 70°C (Morr and Ha, 1993).  Alpha-lactalbumin comprises about 20% of 
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all whey proteins, with an isoelectric point of pH 4.2 to 4.5.  Although it has a lower 

denaturation temperature (60°C) than β-lactoglobulin, denaturation is reversible up to 90°C 

(Morr and Ha, 1993; McGuffey et al., 2007).  Heat, a process termed “cold gelation”, and 

application of pressure can induce whey protein gelation (Van Camp and Huyghebaert, 1995; 

Dumay et al., 1999; van den Berg et al., 2009; Çakir and Foegeding, 2011).  Cold gelation 

involves heating the whey protein solution to create soluble whey protein aggregates, then 

adjusting solution ionic strength or pH after cooling to induce gelation (Alting et al., 2000).  

In general, gelation occurs after whey proteins are denatured, resulting in unfolding and 

formation of interchain disulfide bonds to create a three-dimensional structure (Morr and Ha, 

1993). 

 Kappa-carrageenan, an anionic hydrcolloid derived from red algae, is used for 

thickening and gelation of food products (Eleya and Turgeon, 2000; Hemar et al., 2002).  

Kappa-carrageenan is also used in milk products to reduce phase separation by forming a 

weak gel (Thaiudom and Goff, 2003).  Gelation of κ-carrageenan is a two-step process 

involving a coil-to-helix transition during heating and aggregation/network formation upon 

cooling (Eleya and Turgeon, 2000).  These gels are thermally reversible and strong, although 

they do exhibit syneresis upon cooling (Chen et al., 2002).  Counter ions, such as potassium, 

calcium, and sodium, are needed to induce gelation; the specific ion used impacts the final 

gel structure (Hermansson, 1989; Hermansson et al., 1991).  Carrageenan concentration and 

heating/cooling rates also affect gel properties (Imeson, 2000), but not necessarily the 

structure of the final gel. 
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 Whey protein isolate/κ-carrageenan gels are able to generate a wide range of 

structures under different gelation conditions, with each structural type displaying different 

mechanical properties (Çakir and Foegeding, 2011; Çakir et al., 2012).  Understanding how 

gelation conditions affect the final gel structure and how structure affects gel texture allows 

control of gel texture by manipulation of gelation conditions. 

 

2.3.1.  Heat-induced versus pH-induced gelation  

 It is possible to produce WPI/κ-carrageenan gels using either heat-induced gelation or 

cold gelation.  Both gelation methods are able to produce a range of gel structures, which are 

dependent on protein/polysaccharide ratios and concentrations as well as the pH and ionic 

strength of the solution to be gelled (de Jong and van de Velde, 2007; van den Berg et al., 

2008a; de Jong et al., 2009; Çakir and Foegeding, 2011).  In the heat-induced gelation 

method, solutions of WPI and κ-carrageenan are prepared separately.  The solution of WPI is 

prepared at room temperature, while the κ-carrageenan solution requires heating to 

completely solubilize the polysaccharide.  The solutions are then mixed and heated to 

denature the whey proteins.  Gelation of the WPI/κ-carrageenan solution occurs upon cooling 

(Çakir and Foegeding, 2011; Çakir et al., 2012).  The cold gelation method begins with a 

similar preparation step.  WPI and κ-carrageenan solutions are prepared separately, the WPI 

solution at room temperature and the κ-carrageenan solution heated to disperse the 

polysaccharide.  Aggregates are then created in the WPI solution by a heating step.  The 

cooled WPI aggregate solution is mixed with the κ-carrageenan solution, and the pH is 



 

48 

adjusted to about 4.8 to induce gelation (de Jong and van de Velde, 2007; van den Berg et al., 

2007a,b; de Jong et al., 2009).  No studies have been done to compare gel structures created 

using cold gelation to gel structures created using heat-induced gelation, so it is difficult to 

determine if any structural differences for heat-induced versus cold gelation gels are due to 

preparation method or other factors such as pH, ionic strength, and polysaccharide 

concentration. 

 

2.3.2.  Control of structure via pH, salt, and polysaccharide concentration 

 The charge of proteins is pH-dependent: proteins will have a net positive charge 

below their isoelectric point and a net negative charge above it.  At a pH close to the 

isoelectric point, proteins will have little net charge.  As previously stated, whey proteins 

have isoelectric points ranging from 4.2 to 5.2, depending on the protein (Morr and Ha, 

1993).  Since κ-carrageenan is negatively charged, decreasing the pH of the gels decreases 

the amount of repulsive force between the protein and polysaccharide phases.  This decrease 

in pH results in a shift in gel structure from homogeneous to protein continuous starting at a 

pH of about 5.6, then to bicontinuous with a further decrease in pH (de Jong et al., 2009).  

Decreased pH resulted in increased protein aggregation due to the decrease in charge 

repulsion.  Phase separation increases as the charge on the protein decreases, particularly 

with an uncharged polysaccharide (de Jong et al., 2009). 

 It has been shown that salt concentration affects the structure of WPI/κ-carrageenan 

gels, especially the changes in structure with an increase in polysaccharide concentration.  

Higher ion concentrations resulted in increased shielding of the repulsive forces between 
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protein strands, causing increased aggregation and phase separation.  At low salt 

concentrations (50-100 mM), WPI/κ-carrageenan gels were fine-stranded, while WPI/κ-

carrageenan gels prepared with higher salt concentrations (250 mM) were particulate.  In 

general, fine-stranded gels were more translucent and had lower serum release and higher 

%RE and fracture stress and strain than particulate gels.  In addition, smaller concentrations 

of polysaccharide were required to shift fine-stranded gel structure from protein continuous 

to bicontinuous, and to cause phase inversion in the gel (Çakir and Foegeding, 2011). 

 Polysaccharide concentration has been found to affect both heat-induced and cold 

gelation WPI/κ-carrageenan gel structure.  Regardless of ionic strength, increasing the ratio 

of κ-carrageenan to WPI in the gel causes a shift in network structure from a homogeneous 

protein structure (0% κ-carrageenan) to a protein continuous structure (Figure 2.9), in which 

κ-carrageenan droplets are dispersed in a continuous protein network (de Jong and van de 

Velde, 2007; Çakir and Foegeding, 2011).  Further increasing the κ-carrageenan 

concentration results in a bicontinuous structure, in which both the protein and 

polysaccharide phases have continuous network structures, with small droplets of protein in 

the polysaccharide continuous phase and small droplets of polysaccharide in the protein 

continuous phase (Figure 2.9) (de Jong and van de Velde, 2007; Çakir and Foegeding, 2011).  

Increasing the concentration of κ-carrageenan past a critical value, which is dependent on salt 

and WPI concentration, causes phase inversion from a bicontinuous structure to carrageenan 

continuous structure.  The carrageenan continuous structure comprises a continuous κ-  
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Figure 2.9.  Schematics of a. homogeneous (protein), b. protein continuous, c. bicontinuous, 
and d. carrageenan-continuous WPI/κ-carrageenan gel structure in comparison with 
micrographs of e. homogeneous (protein), f. protein continuous, g. bicontinuous, and h. 
carrageenan-continuous WPI/κ-carrageenan gels 

In a., b., c., and d., protein is shown as blue and polysaccharide is shown as orange.  Images 
in e., f., g., and h. are reprinted from Çakir and Foegeding (2011); areas of protein and 
polysaccharide are depicted by light and dark parts of the image, respectively. 
 

carrageenan network, with WPI acting as an active filler in the carrageenan network (Figure 

2.9) (Çakir and Foegeding, 2011).  These different structural types show clearly 

differentiable mechanical properties and sensory characteristics (Çakir and Foegeding, 2011; 

Çakir et al., 2012). 

 

2.4.  CHEESE RHEOLOGY AND TEXTURE 

 Cheese is one of the oldest manufactured food products, and many varieties of cheese 

are manufactured and consumed worldwide (Gunasekaran and Ak, 2003).  There are many 

classification systems for differentiating cheeses, including country of origin, appearance, 
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milk source, firmness and maturation agent, and manufacturing process (Gunasekaran and 

Ak, 2003).  For the purposes of this review, cheeses will be divided into two main groups: 

natural cheese and process cheese.  Each of these two types of cheese has similar ingredients 

and manufacturing processes.   

2.4.1.  Natural cheese structure 

 Production of natural cheese involves the coagulation of milk proteins to form a gel. 

Coloring, salt, or bacterial cultures may be added during the manufacturing process, 

depending on the type of cheese.  The manufacturing process itself may also be adjusted to 

produce a finished product with the desired texture and flavor (Gunasekaran and Ak, 2003).  

However, the manufacturing processes for natural cheeses follow the same basic steps 

(Figure 2.10). 

 The first step in production of natural cheese usually involves heat treatment of milk 

(pasteurization) to destroy pathogens, spoilage organisms, and enzymes to ensure product 

safety and quality.  Cheese may be made from unpasteurized milk, although there is a 

required ripening time of at least 60 days at ≥1.7°C (Gunasekaran and Ak, 2003).  Lactic acid 

bacteria may be added to reduce the pH of the milk via lactose fermentation to allow 

precipitation of casein, the primary protein in cheese.  Casein precipitation and coagulation, 

the next step in cheese manufacture, can be promoted in several ways.  First, the pH of the 

milk may be lowered to 4.6, the isoelectric point of casein, resulting in loss of steric 

stabilization of the casein micelles and subsequent protein coagulation and precipitation 

(Gunasekaran and Ak, 2003; Everett and Audy, 2008).  A second method involves addition  
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Figure 2.10.  Block flow diagram for the production of natural cheese (adapted from 
Gunasekaran and Ak, 2003 and Everett, 2007) 
 

of enzymes such as chymosin that cleaves the κ-casein layer surrounding the casein micelle, 

reducing micellular steric stabilization and allowing coagulation of the caseins (Gunasekaran 

and Ak, 2003; Everett and Audy, 2008).  This method is the most common coagulation 

method used in commercial processing (Gunasekaran and Ak, 2003).  Another method used 

to promote casein precipitation is heating the milk to 90°C at a pH greater than the isoelectric 

point (Gunasekaran and Ak, 2003).  Cogaulation, resulting in a weak gel, usually occurs over 

a period of 30 minutes and is typically performed at about 30°C (Everett, 2007).   
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 After coagulation, whey is drained from the milk gel by repeatedly cutting and 

stirring the gel to promote whey syneresis (Everett and Audy, 2008).  The amount of whey 

expelled from the gel may be controlled by adjusting the temperature and duration of this 

step.  After the pH and moisture content of the cheese reach the desired values, the whey is 

removed from the gel, now termed a curd.  The specific duration and temperature of this step, 

as well as the desired pH and moisture content of the curd, are dependent on the cheese being 

manufactured (Gunasekaran and Ak, 2003; Everett, 2007).  An additional whey removal step, 

called “cheddaring”, is used for additional whey removal for the production of hard natural 

cheeses, such as Cheddar.  In this step, the curd particles are allowed to mat, or fuse, together 

in a vat with a perforated bottom for whey drainage.  The curd is then cut into blocks, 

stacked, and turned regularly (Gunasekaran and Ak, 2003; Everett, 2007; Everett and Audy, 

2008).  Soft and semi-soft cheeses do not undergo this cheddaring step, although semi-soft 

cheeses may undergo pressing to remove additional whey after the whey is drained.  Pasta 

filata cheeses, such as Mozzarella, also do not undergo cheddaring.  Instead, they are heated 

and stretched in water (60-70°C).  The stretching aligns the casein fibers in the direction of 

stretching, giving them a distinct appearance and texture (Gunasekaran and Ak, 2003; 

Everett, 2007). 

 After removal of whey, the curd is salted for flavor and to expel additional whey, 

shaped, packaged, and allowed to ripen.  The amount of salt added depends on the desired 

product, but generally varies from about 1% to 8% by weight (Gunasekaran and Ak, 2003; 

Everett, 2007).  Soft cheeses, such as cream cheese, are not ripened; however, most other 

cheeses are ripened for at least a few days and hard cheeses may be ripened for up to a year 
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(Gunasekaran and Ak, 2003).  During ripening, the caseins in the cheese undergo proteolysis, 

resulting in a loss of structural elasticity.  In addition, other compounds are hydrolyzed by 

bacteria or other microorganisms present in the cheese, yielding different textures and 

flavors. 

 

2.4.2.  Process cheese structure 

 Process cheese ingredients comprise natural cheese and small amounts of added dairy 

ingredients, flavoring, organic acids, and emulsifying salts (Guinee, 2004).  The specific 

ingredients allowed in process cheese, and the terms under which products may be sold, are 

determined by regulatory agencies (Mulsow et al., 2004).  Basic manufacturing steps for 

process cheese involve blending of the ingredients, heating, forming, and packaging (Figure 

2.11) (Gunasekaran and Ak, 2003; Guinee, 2004; Mulsow et al., 2004).  Process cheese 

ingredients and ingredient quantities are selected to give the final product the desired textural 

and nutritional properties.  These ingredients are homogenized by heating above 85°C under 

continuous shear.  An additional homogenization step using pressure may also be used for 

high-fat process cheeses before the product is formed and packaged (Guinee et al., 2004).  

The duration of the heating step depends on the desired consistency of the product: block- 

type process cheese is heated for 4 to 8 minutes, while spreadable process cheese is heated 

for 8 to 15 minutes (Gunasekaran and Ak, 2003).  Due to the heating step in process cheese 

manufacture, the emulsifying capability of the proteins in the matrix is reduced, resulting in a 

less compact and fused structure than natural cheese.  Thus, emulsifying salts are added to 
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Figure 2.11.  Block flow diagram for the production of process cheese (adapted from Guinee 
et al., 2004) 
 

improve protein hydration and oil/fat emulsification (Mulsow et al., 2004).  Ingredients may 

also be added to increase shelf life, decrease cost of manufacture, and increase versatility and 

convenience (Gunasekaran and Ak, 2003; Guinee, 2004; Mulsow et al., 2004). 

 

2.4.3.  Cheese structure-texture relationships 

 Cheese texture is an important component of consumer acceptance.  Food texture 

may be defined as the sensory aspects of the food that involve touch, hearing, and sight; in 

the case of cheese, texture is mainly evaluated and experienced during consumption.  

Because the perception of texture is dependent on jaw movement and bite force during 
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mastication, texture is commonly evaluated via descriptive analysis using a trained sensory 

panel (Wilkinson et al., 2000; Gunasekaran and Ak, 2003; Foegeding and Drake, 2007).   

 Because cheese texture is dependent on structure (Lucey et al., 2003; Everett, 2007; 

Everett and Auty, 2008), an understanding of cheese structure is needed to properly interpret 

textural data.  Thus, the structural properties of cheese are commonly evaluated via 

rheological testing (Foegeding and Drake, 2007).  These tests may be empirical, such as the 

texture profile analysis (TPA) method and cone penetrometry, or fundamental, such as 

uniaxial compressive testing and dynamic rheological testing (Gunasekaran and Ak, 2003; 

Foegeding and Drake, 2007).  The main difference between fundamental and empirical tests 

is that fundamental tests are not dependent on the instrument used for testing and measure 

properties inherent to the material tested, while empirical tests are dependent on the 

apparatus used (Foegeding and Drake, 2007).  However, empirical tests may be performed on 

nonhomogeneous materials, such as coarse foam structures, foods containing large particles 

or pieces, and anisotropic foods, while it is usually not possible to perform fundamental tests 

on these type of materials (Foegeding and Drake, 2007).  Understanding structural properties 

and structure-texture relationships allows better control of cheese texture and the 

development of desired cheese textures using different ingredients and compositions of 

ingredients, such as the production of a low-fat cheese with the texture of full-fat cheese. 

 The composition of cheese, as well as the manufacturing process used to create the 

cheese, impacts the final cheese structure (Lucey et al., 2003).  In natural cheeses, the texture 

may be manipulated by controlling protein, moisture, and fat composition, curd pH, salt and 

calcium content, starter cultures, processing time and temperature, and the extent of 
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proteolysis during storage (Lucey et al., 2003; Gunasekaran and Ak, 2003; Everett, 2007).  

Cheeses with higher moisture content tend to be softer, while cheeses with higher fat content 

are less firm and more cohesive than reduced-fat cheeses (Gunasekaran and Ak, 2003).  

Cheeses at a pH <4.8 or >5.8 are generally crumbly and not stretchable, while cheeses at a 

pH around 5.2 have very high stretch and cohesion due to steric stabilization via free calcium 

ions (Everett, 2007).  Increasing the salt concentration causes the caseins to absorb water and 

swell, resulting in a more irregular protein matrix (Everett, 2007) and a softer texture.  

Changing process times and temperatures can affect the pH, moisture content, and firmness 

of the curd, depending on the time/temperature combination used at various points in the 

process (Gunasekaran and Ak, 2003).  Proteolysis during storage results in degradation of the 

casein matrix and loss of elasticity in the protein structure, resulting in a conversion from a 

rubbery, elastic structure to a smoother, more brittle structure (Lawrence et al., 1987; 

Gunasekaran and Ak, 2003; Lucey et al., 2003).  The rate of proteolysis may be increased by 

increasing starter culture concentration, storage temperature, pH, and salt concentration 

(Lawrence et al., 1987; Gunasekaran and Ak, 2003).  Aging time also impacts cheese 

structure, since proteolysis occurs during storage and longer aging times allow more 

proteolysis to occur.  However, the greatest change in cheese texture occurs over the first 7 to 

14 days of storage; the rates of proteolysis and pH change slow significantly after this point 

(Lawrence et al., 1987; Gunasekaran and Ak, 2003). 

 Process cheese texture may be manipulated using similar parameters as those used to 

control the texture of natural cheese.  Manipulation of process cheese texture can be 

performed by adjusting ingredient selection and ratios, pH, and processing parameters 
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(Gunasekaran and Ak, 2003; Guinee et al., 2004; Mulsow et al., 2007).  Process cheeses 

made from young natural cheese are firmer and more elastic than process cheeses made from 

aged natural cheese, which have a soft, spreadable texture (Guinee et al., 2004; Mulsow et 

al., 2007).  Increasing the moisture content of the cheese results in a softer texture (Mulsow 

et al., 2007).  Textural effects from the addition of emulsifying salts depend on the level of 

salts added.  Addition of salts up to 0.5% w/w yields a more firm, elastic texture, while 

addition of salts from 0.5 to 3.0% yields a softer, less elastic texture (Guinee et al., 2004).  

Process cheeses with low pH (<5.6) tend to have a crumbly texture, while cheeses with a pH 

of 5.6-6.1 have a more plastic texture (Mulsow et al., 2007).  The pH affects the effectiveness 

of the emulsifying salts, and too low a pH reduces the emulsifying capability of the salts 

(Guinee et al., 2004; Mulsow et al., 2007).  Increased processing temperature and time during 

heating results in a firmer, more elastic texture (Guinee et al., 2004; Mulsow et al., 2007). 

 Instrumental testing is performed to determine quantitative differences among 

structural properties of different types of cheese.  Both natural and process cheeses are 

viscoelastic materials, so they exhibited time-dependent behavior (Lucey et al., 2003).  

Rheological properties are determined largely by structural strength, which is dependent on 

the type, number, and strength of bonds between casein molecules.  Large-strain and fracture 

properties are dependent not only on structure, but also inhomogenetities such as cracks, 

eyes, and curd junctions (Lucey et al., 2003).  Structural properties determined by 

mechanical testing are often compared to textural properties determined by sensory analysis 

to gain insight on how cheese structure impacts texture (Wilkinson et al., 2000; Foegeding 

and Drake, 2007).  However, there are several challenges in relating structural properties to 
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textural aspects.  First, it is difficult to measure mechanical properties of semi-solid foods 

using many of the standard tests for firm solids, as they are too soft to be cut or hold a cut 

shape.  Food products are also generally chemically and physically unstable, and may change 

over the duration of the test.  In addition, mastication is a complex process involving mixing 

of the food with saliva, and deformation and fracture of the food.  Hardness at first bite is a 

sensory term that is well-correlated with mechanical hardness; however, many other sensory 

terms, especially those evaluated after several chews, are more difficult to relate to structural 

properties (Wilkinson et al., 2000; Foegeding and Drake, 2007; Foegeding, 2007, Foegeding 

et al., 2010).  Further study is needed to determine structure-texture relationships for sensory 

terms not related to hardness, and to determine structure-texture relationships that describe 

texture in terms structural deformation and breakdown throughout the mastication process. 

 To understand the link between food structure and texture, fundamental properties of 

foods should be determined.  Currently, the methodology used in food research for probing 

the nonlinear viscoelastic properties of foods is limited.  However, these properties may be 

determined using a LAOS analysis protocol developed by Ewoldt et al. (2008), provided that 

protocol is validated with model elastic and viscous systems.  Determining relationships 

between nonlinear viscoelastic properties, rheological properties, sensory aspects, and oral 

processing characteristics for model systems, such as gels, and more complex systems, such 

as cheese, allows a greater understanding of structural deformation and breakdown from the 

LVR through fracture, and how that deformation and breakdown affects food texture during 

mastication. 
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3.1.  ABSTRACT 

 Oscillatory shear rheology plays a valuable role in assessing rheological properties of 

viscoelastic materials.  In the linear viscoelastic region (LVR), the stress response to a strain 

input comprises only the first harmonic.  Beyond the LVR, higher-order harmonics have 

significant contributions, which are not accounted for in traditional calculation of viscoelastic 

moduli.  Previous study has developed a mathematical framework accounting for higher-

order harmonics during large amplitude oscillatory shear (LAOS), yielding physical 

interpretations to nonlinear viscoelastic data.  However, this analysis protocol was not 

formally validated with model elastic and viscous systems.  To that end, a model elastic solid 

and viscous liquid were tested using LAOS to compare the protocol output to standard 

rheometer output and the known linear and nonlinear viscoelastic properties of both systems.  

Good agreement (α=0.05) was shown between first-order harmonic viscoelastic moduli data 

for both systems in the LVR.  Linear-to-nonlinear transitions and strain-hardening behavior 

of the elastic system, as well as strain-independent linear behavior of the viscous system 

were correctly indicated.  These results indicated the validity of the nonlinear analysis 

protocol, which may be applied to food systems to give valuable insight into nonlinear 

viscoelastic behavior and elucidate structural keys to texture design. 

 

 

3.2.  INTRODUCTION 

 Oscillatory shear testing is a common rheological technique used to determine 

viscoelastic properties.  This type of testing may be performed on standard stress- or strain-
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controlled rheometers.  Regardless of control mechanism, oscillatory testing uses a 

rheological tool to impart an oscillating torque or deformation to the sample.  Stress-

controlled rheometers impart an oscillating torque on the sample and record the deformation 

response, while strain-controlled rheometers apply an oscillating deformation on the sample 

and record the torque response (Läuger and Stettin, 2010). 

 Oscillatory shear testing may be broken down into two categories: small amplitude 

oscillatory shear (SAOS) and large amplitude oscillatory shear (LAOS) (Mezger, 2006).  The 

main difference between SAOS and LAOS is that SAOS testing is performed in the linear 

viscoelastic region (LVR), while LAOS testing is performed beyond this region of linearity 

(Mezger, 2006).  Most studies on viscoelastic properties use SAOS testing; testing the 

material in the LVR results in responses independent of the magnitude of applied stress, 

strain, or strain rate.  In addition, relationships between stress and strain are well-established 

in the LVR (Steffe, 1996). 

 However, many processes involving foods and other materials impart stresses and 

strains well beyond the region of linear viscoelasticity (Steffe, 1996; Tabilo-Munizaga and 

Barbosa-Cánovas, 2005; Chen, 2009).  Although LAOS testing has been used to study 

viscoelastic properties of polymers and polymer melts for over 40 years (Debbaut and 

Burhin, 2002), and large-strain compression or rotational tests are used to determine food 

fracture and viscous properties, respectively, LAOS testing is generally not used in food 

research.  Large amplitude oscillatory shear testing has been found to be sensitive to 

microstructural changes, such as polymer chain alignment or entanglement, making it a 

valuable tool for differentiating polymer and biopolymer rheological properties (Hyun et al., 
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2002; Carotenuto et al., 2008).  Therefore, LAOS testing may be extended to food systems, 

as many food products are composed of biopolymer molecules, such as proteins and 

polysaccharides.  Several studies have used LAOS testing to examine nonlinear viscoelastic 

properties of food ingredients, such as gluten gels (Ng and McKinley, 2008) and dough (Ng 

et al., 2011), oil in water emulsions (Knudsen et al., 2008), skim milk gels (Knudsen et al., 

2006), fish protein isolate gels (Brenner et al., 2009), and hydrocolloid solutions (Song et al., 

2006; Klein et al., 2008).  However, most studies involving nonlinear properties of foods 

focus on fracture properties rather than viscoelastic behavior beyond the LVR.  Using LAOS 

to study nonlinear viscoelastic behavior may hold great potential in the food industry: most 

food processing as well as oral processing occurs in a region well beyond the LVR (Steffe, 

1996), and a general means to characterize viscoelastic behavior of foods in such processes is 

not currently in use. 

 In LAOS testing, the large amplitude of the input sinusoidal function causes a 

nonlinear response, resulting in an output that cannot be described by a single sine wave.  

The complexity in the nonlinear response arises from a significant contribution to the 

response from higher-order harmonics (Debbaut and Burhin, 2002; Läuger and Stettin, 

2010).  Analysis of the nonlinear viscoelastic response is typically performed using Fourier 

transforms: the stress response beyond the LVR may be written as a Fourier series. While the 

use of Fourier transforms in nonlinear data analysis is mathematically sound and allows 

nonlinear responses to be detected with a high degree of sensitivity (Wilhelm et al., 2000), 

interpretation of the analysis is difficult due to lack of physical meaning of the higher-order 

viscoelastic moduli (Cho et al., 2005; Ewoldt et al., 2008).  In addition, using only first-
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harmonic viscoelastic moduli (

€ 

" G 1  and 

€ 

" " G 1 ) to measure viscoelastic response beyond the LVR 

does not give the overall picture of material behavior beyond the LVR (Ewoldt et al., 2008).  

The distortion in the base wave caused by higher-order harmonics beyond the LVR can 

provide additional information on material behavior and may be used to differentiate 

materials that have similar linear viscoelastic behavior (Hyun et al., 2002).  Higher-order 

harmonics may also be used to indicate the transition from linear to nonlinear behavior, as 

the magnitudes of the higher-order harmonics will increase as the extent of nonlinear 

behavior increases (Läuger and Stettin, 2010). 

 To extract meaningful information from higher-order harmonic data, the data must 

have a physical connection.  Physical representation of the third-harmonic viscoelastic 

moduli ( 3Gʹ′  and 3G ʹ′ʹ′ ) was recently proposed in a LAOS analysis protocol developed by 

Ewoldt et al. (2008).  This method of measuring and interpreting third-harmonic viscoelastic 

moduli to give insight into the type and degree of nonlinear behavior was found to 

successfully determine the nonlinear viscoelastic behavior of gastropod pedal mucus (Ewoldt 

et al., 2008), a 0.2% w/w xanthan gum solution (Ewoldt et al., 2010), and gluten dough (Ng 

et al., 2011).  However, the protocol has not been formally validated with a model elastic 

solid and viscous fluid.  Therefore, the objectives of this study were to validate this protocol 

with a model elastic solid and viscous fluid, and to compare the nonlinear behavior indicated 

by the protocol to the known nonlinear behavior of a model system.  Agarose gels were used 

as a model elastic system displaying nearly ideal behavior in the LVR.  In addition, agarose 

gels show clear transitions from the linear to the nonlinear region and exhibit strain-

hardening behavior beyond the LVR (Barrangou et al., 2006).  Standard oil 
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(polydimethylsiloxane) was used as a model Newtonian fluid.  As a Newtonian fluid, it 

should have an infinite LVR and display no shear thinning or thickening behavior.  Knowing 

the behavior of these materials within and beyond the LVR allowed the data analysis from 

the LAOS protocol to be compared to the expected material behavior for validity. 

 

 

3.3.  MATERIALS AND METHODS 

3.3.1.  Theory 

 In small amplitude oscillatory testing, the response to a sinusoidal input is a simple 

sine wave (Steffe, 1996).  As the amplitude of the input wave increases, higher-order 

harmonic contributions become significant, and the response is no longer sinusoidal due to 

distortions caused by these higher-order harmonics.  However, the response may be written 

as a Fourier series.  Using the protocol developed by Ewoldt et al. (2008), this Fourier series 

is written in terms of elastic (Eqn. 3.1) or viscous scaling (Eqn. 3.2):  

 σ t;ω,γo( ) = γo !Gn ω,γo( )sin nωt( )+ !!Gn ω,γo( )cos nωt( )( )
n:odd
∑  (3.1) 

 σ t;ω,γo( ) = γo !!ηn ω,γo( )sin nωt( )+ !ηn ω,γo( )cos nωt( )( )
n:odd
∑  (3.2) 

where oγ  is strain amplitude (unitless), nGʹ′  and nG ʹ′ʹ′  are the elastic and viscous moduli for 

harmonic n (Pa), oγ  is maximum strain rate (1/s), and nηʹ′  and nη ʹ′ʹ′  are the in phase and out-of-

phase apparent viscosities for harmonic n (Pa s).  In the LVR, only the first harmonic 

contributes to the stress response. 
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 The stress response may also be divided into elastic (σ ʹ′) and viscous stress (σ ʹ′ʹ′ ) 

responses, written as a Fourier series.  Fitting Chebyshev polynomials of the first kind to 

plots of elastic stress response vs. strain input and viscous stress response vs. strain rate input 

yields two separate Fourier series (Ewoldt et al., 2008). 
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 are nth order Chebyshev polynomials of the first kind, and 

( )one γω,  and ( )on γωυ ,  are the elastic and viscous Chebyshev coefficients, respectively. 

 Once the polynomials are fit to the data, nonlinear viscoelastic behavior may be 

determined based on the third-order Chebyshev coefficients, 3e  and 3υ .  Material behavior is 

grouped into four main categories: strain-softening ( 03 <e ), strain-hardening ( 03 >e ), 

shear-thinning ( 03 <υ ), and shear-thickening ( 03 >υ ) (Ewoldt et al., 2008).  Third-order 

Chebyshev coefficients are related to third-order Fourier coefficients as follows: 

 3
*
33 cosδGe −=  and 3

*
3

3 sin δ
ω

υ
G

=  (3.5, 3.6) 

where 3δ  is the initial value of the third-order harmonic contribution and varies between 0 

and 2π.  Thus, the third-harmonic Chebyshev coefficients give physical meaning to the third-

order Fourier coefficients (Ewoldt et al., 2008). 

 It is also possible to determine the type of nonlinear viscoelastic behavior exhibited 

by a material under LAOS using the elastic moduli and dynamic viscosities from Eqns. 3.1 
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and 3.2.  The elastic modulus may be transformed via mathematical manipulation into a 

large-strain elastic modulus, LG ʹ′  (the secant modulus measured at maximum strain), and a 

minimum-strain elastic modulus, MGʹ′  (the tangent modulus measured at zero strain).  

Similarly, the dynamic viscosity may be transformed into an instantaneous viscosity at 

maximum shear rate, Lηʹ′ , and an instantaneous viscosity at minimum shear rate, Mηʹ′  (Ewoldt 

et al., 2008).  All four of these newly defined properties account for nonzero higher-order 

harmonic contributions.  Elastic moduli may be seen in a Lissajous plot of stress vs. applied 

strain (Figure 3.1a, c), while instantaneous viscosities may be seen in a Lissajous plot of  

 

 

Figure 3.1.  Lissajous plots of a. elastic moduli, LVR; b. instantaneous viscosities, LVR; c. 
elastic moduli, beyond LVR; d. instantaneous viscosities, beyond LVR.   

Data shown is from agarose gel LAOS testing in the LVR (a, b) and beyond the LVR (c, d). 
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stress vs. applied strain rate (Figure 3.1b, d).  Calculating the ratio of LG ʹ′  to MGʹ′  and the ratio 

of  Lηʹ′  to Mηʹ′  yields a second method of determining strain- and rate-dependent behavior, 

respectively.  In this case, 1/ <ʹ′ʹ′ ML GG  indicates strain-softening, 1/ >ʹ′ʹ′ ML GG  indicates 

strain-hardening, 1/ <ʹ′ʹ′ ML ηη  indicates shear-thinning, and 1/ >ʹ′ʹ′ ML ηη  indicates shear-

thickening (Ewoldt et al., 2008).  These results may be checked against the third-order 

Chebyshev coefficients to determine the validity of the data. 

 Ideal elastic solids display Hookean behavior for all applied strains and strain rates: 

behavior is independent of strain rate and stress is proportional to strain for all strains.  These 

materials have an infinitely long LVR for any frequency; e.g. there is no deviation from 

ideality regardless of strain or strain rate.  Thus, the Fourier series for a Hookean solid 

reduces to the first harmonic, with constant viscoelastic moduli for all strains and 

frequencies.  Since there is no viscous component to a Hookean solid, 1G ʹ′ʹ′  is zero and 1Gʹ′  is 

equal to the shear modulus. 

 Ideal viscous fluids display Newtonian behavior for all applied strains and strain 

rates.  Like Hookean solids, rheological behavior of Newtonian fluids is independent of 

strain rate (Steffe, 1996), resulting in an infinitely long LVR for any frequency.  Since 

Newtonian fluids do not deviate from ideality, the Fourier series reduces to the first 

harmonic.  Viscoelastic moduli are constant for all strains, but the magnitude of the moduli is 

frequency-dependent.  Since there is no elastic component to a Newtonian fluid, 1Gʹ′  is zero 

and 1G ʹ′ʹ′  is equal to the shear modulus.  The occurrence of an infinitely long LVR for a 

viscous fluid may seem counterintuitive based on the common association of the LVR with 
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ideal elastic behavior.  However, the LVR is the region of ideal behavior, where ideal 

behavior can be Hookean or Newtonian.  Hookean solids and Newtonian fluids are ideal 

solids and fluids, respectively; they represent the extreme ends of the viscoelastic spectrum 

(Steffe, 1996).  Therefore, it is expected that Hookean and Newtonian materials would show 

ideal behavior for all strains and strain rates. 

 Considering the new elastic moduli developed by Ewoldt et al. (2008), LG ʹ′  and MGʹ′ , 

it may be determined from examination of a Lissajous plot that, for an ideal solid, LG ʹ′ = MGʹ′ =

1Gʹ′ .  Since the stress response for a Hookean solid comprises only the first harmonic, 03 =e , 

indicating ideal elastic behavior.  Examining a Newtonian fluid in terms of the new apparent 

viscosities developed by Ewoldt et al. (2008), Lηʹ′  and Mηʹ′ , it may be determined from 

examination of a Lissajous plot that, for an ideal fluid, Lηʹ′ = Mηʹ′ =ηʹ′ .  As with a Hookean 

solid, the stress response for a Newtonian fluid is composed of only the first harmonic, so 

03 =υ , indicating ideal viscous behavior.  

 

3.3.2  Materials and Methods 

3.3.2.1.  Materials 

 Agarose (Agaroid RS-575) was donated by TIC Gums (Belcamp, MD) and standard 

oil (polydimethylsiloxane, µ=12.2 Pa s) was purchased from Brookfield Engineering 

Laboratories (Middleboro, MA). 
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3.3.2.2.  Gel preparation 

 Solutions of agarose (2% w/w) were prepared using the method of Barrangou et al.  

2006.  Briefly, agarose powder was dispersed in deionized water at room temperature 

(22±2°C) by stirring at 300 RPM for 15 minutes.  Solutions were then boiled in a microwave 

for 1 minute, brought to final weight with deionized water, and cooled to 70°C while stirring 

at 300 RPM.  After cooling to 70°C, solutions were poured into a shallow metal pan (final 

gel height of approximately 5 mm) lined with plastic wrap (Reynolds Wrap 914; Reynolds 

Metals Co. Richmond, VA, USA) coated on both sides with nonstick cooking spray (PAM; 

International Home Foods, Inc. Parsippany, NJ, USA) and cooled at room temperature 

(22±2°C) for 30 minutes.  Gels were covered with plastic wrap and stored at 4°C until 

testing.  Samples were allowed to equilibrate to room temperature (22±2°C) for at least 1 hr 

before testing.  All testing was performed in triplicate at 25°C. 

 

3.3.2.3.  Large amplitude oscillatory shear testing 

 Large strain rheology was conducted on a strain-controlled rheometer (ARES, TA 

Instruments, New Castle, DE) using a 25 mm diameter parallel plate system.  Because a serrated 

plate and plate geometry was unavailable, coarse-grit, adhesive-backed sandpaper (60 grit, 

Klingspor Abrasives, Inc.; Hickory, NC) was adhered to each plate when testing agarose gel 

samples to minimize slip.  Gel samples were cut using a wire cutter and cutting template to a 

height of 4 mm.  The upper plate was lowered until a normal force of 1.0 N was reached, and 

the sample was trimmed to the diameter of the upper plate using a razor blade.  A thin layer 

of silicone grease (SuperLube, Synco Chemical; Bohemia, NY) was applied to the exposed 
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edges of the sample to reduce moisture loss.  Standard oil samples were tested using smooth 

plates (25 mm diameter) and a gap height of 1 mm. 

 Strain sweeps were conducted at a frequency of 6.28 rad/s to determine the LVR for 

the agarose gel and the standard oil.  Three strains were selected for determination of 

mechanical spectra based on the strain sweep results: 1, 10, and 25% strain for the agarose 

gels and 10, 25, and 50% strain for the standard oil.  The strains chosen for the agarose gel 

were selected because 1, 10, and 25% strain corresponded to strains inside, at the edge of, 

and outside the LVR, respectively.  Standard oils do not have an end to their LVR: they are 

Newtonian and display linear viscoelastic behavior at all strains and strain rates (Steffe, 

1996).  Therefore, the strains chosen for the standard oil were all in the LVR.  Frequency 

sweeps (0.0628 rad/s to 62.8 rad/s) were run on the samples at the selected strains.  This 

frequency range was chosen based on the limitations of the rheometer.  At 25°C, it was not 

possible to test at lower frequencies due to the low signal to noise ratio.  Using a lower 

testing temperature and creating a master curve at 25°C was also not possible, since the 

lowest testing temperature available was approximately 20°C. 

 Ewoldt et al. (2007) developed a software program, MITlaos, which determines the 

elastic and viscous stress equations, third-harmonic viscoelastic moduli, and Chebyshev 

coefficients via the protocol outlined in the Theory section (Section 3.3.1.).  The MITlaos 

software requires raw stress and strain data for analysis.  To obtain this data for the agarose 

gels and standard oil, the waveshape generator function in the TA Orchestrator software was 

used to generate an oscillatory strain input, and real-time stress and strain data collected. 
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3.3.2.4.  Data analysis 

 Stress and strain waveform data was analyzed using the MITlaos program (Version 

2.1 beta, freeware distributed from MITlaos@mit.edu).  The resulting data and rheometer 

data were analyzed using SAS 9.1.3  (SAS Institute Inc.; Cary, NC).  Analysis of variance 

was conducted using the GLM procedure, with significant differences (p≤0.05) determined 

by Tukey’s HSD. 

 

 

3.4.  RESULTS AND DISCUSSION 

3.4.1.  Comparison of rheometer data to MITlaos output 

 First-harmonic viscoelastic moduli results for agarose gels from the nonlinear 

analysis protocol and ARES output were shown to be in good agreement (α=0.05) for 1% 

strain (Figure 3.2a) and 10% strain (Figure 3.2b).  Although the moduli for 25% strain 

(Figure 3.2c) were not significantly different (Appendix A), they did not agree as closely as 

the moduli for 1% and 10% strain.  Values of 1Gʹ′  calculated by the nonlinear analysis 

protocol were lower than values of 1Gʹ′  calculated by the ARES, while values of 1G ʹ′ʹ′  

calculated by the nonlinear analysis protocol were higher than the values of 1G ʹ′ʹ′  calculated by 

the ARES.  The discrepancy in the values of 1Gʹ′  and 1G ʹ′ʹ′ , as well as the increase in 

differences between the moduli values at 25% strain, may be explained by considering the 

differences in methods of calculation of the moduli.  Moduli given by the ARES were  
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Figure 3.2.  Comparison of ARES frequency sweep data to nonlinear analysis protocol output 
for agarose gel at a. 1% strain, b. 10% strain, and c. 25% strain 

Black and gray lines denote 1Gʹ′  and 1G ʹ′ʹ′  calculated by the ARES, respectively.  Diamonds 
and squares represent 1Gʹ′  and 1G ʹ′ʹ′  data from the nonlinear analysis protocol, respectively. 
 

calculated using the assumption that only the first harmonic contributed to the stress response 

from the strain input.  This assumption proved invalid for agarose gels at 25% strain: strain 

sweeps indicated that this strain caused a highly nonlinear stress response.  Because the 

distortions in the stress response from the nonlinear response were not accounted for during 

calculation of the viscoelastic moduli by the ARES, the magnitudes of the moduli were 
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affected by the nonlinearities in the response; e.g. 1Gʹ′  and 1G ʹ′ʹ′  calculated by the ARES 

included behavior represented by 3Gʹ′  and 3G ʹ′ʹ′ .  The nonlinear analysis protocol accounted for 

the nonlinearity in the stress response and separated the third-harmonic moduli from the first-

harmonic moduli, resulting in different values of first-harmonic data. 

 As expected, the first-harmonic viscoelastic moduli results for the standard oil were 

in good agreement (α=0.05) for 10%, 25%, and 50% strain (Figure 3.3a, b, and c, 

respectively), although they were not statistically similar (α=0.05) at 62.8 rad/s (Appendix 

A). The lack of statistical similarity at 6.28 rad/s is likely due to the higher standard 

deviations for the data collected at this frequency (data not shown).  At 62.8 rad/s, the 

nonlinear analysis protocol values for 1G ʹ′ʹ′  were significantly higher than the ARES values, 

while the values for 1Gʹ′  calculated by the nonlinear analysis protocol were lower than the 

ARES values.  Standard oils are Newtonian fluids, so their behavior is ideal even under large 

strain applications.  Because there is no deviation from linearity, the stress response is 

reduced to the first harmonic.  Thus, the moduli calculated by the ARES, which are based on 

the assumption of linear viscoelastic behavior, were expected to match the moduli calculated 

by the nonlinear analysis protocol.   

 

3.4.2.  Analysis of ideal system rheological behavior 

 Oscillatory testing of food products is generally performed in the LVR.  To determine 

the LVR, a stress or strain sweep is performed; the LVR is the region of stress or strain in 
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Figure 3.3.  Comparison of ARES frequency sweep data to nonlinear analysis protocol output 
for standard oil (viscosity= 12.2 Pa s) gel at a. 10% strain, b. 25% strain, and c. 50% strain 

Black and gray lines denote 1Gʹ′  and 1G ʹ′ʹ′  calculated by the ARES, respectively.  Diamonds 
and squares represent 1Gʹ′  and 1G ʹ′ʹ′  data from the nonlinear analysis protocol, respectively. 
 

which the values of the complex modulus, *G , is constant.  However, many food products do 

not display a clear transition from the linear to the nonlinear region or plateau in the LVR 

during oscillatory testing, but show gradually increasing nonlinear behavior with increased 

strain or frequency.  This gradual change results in difficulty in determining the end of the 

LVR using only first-harmonic viscoelastic moduli ( 1Gʹ′  and 1G ʹ′ʹ′ ).  Although the end of the 
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LVR is assumed to be a designated percent decrease of *G , the use of third-harmonic data 

provides an additional method to determine the linear-to-nonlinear transition.  In this method, 

a set value, typically 0.005 or 0.01, of the ratio of the third to first harmonic (in this case, 

13 /GG ʹ′ʹ′  and 13 /GG ʹ′ʹ′ʹ′ʹ′ ) is used to indicate the transition from linear to nonlinear viscoelastic 

behavior (Höfl et al., 2006; Vittorias et al., 2006; Mendoza et al., 2009; Mendoza et al., 

2011).  In the LVR, these ratios are small, since only the first harmonic has significant 

contribution to viscoelastic behavior.  As the material transitions into the nonlinear 

viscoelastic region, this ratio increases in magnitude (Wilhelm et al., 1999; Wilhelm et al., 

2000).  The nonlinear analysis protocol data analysis includes calculation of the third-

harmonic viscoelastic moduli; this data may be used to determine linear-to-nonlinear 

transitions.  Comparing the critical stress and strain determined by using the ratio of the 

third-harmonic viscoelastic moduli to the first-harmonic viscoelastic moduli ( 13 /GG ʹ′ʹ′  and 

13 /GG ʹ′ʹ′ʹ′ʹ′ ) to the critical stress and strain found by percent deviation from constant moduli 

values may yield additional information about material transitions from linear to nonlinear 

viscoelastic behavior.  While both methods determine the onset of nonlinear viscoelastic 

behavior based on an arbitrary criterion, using the ratio of the third-harmonic viscoelastic 

moduli to the first-harmonic viscoelastic moduli allows the extent of nonlinear viscoelastic 

behavior to be evaluated at each stress.  Thus, changes in this ratio yield information on how 

rapidly the material transitions from linear to nonlinear viscoelastic behavior. 
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3.4.2.1.  Agarose gels 

 The presence and magnitude of nonlinear viscoelastic behavior in the model elastic 

system, agarose gels, was determined by 13 /GG ʹ′ʹ′  and ML GG ʹ′ʹ′ / .  As the extent of nonlinear 

viscoelastic behavior increases, 13 /GG ʹ′ʹ′  increases, and ML GG ʹ′ʹ′ /  moves further from unity, 

with a decrease in ML GG ʹ′ʹ′ /  corresponding to strain softening and an increase corresponding 

to strain hardening. 

 With the exception of the results at 62.8 rad/s, 13 /GG ʹ′ʹ′  increased with frequency for 

all strains tested (Table 3.1).  The Lissajous curves of the stress-strain wavedata and the 

elastic and viscous Lissajous curves also showed increased nonlinear viscoelastic behavior, 

as seen by the increased distortions in the curve shapes at higher frequencies (Figures 3.4, 

 

Table 3.1.  MITlaos output data for agarose gelsa 

Strain Frequency 

€ 

" G 1  

€ 

" G 3
b 

€ 

" G 3
" G 1
 

€ 

e3 

€ 

" G L
" G M

 

% rad/s Pa Pa -- -- -- 
1 0.0628 17041 (947) 157.0 (37.4) 0.009 (0.002) -157.0 (37.4) 0.89 (0.011) 
 0.628 17736 (948) 32.3 (12.6) 0.002 (0.0006) -42.4 (23.7) 1.01 (0.014) 
 6.28 18446 (1000) 63.6 (17.7) 0.003 (0.0008) 63.6 (17.7) 0.98 (0.006) 
 62.8 19102 (1012) 21.5 (10.2) 0.001 (0.0007) -21.5 (10.2) 0.99 (0.001) 
10 0.0628 5488 (123.4) 123 (12.8) 0.022 (0.002) 123.3 (12.8) 0.99 (0.007) 
 0.628 6671 (253.6) 257 (21.6) 0.039 (0.002) 257.4 (21.6) 1.15 (0.009) 
 6.28 7790 (364.3) 418 (17.2) 0.054 (0.001) 417.7 (17.2) 1.22 (0.009) 
  62.8 8209 (408.6) 156 (18.2) 0.019 (0.002) 155.9 (18.2) 1.08 (0.009) 
25 0.0628 3288 (238.8) 458 (33.6) 0.139 (0.023) 457.9 (33.6) 2.38 (0.484) 

 0.628 3827 (265.3) 771 (19.8) 0.202 (0.019) 771.1 (19.8) 7.42 (2.67) 
 6.28 3719 (346.0) 1013 (19.3) 0.272 (0.028) 1013.3 (19.3) 7.01 (2.94) 
 62.8 3488 (388.6) 288 (21.7) 0.083 (0.029) 288.5 (21.7) 1.48 (0.029) 

a Ltters in parentheses denote standard errors 
b Absolute values of 

€ 

" G 3  used 
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3.5, 3.6).  Both the increase in 13 /GG ʹ′ʹ′  and the change in shape of the Lissajous curves 

indicated increased nonlinear viscoelastic behavior with increased frequency.  The increase 

in nonlinear viscoelastic behavior was expected, as critical stress and strain decrease with 

increased frequency (Guskey and Winter, 1991; Bafna, 1996; Karrabi et al., 2004; Somma 

and Nobile, 2004; Jiang and Lu, 2009).  Therefore, a given strain at a high frequency would  

 

 

Figure 3.4.  Lissajous plots of agarose gel stress-strain wavedata measured at different strains 
and frequencies 
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Figure 3.5.  Lissajous plots of agarose gel elastic stress measured at different strains and 
frequencies as calculated by the nonlinear analysis protocol 
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Figure 3.6.  Lissajous plots of agarose gel viscous stress measured at different strains and 
frequencies as calculated by the nonlinear analysis protocol 
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be farther from the critical strain than at a low frequency.  Because the length of the LVR 

typically decreases with increased frequency, it was expected that, at constant strain, the 

magnitude of nonlinear viscoelastic behavior would increase with increased frequency, even 

at very low strain.  The low magnitude of 13 /GG ʹ′ʹ′  as well as the decrease in distortion of the 

Lissajous curves at 62.8 rad/s appeared to indicate a transition back to linearviscoelastic 

behavior.  However, examination of the Fourier spectrum for this data indicated a low signal 

to noise ratio (data not shown).  It is likely that the data were not collected at the necessary 

density for proper analysis.  At lower frequencies, the high signal to noise ratio in the Fourier 

spectrum indicates sufficient data density for proper analysis: the intensity of the first and 

third harmonic peaks were well above the noise level.  Thus, the Fourier spectrum is a useful 

tool for confirming the presence of nonlinear behavior and assessing the validity of the 

program output. 

 The ratio of 3Gʹ′  to 1Gʹ′  increased as applied strain increased, regardless of frequency 

(Table 3.1), indicating increased nonlinear viscoelastic behavior with increased strain.  In 

addition, the Lissajous curves of the stress-strain wavedata and the elastic and viscous 

Lissajous curves display increased distortion as strain increased (Figures 3.4, 3.5, 3.6).  

Again, these results were expected: as the magnitude of strain applied to a material increases, 

the material shows a transition from linear to nonlinear viscoelastic behavior.  The elastic 

moduli were used to determine linear-to-nonlinear transitions, as 13 /GG ʹ′ʹ′ was more indicative 

of gel behavior observed in strain sweeps than 13 /GG ʹ′ʹ′ʹ′ʹ′ .  At low strains (1%), this ratio ranged 

from 0.001 to 0.003, indicating linear behavior.  At higher strains (25%), 13 /GG ʹ′ʹ′  ranged 
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from 0.083 to 0.27, indicating nonlinear viscoelastic behavior.  At strains in the transition 

region of linear-to-nonlinear behavior (10% strain), 13 /GG ʹ′ʹ′  ranged from 0.022 to 0.054, 

indicating a greater amount of nonlinear viscoelastic behavior than in the LVR, but less 

nonlinear behavior than at higher strains, as expected. 

 Currently, there is no standard value for the magnitude of 13 /GG ʹ′ʹ′  that indicates the 

transition from linear to nonlinear viscoelastic behavior.  Previous studies using Fourier 

transform rheology to examine the relative magnitudes of the ratio of the third-harmonic 

peak intensity to the first-harmonic peak intensity have used cutoff values of 0.005 (Höfl et 

al., 2006; Mendoza et al., 2009; Mendoza et al., 2011) and 0.01 (Vittorias et al., 2006).  

Theoretically, nonlinear behavior begins when the third harmonic has a value greater than 

zero (Daniel et al., 2001), but all materials exhibit slight nonlinear behavior even at very 

small strains due to nonidealities.  While linear and nonlinear viscoelastic behavior may be 

differentiated via analysis of waveform data with the nonlinear analysis protocol, it is 

impractical to use the theoretical definition ( 03 >ʹ′G ) of the onset of nonlinear viscoelastic 

behavior.  Therefore, it is suggested that 0.01 be used as the cutoff value of 13 /GG ʹ′ʹ′  for 

determining the linear-to-nonlinear viscoelastic transition.  This value may also be used for 

13 /GG ʹ′ʹ′ʹ′ʹ′  when evaluating the linear-to-nonlinear viscoelastic behavioral transitions of fluids. 

 While agarose gels do exhibit strain-hardening behavior beyond the LVR (Barrangou 

et al., 2006), they should not exhibit any kind of strain-dependent behavior in the LVR.  

Examination of ML GG ʹ′ʹ′ /  revealed minimal strain-dependent behavior at strains of ≤10% and 

all frequencies tested (Table 3.1).  Under those strain and frequency conditions, ML GG ʹ′ʹ′ /  was 
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close to unity, indicating linear elastic behavior.  As expected, deviations from ideal behavior 

were greater with increased strain (0.89 to 1.01 at 1% strain compared to 0.99 to 1.22 at 10% 

strain).  At a strain of 25%, which was well outside of the LVR, the gels showed strong 

strain-hardening behavior at all frequencies except at 62.8 rad/s.  Again, these results were 

expected based on previous work (Barrangou et al., 2006).  The lower magnitude of ML GG ʹ′ʹ′ /  

at 62.8 rad/s was expected based on the lower magnitude of 13 /GG ʹ′ʹ′ .  Because the low signal 

to noise ratio for data collection resulted in data indicating linear viscoelastic behavior, 

ML GG ʹ′ʹ′ /  would be similarly affected.  The signs of the third-order Chebyshev coefficients 

were in agreement with the results of ML GG ʹ′ʹ′ / .  Strain hardening behavior was shown for 

10% and 25% strains, but strain-softening behavior was shown for 1% strain.  However, the 

values of ML GG ʹ′ʹ′ /  at 1% strain were very close to unity, indicating that material behavior 

may be considered ideal.   

 As with 13 /GG ʹ′ʹ′ , a standard range for determining linear viscoelastic behavior using 

ML GG ʹ′ʹ′ /  has not been published.  It is suggested that 90.0/ <ʹ′ʹ′ ML GG  be used to indicate 

strain softening behavior and 10.1/ >ʹ′ʹ′ ML GG  be used to indicate strain-hardening behavior.  

Applying these ranges to the data, it was found that the nonlinear analysis protocol was able 

to correctly indicate the nonlinear viscoelastic behavior of agarose gels. 

 The elastic third-order Chebyshev coefficient, e3 , may also be used to evaluate strain-

hardening and strain-softening behavior (Table 3.1).  Nonlinear viscoelastic behavior 

indicated by e3  was in general agreement with nonlinear viscoelastic behavior indicated by 

ML GG ʹ′ʹ′ /  for all strains and frequencies tested.  Similarly to ML GG ʹ′ʹ′ / , 3e  may be used to 
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determine the type and extent of nonlinear viscoelastic behavior of solids, and also serves as 

a way to check ML GG ʹ′ʹ′ /  for validity.  The Lissajous curves of elastic and viscous stress may 

also be used for visual evaluation of nonlinear viscoelastic behavior (Figures 3.5, 3.6). 

 

3.4.2.2.  Standard oil 

 The presence and magnitude of nonlinear viscoelastic behavior in the model viscous 

system, standard oil, was determined by 13 /GG ʹ′ʹ′ʹ′ʹ′  and ML ηη ʹ′ʹ′ / .  As the extent of nonlinear 

viscoelastic behavior increases, 13 /GG ʹ′ʹ′ʹ′ʹ′  increases and ML ηη ʹ′ʹ′ /  moves further from unity, 

with a decrease in ML ηη ʹ′ʹ′ /  corresponding to shear thinning and an increase corresponding to 

shear thickening. 

 The ratio of 3G ʹ′ʹ′  to 1G ʹ′ʹ′  for the standard oil was below 0.01 for all strains tested and 

frequencies tested (Table 3.2), indicating linear viscoelastic behavior (Vittorias et al., 2006).  

Inspection of the Lissajous curves of the stress-strain wavedata and elastic and viscous 

stresses also indicated linear viscoelastic behavior for all strains and frequencies (Figures 3.7, 

3.8, 3.9).  These results were expected since standard oils display Newtonian behavior over a 

range of shear rates and show very little, if any, nonideal behavior.  Examination of ML ηη ʹ′ʹ′ /  

revealed minimal strain-dependent behavior at all strains and frequencies tested (Table 3.2).  

As expected, deviations from ideal behavior were small and ML ηη ʹ′ʹ′ /  varied between 0.96 and 

1.05.  Standard oils are considered Newtonian, so they should not display any shear thinning 

or thickening behavior; the nonlinear analysis protocol was able to accurately indicate this 

 



 

95 

Table 3.2.  MITlaos output data for standard oil (viscosity=12.2 Pa s)a 

Strain Frequency 

€ 

" " G 1  

€ 

" " G 3
b 

€ 

" " G 3
" " G 1
 

υ3 

€ 

" η L
" η M

 

% rad/s Pa Pa -- -- -- 
10 0.628 6.17 (0.0.074) 0.016 (0.008) 0.0027 (0.0009) 0.026 (0.013) 0.96 (0.012) 
 6.28 61.7 (0.776) 0.108 (0.032) 0.0017 (0.0005) -0.017 (0.005) 0.98 (0.003) 
 62.8 606 (9.03) 1.03 (0.119) 0.0017 (0.0002) -0.016 (0.002) 0.99 (0.0003) 
25 0.628 6.26 (0.032) 0.008 (0.002) 0.0013 (0.0003) 0.013 (0.003) 0.99 (0.004) 
 6.28 61.6 (0.444) 0.084 (0.016) 0.0014 (0.0003) -0.013 (0.003) 0.97 (0.003) 
 62.8 611 (3.35) 0.941 (0.055) 0.0015 (0.00009) 0.015 (0.001) 1.02 (0.001) 
50 0.628 6.13 (0.008) 0.014 (0.0002) 0.0024 (0.0005) 0.015 (0.004) 1.01 (0.003) 

 6.28 61.1 (0.151) 0.104 (0.016) 0.0017 (0.0003) 0.017 (0.003) 1.01 (0.002) 
 62.8 604 (1.77) 5.88 (0.156) 0.0097 (0.0002) 0.094 (0.002) 1.05 (0.004) 

a Letters in parentheses denote standard errors 
b Absolute values of 

€ 

" " G 3  used  
 

 

Figure 3.7.  Lissajous plots of standard oil (µ=12.2 Pa) stress-strain wavedata measured at 
different strains and frequencies 
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Figure 3.8.  Lissajous plots of standard oil (µ=12.2 Pa) elastic stress measured at different 
strains and frequencies as calculated by the nonlinear analysis protocol 
 

behavior.  As with ML GG ʹ′ʹ′ / , a standard range for determining linear viscoelastic behavior 

using ML ηη ʹ′ʹ′ /  has not been published.  It is suggested that 90.0/ <ʹ′ʹ′ ML ηη  be used to indicate 

shear-thinning behavior and 10.1/ >ʹ′ʹ′ ML ηη  be used to indicate shear-thickening behavior. 
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Figure 3.9.  Lissajous plots of standard oil (µ=12.2 Pa) viscous stress measured at different 
strains and frequencies as calculated by the nonlinear analysis protocol 
 

Applying these ranges to the data, the nonlinear analysis protocol correctly determined linear 

viscoelastic behavior for standard oil for all strains and frequencies tested. 

 Similar to the elastic third-order Chebyshev coefficient for the agarose gels, the 

viscous third-order Chebyshev coefficient, υ3 , may also be used to evaluate shear-thinning 
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and shear-thickening behavior (Table 3.2).  Nonlinear viscoelastic behavior indicated by υ3  

was in general agreement with nonlinear viscoelastic behavior indicated by ML ηη ʹ′ʹ′ /  for all 

strains and frequencies tested.  All values of 3υ  were less than 0.1, indicating little nonlinear 

behavior, as expected.  Based on these results, 3υ  may be used to determine the type and 

extent of nonlinear viscoelastic behavior of fluids and serves as a way to check the validity of 

ML ηη ʹ′ʹ′ / .  As with elastic systems, the Lissajous plots served as an additional, visual 

evaluation of nonlinear viscoelastic behavior of viscous systems (Figure 3.8, 3.9). 

 

 

3.5.  CONCLUSIONS 

 First-harmonic viscoelastic moduli obtained using the protocol developed by Ewoldt 

et al. (2008) for model elastic (agarose gels) and viscous (standard oil) systems were in 

agreement with conventional rheometer output in the LVR.  The analysis protocol correctly 

determined linear-to-nonlinear transitions for agarose gels and displayed linear viscoelastic 

behavior of the standard oil for all strains.  Strain-hardening behavior was indicated for 

agarose gels beyond the LVR; agarose gels are known to be strain-hardening (Barrangou et 

al., 2006).  Thus, the LAOS analysis protocol developed by Ewoldt et al. (2008) appears to 

be valid. 

 This protocol introduces a new method of examining the mechanical behavior of food 

products.  One of the challenges in food science research is to relate mechanical properties to 

sensory properties.  Although large-strain properties have been shown to correlate to sensory 
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properties, small-strain properties, including those determined by oscillatory shear, do not.  

However, small-strain rheology is a common rheological tool used in food research.  The 

protocol used in this work may allow oscillatory shear testing to yield results that not only 

provide a framework that gives physical meaning to nonlinear viscoelastic properties, but 

yields properties that correlate to sensory aspects, allowing for the evaluation of food 

structure on mechanical behavior and giving further insight into the impact of food 

mechanical behavior on texture.  In addition, the nonlinear viscoelastic properties of semi-

solid and fluid foods may be determined using this protocol; traditional large-strain 

methodology may not be used on these types of materials due to sample limitations. 
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CHAPTER 4.  CREEP AND LARGE AMPLITUDE OSCILLATORY SHEAR 

BEHAVIOR OF WHEY PROTEIN ISOLATE/κ-CARRAGEENAN GELS 
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4.1.  ABSTRACT 

 Dynamic oscillatory and creep tests are two common rheological methods used to 

determine viscoelastic properties.  In food research, these tests are generally performed in the 

linear viscoelastic region, providing information on food structure and behavior over a range 

of timescales.  However, small-strain testing gives an incomplete picture of structural 

deformation and breakdown.  Nonlinear oscillatory and nonlinear creep testing, on the other 

hand, may yield a more complete fingerprint of food structural behavior, as they provide 

additional information on structural deformation and breakdown.  In this study, whey protein 

isolate (WPI)/κ-carrageenan gels with different microstructures were studied under large 

amplitude oscillatory shear (LAOS) and nonlinear creep to determine the impact of structure 

on nonlinear viscoelastic and creep behavior, and to examine correlations between nonlinear 

viscoelastic and creep parameters.  Microstructural types considered comprised a 

homogeneous protein gel, a bicontinuous gel, where both WPI and κ-carrageenan exhibited a 

continuous network, and a carrageenan-continuous gel.  Creep data were fit to 4-element 

Burgers models for further analysis, and the predicted compliance values were found to be in 

agreement with experimental data (R2 ≥ 0.90).  Carrageenan-continuous gels showed the 

greatest degree of nonlinearity under LAOS (25% strain), while homogeneous gels displayed 

the least.  Nonlinear oscillatory data was found to correlate (R2>0.7, p<0.05) with parameters 

used in the 4-element Burgers model.  Hence, nonlinear viscoelastic behavior among 

materials may be evaluated by both creep and nonlinear oscillatory testing.  However, 

nonlinear oscillatory data gives a quantitative measure of the type and extent of nonlinear 

behavior, while creep data indicates only the presence of nonlinear behavior.  By combining 
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information on structural behavior derived from nonlinear oscillatory and creep data, it is 

possible to determine nonlinear viscoelastic behavior over a range of timescales, providing 

insight into structural deformation and breakdown under application of stress or strain at 

different rates. 

 

 

4.2.  NOMENCLATURE 

Elastic: having the properties of an ideal solid; i.e., stress linearly proportional to strain and 

properties independent of strain rate. 

Viscous: having the properties of an ideal fluid; i.e., viscosity proportional to strain rate. 

Nonlinear: rheological behavior in which the stress-strain relationship is not proportional, 

resulting in phenomena such as shear thinning or strain hardening. 

Linear viscoelastic region (LVR): region of stress or strain in which material behavior 

shows a linear (proportional) relationship between stress and strain.  Viscoelastic materials 

behave like ideal elastic solids or viscous fluids, depending on their composition. 

Small-amplitude oscillatory shear (SAOS): oscillatory shear testing using stresses or 

strains within the material’s LVR. 

Large amplitude oscillatory shear (LAOS): oscillatory shear testing using stresses or 

strains beyond the LVR, but below the stress or strain needed to fracture the sample. 

Large-strain: general term used to indicate testing of a material beyond the LVR.  Most 

large-strain testing performed in food research is fracture testing. 
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Firmness: term describing the amount of stress needed to produce a certain amount of 

deformation in a material.  Firm materials have a relatively high complex modulus and tend 

to behave as elastic solids over a wide range of stresses. 

Compressibility: sensory term describing the amount of sample deformation before fracture; 

evaluated by hand compression of the sample. 

Springiness: sensory term describing the amount of sample recovery after partial 

compression; evaluated by hand compression of the sample 

Homogeneous gel: gel structure in which the individual network strands cannot be readily 

identified at the microscopic level, resulting in the appearance of a single, homogeneous 

phase. 

Bicontinuous gel: gel structure in which phase separation results in both a protein and 

polysaccharide continuous phase. 

Carrageenan-continuous gel: gel structure in which a carrageenan network comprises the 

continuous phase. 

 

 

4.3.  INTRODUCTION 

 Two rheological tests common in food research are oscillatory shear and creep.  

Oscillatory shear testing imparts a sinusoidal stress or strain on a sample to determine the 

viscoelastic properties.  The majority of studies on food viscoelastic properties use small 

amplitude oscillatory testing (SAOS), keeping sample deformation within the linear 

viscoelastic region (LVR). Large amplitude oscillatory testing (LAOS), relatively common in 
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the polymer industry with the advent of Fourier computing, is not widely used in the food 

industry.  Because it is sensitive to microstructural changes in polymers (Hyun et al, 2002; 

Carotenuto et al., 2008), LAOS may be a valuable tool for examining the rheological 

properties of food systems, since many food products are composed of polymers, i.e. proteins 

and polysaccharides. 

 Large amplitude oscillatory shear testing has been used to study the nonlinear 

viscoelastic properties of various food gels, emulsions, and solutions (Knudsen et al., 2006; 

Song et al., 2006; Klein et al., 2008; Knudsen et al., 2008; Ng and McKinley, 2008; Brenner 

et al., 2009).  However, with the exception of percent recoverable energy (van den Berg et 

al., 2008; Sala et al., 2009a; Sala et al., 2009b; Çakir et al., 2011; de Jongh, 2011), large-

strain rheological testing the food industry is typically used to determine fracture properties 

(Li et al., 1999; Truong and Daubert, 2000; Nishinari, 2004; Tabilo-Munizaga and Barbosa-

Cánovas, 2005).  There has been little study of food properties beyond the LVR and prior to 

fracture. 

 In SAOS testing, an oscillating stress or strain input results in a sinusoidal response; 

however, in LAOS testing, the response cannot be described with a single sine wave (Läuger 

and Stettin, 2010).  The shape of the sine wave is distorted due to significant contribution 

from higher-order harmonics (Debbaut and Burhin, 2002; Läuger and Stettin, 2010), and the 

response is typically analyzed using Fourier transforms.  For a large amplitude, sinusoidal 

strain input, the stress response may be written as a Fourier series, and the use of Fourier 

transforms to analyze nonlinear data allows the onset of nonlinear viscoelastic behavior to be 

detected with a high degree of sensitivity (Wilhelm et al., 2000; Läuger and Stettin, 2010).  
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In addition, higher-order harmonics beyond the LVR can be used to provide additional 

information on material behavior and differentiate materials that have similar linear 

viscoelastic behavior (Hyun et al., 2002; Ewoldt et al., 2008). 

 Higher-order harmonic data is typically not used in the analysis of material 

properties, because the higher-order viscoelastic moduli do not have physical meaning rooted 

in traditional rheological interpretation (Cho et al., 2005; Ewoldt et al., 2008).  Ewoldt et al. 

(2008) defined a LAOS protocol that gave physical meaning to the third-harmonic 

viscoelastic moduli ( 3Gʹ′  and 3G ʹ′ʹ′ ).  The protocol also defined a large and minimum strain 

elastic modulus, LG ʹ′  and MGʹ′ , respectively, and instantaneous viscosities at maximum and 

minimum shear rate, Lηʹ′  and Mηʹ′ , respectively (Ewoldt et al., 2008).  These new terms were 

able to indicate the type and degree of nonlinear behavior of gastropod pedal mucus (Ewoldt 

et al., 2008), a 0.2% w/w xanthan gum solution (Ewoldt et al., 2010), and gluten dough (Ng 

et al., 2011).  This protocol shows great potential for the food industry, as sensory properties 

generally correlate to large-strain, rather than small-strain mechanical properties (Lowe et al., 

2003; Tabilo-Munizaga and Barbosa-Cánovas, 2005; van den Berg et al., 2008; Chen, 2009).  

In addition, most food processing as well as oral processing occurs in a region beyond the 

LVR and a general protocol to fully characterize food behavior in such processes is not 

currently in use. 

 Stress or strain sweeps may be used to find the LVR of a material.  These sweeps may 

also be used to determine the critical stress and strain, defined as the stress and strain at 

which the region of linear viscoelastic behavior ends (Steffe, 1996).  It is also possible to 

determine the critical strain rate, although this is uncommon.  Critical stress and strain values 
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are frequency-dependent for many viscoelastic materials; values of critical stress and strain 

generally decrease as oscillatory frequency increases (Guskey and Winter, 1991; Bafna, 

1996; Karrabi et al., 2004; Somma and Nobile, 2004; Jiang and Lu, 2009).  There are several 

possible reasons for this decrease.  First, materials are more susceptible to structural 

breakdown during high-frequency oscillation resulting from the high rate of shear forces 

imparted to the sample; structural breakdown results in nonlinear behavior.  If the sample is 

assumed to exhibit nonlinear behavior that is not due to structural breakdown, the shift in 

critical stress and critical strain may be explained by considering the strain rate.  At constant 

strain amplitude, increased frequency results in increased strain rate, so a given strain rate 

will be reached with a lower strain at higher frequencies.  Therefore, if the end of the LVR is 

determined by strain rate, the LVR will decrease with increased frequency. 

 Creep testing, a common rheological technique in food studies, imparts a constant 

stress on a sample for a set period of time and measures the resulting strain response (Steffe, 

1996).  As with oscillatory testing, creep testing of foods is typically performed using a stress 

in the LVR so that the material can be assumed to exhibit a linear viscoelastic response; e.g. 

all permanent deformations are assumed to be from viscous relaxations within the material 

rather than behavior resulting from a nonlinear response (Ferry, 1970).  While testing in the 

LVR is not a requirement, and testing beyond the LVR is fairly common in the polymer 

industry, the relationships between viscoelastic moduli and creep compliance values do not 

hold in the nonlinear region, resulting in the inability to calculate the viscoelastic moduli 

using data from a nonlinear creep test.  In addition, it is possible for viscoelastic phenomena, 
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arising from normal forces applied to the sample during testing, to affect the results of the 

test (Ferry, 1970). 

 In a creep test, stress is imparted on the sample instantaneously (Steffe, 1996), 

resulting in an infinite strain rate.  The strain rate decays over time, but may be outside the 

LVR during the initial portion of the testing period.  Increasing the initial stress increases the 

strain on the sample, resulting in higher strain rates at the outset of the test.  In addition, 

imparting initial strain rates that cause nonlinear responses for differing lengths of time may 

result in differences in sample creep behavior.  While the magnitude of the initial strain rate 

may be controlled by controlling the time to apply the stress, this is not typically done during 

creep testing.  The variance in response from different stresses and stress application rates 

may be seen in the variance of parameters in a creep behavior model. 

 One model in which this parameter variation is possible is the 4-element Burgers 

model (Figure 4.1).  This model uses a combination of elastic elements, represented by 

fluids.  In the 4-element Burgers model, a Voigt element, or spring and dashpot in parallel, is 

placed between the two parts of a Maxwell element, or spring and dashpot in series.  The 

three parts of the model correspond to the elastic, viscoelastic, and viscous behavior during 

creep testing.  The equation for the model is as follows (Steffe, 1996; Alvarez et al., 1998): 

 J = J0 + J1 exp
−t
λret

"

#
$

%

&
'+

t
µ0

 (4.1) 

In Eqn. 4.1, the three terms on the right-hand side of the equation are, in order, the elastic, 

viscoelastic, and viscous components.  J  is creep compliance (1/Pa), 0J  is instantaneous  
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Figure 4.1.  Creep curve showing the parameters for the 4-element Burgers model 
springs, and viscous elements, represented by dashpots, or pistons compressing Newtonian  

 

compliance (1/Pa), 1J  is retarded compliance (1/Pa), 

€ 

t  is time, retλ  is retardation time (time 

needed to reach 63.2% of the final compliance, s), and 0µ  is the Newtonian viscosity (Pa s).  

These parameters may be used to evaluate the effects of varying stresses and stress 

application rates on different materials.  Additionally, there are few investigations comparing 

the viscoelastic portion of the 4-element Burgers model to oscillatory data.  Examining these 

relationships may allow material behavior indicated by LAOS data to be extracted from 

creep test data. 
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 Whey protein isolates and κ-carrageenan are two common ingredients used in food 

products.  Whey proteins are globular proteins used to modify food texture, appearance, and 

water-holding ability via heat-induced gelation (Ikeda and Foegeding, 1999; Zhou et al., 

2008; Ye and Taylor, 2009).  A hydrcolloid derived from red algae, κ-carrageenan is used for 

thickening and gelation of food products (Eleya and Turgeon, 2000).  Both whey proteins 

and κ-carrageenan are capable of gelling independently.  Whey proteins will gel under heat 

or in the presence of certain salts (Vardhanabhuti et al., 2001).  Alternatively, gelation of κ-

carrageenan is a two-step process involving a coil-to-helix transition during heating and 

aggregation/network formation upon cooling (Eleya and Turgeon, 2000). 

 Whey protein isolate (WPI)/κ-carrageenan gels are able to generate a wide range of 

structures under different gelation conditions (Figure 4.2) (Çakir and Foegeding, 2011; Çakir 

et al., 2012).  By increasing the ratio of κ-carrageenan to WPI in the gel, the network 

structure can be shifted from a homogeneous protein structure to a bicontinuous structure, in 

which both the protein and polysaccharide phases have continuous interpenetrating networks.  

Further increasing the ratio of κ-carrageenan to WPI results in a phase inversion from protein 

continuous to carrageenan continuous.  In carrageenan continuous gels, the carrageenan 

forms a continuous network, with WPI acting as an active filler in the carrageenan network 

(Çakir and Foegeding, 2011).  These three different structural types show clearly 

differentiable mechanical and sensory behavior (Çakir and Foegeding, 2011; Çakir et al., 

2012).  Homogeneous WPI gels are elastic, springy, and compressible.  Bicontinuous gels are  
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Figure 4.2.  Schematics of gel structures for a. WPI, b. WPI/0.4% κ-carrageenan, and c. 
WPI/0.6% κ-carrageenan gels; micrographs of WPI, b. WPI/0.4% κ-carrageenan, and c. 
WPI/0.6% κ-carrageenan gels 

Blue lines in the schematics denote protein chains, while orange lines denote polysaccharide 
chains.  Each micrograph image shows an area of 354 µm x 354 µm.  Light areas indicate the 
protein phase, dark areas indicate the polysaccharide phase. 
 

firmer and less compressible, while carrageenan continuous gels are the least elastic of these 

three gel types and are not compressible or springy (Çakir et al., 2012).  It should be noted 

that “compressible” and “springy” are used as sensory terms and do not refer to mechanical 

properties.  Compressibility refers to the amount of sample deformation before fracture, 

while springiness refers to the amount of sample recovery after partial compression.  Both 

compressibility and springiness were evaluated by hand compression (Çakir et al., 2012).  

Regardless of structure, WPI/κ-carrageenan gels display strain-hardening behavior beyond 
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the LVR (Vardhanabhuti et al., 2001).  This strong nonlinear response creates a clear 

demarcation between the linear and nonlinear regions of gel behavior. 

 The impact of the magnitude of applied stress and stress application time on creep 

model parameters of food products and the relationships between creep and nonlinear 

viscoelastic properties have not been thoroughly studied.  Understanding how creep model 

parameters change with changes in applied stress and strain rate may yield information of 

how viscoelastic behavior changes with an increase or decrease in stress.  In addition, 

determining relationships between creep and nonlinear viscoelastic properties may yield 

insight into structural deformation over various timescales.  Therefore, the objectives of this 

study were to examine the effects of the magnitude of stress and stress application time on 

WPI/κ-carrageenan gels during creep testing and to determine correlation of viscoelastic data 

of WPI/κ-carrageenan gels from a 4-element Burgers model to the nonlinear viscoelastic 

behavior observed during LAOS conducted at different frequencies. 

 

 

4.4.  MATERIALS AND METHODS 

4.4.1.  Theory 

 The LAOS analysis protocol used in this paper is described in detail by Ewoldt et al. 

(2008).  Briefly, the stress response to an oscillatory strain input is written as a Fourier series 

to account for higher-order harmonic contributions.  For ease of analysis, the Fourier series 

may be written in terms of elastic (Eqn. 4.2) and viscous (Eqn. 4.3) stress (Ewoldt et al., 

2008):  
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 σ t;ω,γo( ) = γo !Gn ω,γo( )sin nωt( )+ !!Gn ω,γo( )cos nωt( )( )
n:odd
∑  (4.2) 

 σ t;ω,γo( ) = γo !!ηn ω,γo( )sin nωt( )+ !ηn ω,γo( )cos nωt( )( )
n:odd
∑  (4.3) 

Here, oγ  is strain amplitude (unitless), nGʹ′  and nG ʹ′ʹ′  are elastic and viscous moduli for 

harmonic n (Pa), respectively, oγ  is maximum strain rate (1/s), and nηʹ′  and nη ʹ′ʹ′  are in phase 

and out-of-phase apparent viscosities for harmonic n (Pa s), respectively.  Only odd higher-

order harmonics contribute to the stress response; even higher-order harmonics are due to 

transient responses, secondary flows, or wall slip and are not considered (Ewoldt et al., 

2008). 

 While other methods exist to determine higher-order viscoelastic moduli, the methods 

generally did not give the higher-order moduli physical meaning (Cho, 2005; Ewoldt et al., 

2008; Läuger and Stettin, 2010).  However, the method developed by Ewoldt et al. (2008) 

converted the Fourier series in Eqns. 4.2 and 4.3 to Chebyshev polynomials of the first kind 

and related the third-harmonic viscoelastic moduli ( 3Gʹ′  and 3G ʹ′ʹ′ ) to the constants in the third-

order term ( 3e  and 3υ ), allowing 3Gʹ′  and 3G ʹ′ʹ′  to be indicative of the type of nonlinear 

behavior observed.  Additionally, Ewoldt et al. (2008) developed new viscoelastic moduli 

and instantaneous viscosity terms that can be used to indicate different nonlinear behaviors.  

The elastic modulus was separated into minimum strain elastic modulus, MGʹ′  (the tangent 

modulus measured at zero strain) and large strain elastic modulus, LG ʹ′  (the secant modulus 

measured at maximum strain).  Dynamic viscosity was converted to instantaneous viscosity 

at minimum shear rate, Mηʹ′ , and instantaneous viscosity at maximum shear rate, Lηʹ′ . The 
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ratio of the new elastic moduli ( ML GG ʹ′ʹ′ / ) was used to indicate strain hardening and 

softening, while the ratio of the instantaneous viscosities ( ML ηη ʹ′ʹ′ / ) was used to indicate 

shear thinning and thickening.  Lissajous curves are capable of displaying both the elastic 

moduli, by plotting stress versus strain, and instantaneous viscosities, by plotting stress 

versus strain rate (Figure 4.3).  The type of nonlinear behavior derived from the elastic 

moduli and instantaneous viscosities provides additional support to the type of nonlinear 

viscoelastic behavior indicated by the third-order Chebyshev coefficients, 3e  and 3υ . 

 

 

Figure 4.3.  Lissajous plots of a. elastic moduli, LVR; b. instantaneous viscosities, LVR; c. 
elastic moduli, beyond LVR; d. instantaneous viscosities, beyond LVR. 

Data shown is from agarose gel LAOS testing in the LVR (a, b) and beyond the LVR (c, d). 
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4.4.2.  Experimental 

4.4.2.1.  Materials 

 Whey protein isolate (WPI) Bipro powder (93.37% protein, dry basis, calculated 

using nitrogen*6.38) was obtained from Davisco Foods International, Inc. (Le Sueur, MN).  

Protein and mineral contents were determined by inductively coupled plasma atomic 

emission spectroscopy.  The WPI composition was 14.64% N, 0.08% P, <0.005% K, 0.07% 

Ca, <0.005% Mg, 1.70% S and 8 g/kg Na.  GENUGEL κ-carrageenan (CHP-2) was provided 

by CP Kelco Inc. (Lille Skensved, Denmark).  Sodium chloride was purchased from Sigma-

Aldrich (St. Louis, MO) and sodium hydroxide (ACS pellets) was purchased from Fisher 

Scientific Inc. (Fair Lawn, NJ).  All materials were used without further purification. 

 

4.4.2.2.  Preparation of solutions for gelation 

 Solutions were prepared with constant WPI and NaCl concentrations of 13% (w/v) 

and 50 mM, respectively, and κ-carrageenan concentration of 0 to 0.6% (w/w) using the 

method of Çakir and Foegeding (2011).  Briefly, stock solutions of WPI (26% w/v) were 

prepared by dispersing the WPI powder in deionized water containing 50 mM NaCl at room 

temperature (22±2°C) for at least 12 hours under constant stirring at 300 RPM.  After 

dispersion, solution pH was adjusted to 7.0 using 1.0 N NaOH and brought to final volume 

with deionized water if needed.  Protein solutions were degassed under vacuum (20 in Hg) 

for 1 hr under constant stirring.  Stock solutions of κ-carrageenan (0.8 and 1.2% w/w) were 

prepared by dispersing the carrageenan powder in deionized water containing 50 mM NaCl 

at room temperature (22±2°C) under constant stirring at 300 RPM for 30 minutes.  The 
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carrageenan solutions were then covered with aluminum foil to prevent evaporation, 

transferred to a water bath at 90°C, and held at 90°C for 30 minutes with occasional stirring 

to complete dissolution.  To prepare the carrageenan and WPI solutions for mixing, solutions 

were equilibrated at 45°C in a water bath for 15 minutes, as this temperature was high 

enough to prevent κ-carrageenan gelation without causing protein denaturation.  Solutions 

containing only WPI were diluted with deionized water containing 50 mM NaCl to a final 

protein concentration of 13% w/v.  Solutions containing κ-carrageenan were mixed in a 1:1 

ratio at 45°C.  All solutions were stirred slowly to ensure complete mixing without air 

entrainment. 

 

4.4.2.3.  Gel preparation 

 Mixed solutions were poured into 25 mL beakers coated with a non-stick silicone 

solution (Sigmacote; Sigma-Aldrich; St Louis, MO) and covered with aluminum foil to 

prevent moisture loss.  The beakers were placed in an 80°C water bath for 30 minutes, then 

cooled at room temperature (22±2°C) for 1 hr before storage at 4°C.  Gels were allowed to 

equilibrate to room temperature (22±2°C) before further testing.  All testing was performed 

in triplicate at 25°C. 

 

4.4.2.4.  Large amplitude oscillatory shear testing 

 Large strain rheology was conducted on a strain-controlled rheometer (ARES-M, TA 

Instruments, New Castle, DE) using a 25 mm diameter parallel plate system.  Coarse-grit, 

adhesive-backed sandpaper (60 grit, Klingspor Abrasives, Inc.; Hickory, NC) was adhered to 
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each plate to minimize slip.  Gel samples were cut using a wire cutter and cutting template to a 

height of 4 mm.  The upper plate was lowered until a normal force of 1.0 N was reached, and 

the sample was trimmed to the diameter of the upper plate using a razor blade.  A thin layer 

of silicone grease (SuperLube, Synco Chemical; Bohemia, NY) was applied to the exposed 

edges of the sample to limit moisture loss during testing. 

 Strain sweeps (0.1 to 100% strain) were conducted at frequencies ranging from 

0.0942 to 94.2 rad/s.  Critical stresses, strains, and strain rates were determined to be the 

stress, strain, and strain rate, respectively, giving a complex modulus, *G , with 2% deviation 

from the moduli values in the plateau region. A strain of 25% was selected for nonlinear 

testing, as this strain was outside the LVR for all frequencies tested.  Repeat frequency 

sweeps were performed on the same sample to verify that the strain used did not damage the 

sample (data not shown).  Raw stress and strain data were collected at four different 

frequencies using the waveshape generator function in the TA Orchestrator software. 

 

4.4.2.5.  Creep testing 

 Creep testing was conducted with a stress-controlled rheometer (Stresstech, ATS 

Rheosystems; Bordentown, NJ) using a 20-mm diameter serrated parallel plate system.  

Sample preparation for testing was identical to sample preparation for LAOS testing.  Creep 

tests were performed using four different stresses (30, 70, 200, and 500 Pa), with creep and 

recovery times of 10 minutes for a total test time of 20 minutes (Van Camp and Huyghebaert, 

1995).  Creep data were fitted to 4-element Burgers models (Eqn. 4.1); parameters were 

calculated as show in Figure 4.1. 
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4.4.2.6.  Modified creep testing 

 Modified creep testing was conducted with a stress-controlled rheometer (Stresstech, 

ATS Rheosystems; Bordentown, NJ) using a 20-mm diameter serrated parallel plate system.  

A modified creep test was created using the Viscometry function in the Rheologica software.  

Two different stresses were used for creep testing: one inside the LVR for all gels (200 Pa) 

and one outside the LVR for all gels (500 Pa).  Stress was linearly increased over four 

different time periods (0.6, 1.3, 15, and 30s) to the desired stress, then held at the desired 

stress for an additional 10 minutes.  Creep data were fitted to 4-element Burgers models 

(Eqn. 4.1); parameters were calculated as show in Figure 4.1. 

 

4.4.2.7.  Data analysis 

 Three-dimensional plots of strain sweep data were created for each gel using 

Sigmaplot software (version 11.0).  Stress and strain waveform data were analyzed using the 

MITlaos program (Version 2.1 beta, freeware distributed from MITlaos@mit.edu).  All data 

were subsequently analyzed using SAS 9.1.3  (SAS Institute Inc.; Cary, NC) for significant 

differences; analysis of variance was conducted using the GLM procedure, with significant 

differences (p≤0.05) determined by Tukey’s HSD.  Creep data were fitted to a 4-element 

Burgers model using Excel 2004 (version 11.6.4), and viscoelastic parameters from the 

MITlaos program were correlated to the Burgers model parameters and creep data using the 

CORR procedure in SAS.  Nonlinear viscoelastic properties chosen for correlation analysis 

comprised 3e , 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′ .  These properties were selected because they were 

able to indicate the presence ( e3 , 3Gʹ′ , ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ ), magnitude ( ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ ), and 
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type ( ML GG ʹ′ʹ′ / ) of nonlinear behavior displayed by the various gel samples.  Correlations 

were run in two different manners: combined (all data for each parameter for each gel type 

combined together regardless of frequency used during testing) and separated by frequency 

used during testing.  These two different sets of correlations will be referred to as 

“combined” and “separated” in future sections of this chapter.  Running correlations in these 

two manners allowed a more thorough examination of the effect of oscillation frequency on 

the relationship between nonlinear viscoelastic properties and other mechanical, sensory, and 

oral processing characteristics. 

 

4.5.  RESULTS AND DISCUSSION 

4.5.1.  Strain sweeps 

 Strain sweeps are typically performed to find the LVR of the material at a set 

frequency.  While the assumption that stresses and strains in the LVR at this frequency will 

be in the LVR at lower frequencies is generally true for food products, the LVR of 

viscoelastic materials shortens with increased frequency (Guskey and Winter, 1991; Bafna, 

1996; Karrabi et al., 2004; Somma and Nobile, 2004; Jiang and Lu, 2009).  Thus, stresses 

and strains inside the LVR at 6.28 rad/s may cause nonlinear behavior at higher frequencies. 

To determine the variation in the length of the LVR with increasing frequency, strain sweeps 

were conducted over a range of frequencies (Figure 4.4). 

 There were no significant differences in critical stress, strain, or shear rate for the 

WPI (homogeneous) gels (Appendix B).  Although no significant differences were found in  
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Figure 4.4.  Strain sweeps of a. WPI, b. WPI/0.4% κ-carrageenan, and c. WPI/0.6% κ-
carrageenan gels over various frequencies 
 

critical stress, strain, or strain rate values in this study, critical strain decreased slightly as 

frequency increased, while critical strain rate increased, varyinf from 0.01 to 10 1/s.  The 

lack of variation in critical stress or strain over this range of strain rates indicated that, over 

the range of frequencies tested, the length of the LVR for WPI gels is mainly controlled by 

the magnitude of the stress or strain applied to the sample, regardless of the rate of 

application of that strain.  These results are in agreement with a study by Lowe et al. (2003) 

a. 

c. 

b. 
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which found fracture stress and strain of WPI gels to be independent of strain rate.  It is 

likely that the same molecular mechanism, thought by Lowe et al. (2003) to be individual 

protein chain movement, responsible for the independence of fracture stress and strain on 

strain rate caused critical stress and strain to be independent of strain rate. 

 No significant differences were found for critical stress, strain, or strain rate at 

different frequencies for either WPI/0.4% κ-carrageenan (bicontinuous) or WPI/0.6% κ-

carrageenan (carrageenan continuous) gels (Appendix B).  Both WPI/0.4% κ-carrageenan 

and WPI/0.6% κ-carrageenan gels showed fairly constant critical stress for all frequencies 

and increased critical strain rate for increased frequencies.  However, while the WPI/0.6% κ-

carrageenan gels showed decreased critical strain with increased frequency, the WPI/0.4% κ-

carrageenan gels had relatively constant critical strain with increased frequency. Because the 

onset of nonlinear behavior of the WPI/0.6% κ-carrageenan gels occured at about 200-250 Pa 

over a range of frequencies, it is likely that a stress of this magnitude is sufficient to cause 

permanent deformations in the gel structure, regardless of applied strain or the rate of applied 

strain.  Thus, the length of the LVR for WPI/0.6% κ-carrageenan gels appeared to be 

determined by the magnitude of applied stress.  On the other hand, WPI/0.4% κ-carrageenan 

gels displayed fairly constant critical stress and strain over a range of frequencies, indicating 

that a certain degree of deformability in addition to applied stress was needed to exceed the 

LVR for these gels. 

 The magnitudes of critical stress, strain, and strain rate varied among the different gel 

types, although the differences were not always significant (Appendix B).  The WPI gels had 
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the highest critical strain and strain rate values for all frequencies, while WPI/0.6% κ-

carrageenan gels had the lowest.  WPI/0.4% κ-carrageenan gels had the highest critical stress 

values for all frequencies, while WPI/0.6% κ-carrageenan gels had the lowest.  In general, 

different gel structures gave rise to materials with different behavioral dependencies on 

stress, strain, and strain rate. 

 

4.5.2.  Nonlinear viscelastic properties 

 As applied stress or strain to a material increases, the material undergoes a transition 

from linear to nonlinear behavior.  This behavioral shift may be seen as a decrease in the 

magnitude of *G  in a stress or strain sweep, or by examination of the magnitude of the ratio 

of the third harmonic viscoelastic moduli values to the first harmonic viscoelastic moduli 

values, 13 /GG ʹ′ʹ′ .  It may also be seen as a distortion in the Lissajous curve.  A previous study 

determined that, for viscoelastic solids, 13 /GG ʹ′ʹ′ >0.01 was indicative of nonlinear viscoelastic 

behavior (Chapter 3). 

 Based on the criterion of onset of nonlinear behavior at 13 /GG ʹ′ʹ′ >0.01, all gels showed 

nonlinear behavior at 25% strain at all frequencies, with the exception of the WPI gels at a 

frequency of 0.031 rad/s (Table 4.1).  Aside from this data point, these results are in 

agreement with the critical strain values determined by strain sweeps discussed in the 

previous section (4.5.1).  Because the WPI gels have been shown to have extensible protein 

networks (Çakir and Foegeding, 2011), it is possible that they could display linear viscoeastic  
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Table 4.1.  Summary of nonlinear data analysis for all gels 

Gel Type Frequency 1Gʹ′ 1G ʹ′ʹ′  3Gʹ′* 

  rad/s Pa Pa Pa 
WPI 0.0314 2430 (C) 495 (D) 7.19 (F) 
 0.314 2680 (C) 413 (D) 39.5 (EF) 
 3.14 3025 (C) 456 (D) 38.4 (EF) 
 31.4 3183 (C) 452 (D) 35.9 (EF) 
WPI/0.4% κ-carrageenan 0.0314 4626 (B) 1580 (B) 92.96 (DE) 
 0.314 5088 (B) 1505 (B) 229 (ABC) 
 3.14 5675 (AB) 1646 (AB) 279 (A) 
 31.4 6234 (A) 1833 (A) 203 (BC) 
WPI/0.6% κ-carrageenan 0.0314 2520 (C) 989 (C) 157 (CD) 
 0.314 2540 (C) 942 (C) 236 (AB) 
 3.14 2813 (C) 1128 (C) 293 (A) 
 31.4 3048 (C) 1427 (B) 244 (AB) 
     

Gel Type Frequency 1

3

G
G
ʹ′

ʹ′  Behavior based 
on δ3 from e3 M

L

G
G
ʹ′

ʹ′  

  rad/s -- -- -- 
WPI 0.0314 0.003 (G) strain softening 0.951 (D) 
 0.314 0.0148 (FG) strain stiffening 1.061 (CD) 
 3.14 0.0127 (FG) strain stiffening 1.036 (CD) 
 31.4 0.0115 (FG) strain stiffening 1.043 (CD) 
WPI/0.4% k-carrageenan 0.0314 0.0204 (EFG) strain stiffening 1.026 (CD) 
 0.314 0.0458 (CDE) strain stiffening 1.212 (BC) 
 3.14 0.0499 (CD) strain stiffening 1.191 (C) 
 31.4 0.033 (DEF) strain stiffening 1.136 (CD) 
WPI/0.6% k-carrageenan 0.0314 0.0626 (BC) strain stiffening 1.21 (C) 
 0.314 0.0934 (A) strain stiffening 1.475 (A) 
 3.14 0.1047 (A) strain stiffening 1.592 (A) 
 31.4 0.0811 (AB) strain stiffening 1.431 (BA) 

Letters in each column that are different indicate significant differences (α=0.05) 
*Absolute values of 3Gʹ′  used 
 

behavior at very low frequencies even at high strains.  In general, the magnitude of 13 /GG ʹ′ʹ′  

for the WPI/0.6% κ-carrageenan gels was significantly higher than the other gel types, while 
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the WPI gels had a value of 13 /GG ʹ′ʹ′  that was significantly lower than the WPI/0.4% κ-

carrageenan and WPI/0.6% κ-carrageenan gels.  This observation may be seen in the 

Lissajous curves of stress-strain wavedata and elastic and viscous stress (Figure 4.5): the 

curves for the WPI/0.6% κ-carrageenan gels showed the greatest amount of distortion from 

an elliptical shape.  Considering the critical strain values of these gels, it is reasonable that, 

under equivalent strain, WPI/0.6% κ-carrageenan gels displayed a greater degree of 

nonlinear behavior than the other gels, as the this gel had the lowest critical strain.  Similarly, 

 

 

Figure 4.5. Lissajous plots of gel stress-strain wavedata measured at different strains and 
frequencies 



 

127 

WPI gels, which had the lowest critical strain, displayed a lower degree of nonlinear behavior 

than the other two gels and had Lissajous curves showing less distortion from an elliptical 

shape. 

 The ratio of the large strain modulus, LG ʹ′ , to the minimum strain modulus, MGʹ′ , is 

indicative of the type of nonlinear behavior observed.  A ratio greater than 1 is characteristic 

of strain-hardening behavior, while a ratio less than 1 indicates strain-softening behavior, and 

a ratio equal to unity indicates linear behavior.  However, real materials have ratios slightly 

greater or less than unity, even in the LVR.  Using limits of 0.9 and 1.1 for linear viscoelastic 

behavior correctly indicated linear-to-nonlinear transitions of agarose gels and standard oil 

(Chapter 3).  Therefore, these limits will be used for determining the type and extent of 

nonlinear behavior for the gels in this study. 

 Using ML GG ʹ′ʹ′ / =1.1 as the lower limit for strain-hardening behavior and ML GG ʹ′ʹ′ / =0.9 

as the upper limit for strain-softening behavior, WPI gels exhibited linear elastic behavior for 

all frequencies (Table 4.1).  WPI/0.4% κ-carrageenan gels and WPI/0.6% κ-carrageenan gels 

exhibited strain-hardening behavior for all frequencies, with the exception of WPI/0.4% κ-

carrageenan gels at a frequency of 0.031 rad/s.  These results are also observed in the 

Lissajous curves via the general curve shape (Figure 4.5). 

 

4.5.3.  Creep testing 

 For creep tests with instantaneous stress application, three of the stresses selected 

were in the LVR for all gels (30, 70, and 200 Pa) and one stress was beyond the LVR (500 

Pa) for all gels.  Creep data were fit to 4-element Burgers models (Figure 4.6; Table 4.2) for 
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comparison of gel behavior.  Although a 6-element Burgers model has been successfully 

used to predict behavior of WPI gels at similar protein concentrations (Katsuta et al., 1990), a 

4-element model was chosen because the elastic, viscous, and viscoelastic behavior exhibited 

by each gel type could be assigned to a particular model parameter. 

 

 

 
Figure 4.6. Creep data and Burgers model fits for a. WPI gels, b. WPI/0.4% κ-carrageenan 
gels, and c. WPI/0.6% κ-carrageenan gelsa 

a Blue, red, green, and purple lines correspond to 30, 70, 200, and 500 Pa stress, respectively.  
Darker lines denote the Burgers model fit for the creep curve of the same color.  
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Table 4.2.  Burgers model parameters at different stresses for WPI and WPI/κ-carrageenan 
gels, traditional creep testing 

 
Stress 0µ  retλ   x106  x106 R2 

 Pa Pa s s 1/Pa 1/Pa  
WPI 30 5.04E+06 15.79 456.8 334.2 0.897 
 70 5.29E+06 11.74 355.5 183.0 0.953 
 200 4.51E+06 8.72 437.0 196.6 0.957 
 500 1.44E+06 1.40 7066.8 325.2 0.957 
WPI/0.4% κ-
carrageenan 

30 3.01E+07 7.33 100.9 52.0 0.895 
70 2.09E+07 5.35 106.7 46.0 0.944 

 200 2.37E+07 4.35 113.2 50.9 0.927 
 500 2.55E+07 13.06 98.3 79.1 0.910 
WPI/0.6% κ-
carrageenan 

30 1.53E+07 2.62 193.0 77.5 0.928 
70 1.65E+07 3.66 207.9 102.4 0.902 

 200 1.95E+07 1.89 252.2 93.6 0.886 
 500 4.83E+06 33.60 254.0 172.4 0.965 

 

 The 4-element Burgers model is based on assumptions of linear viscoelastic behavior 

and is generally used with linear creep data (So and Chen, 1991; Möginger, 1993; Chen and 

Wang, 1997).  To extend the model to predict nonlinear behavior, terms accounting for 

nonlinearities in the sample must be added to the model (So and Chen, 1991; Möginger, 

1993; Chen and Wang, 1997).  However, in a study on creep behavior of filled and unfilled 

rubbers, it was shown that both types of rubber display linear viscoelastic behavior during 

primary (gradually decreasing strain rate) creep, although behavior of filled rubber during 

secondary and tertiary creep (rapid increase in strain rate) was nonlinear (So and Chen, 

1991). In addition, the 4-element Burgers model was successfully used to describe creep 

behavior of gelatin gels under linear and nonlinear stress (Higgs and Ross-Murphy, 1990). 

Given that the WPI/κ-carrageenan gels exhibited primary creep behavior, this method of 

parameter calculation should be valid regardless of applied stress. 

€ 

J0

€ 

J1
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 Elastic, viscoelastic, and viscous behaviors in materials are due to structural 

rearrangements during an application of stress or strain.  In gels, which are composed of 

polymer networks that entrap a fluid phase, elastic behavior is due to stretching of polymer 

chains and viscous behavior is due to flow of chains past each other, resulting in permanent 

deformation (Higgs and Ross-Murphy, 1990).  Viscoelastic behavior is more difficult to 

define; however, viscoelastic behavior in general is a delayed or transient response to a stress 

or strain in which there is some degree of permanent deformation (Higgs and Ross-Murphy, 

1990).  Both viscous and viscoelastic responses may involve breaking of interchain bonds, 

which may or may not reform after the stress or strain is removed.  WPI/ κ-carrageenan gels 

contain protein and polysaccharide chains, with the protein chains comprising mainly β-

lactoglobulin and α-lactalbumin (Rabiey and Britten, 2009).  While proteins generally 

display at least some degree of instantaneous elastic behavior due to their ability to stretch 

without breaking bonds, β-lactoglobulin has been shown to have a greater contribution to 

elastic behavior than α-lactalbumin.  An increased ratio of α-lactalbumin to β-lactoglobulin 

increases the amount of gel viscoelastic behavior during creep (Rabiey and Britten, 2009).  

These differing behaviors are due to the ability of the whey proteins to form interchain 

disulfide bonds at neutral pH, which increase gel strength and elasticity.  Beta-lactoglobulin 

can form disulfide bonds due to a free cysteine group available for reaction.  Alpha-

lactalbumin cannot readily form disulfide bonds with itself, although it is able to form these 

bonds under high (>90°C) temperatures (McGuffey et al., 2007).  It can also form disulfide 

bonds with β-lactoglobulin at lower temperatures (Shimada and Cheftel, 1989; Rabiey and 

Britten, 2009).  Polysaccharide chains are generally stiffer than protein chains (Walstra, 
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2003), so are less likely to contribute to elastic behavior than protein chains, as they are less 

likely to stretch upon application of a stress or strain. 

 The overall gel microstructure had a significant impact on creep behavior.  

Homogeneous protein microstrctures, such as that of a WPI gel at neutral pH are firm and 

elastic, while a microstructure comprising a continuous polysaccharide phase with a 

dispersed phase of protein acting as an active filler, such as the WPI/0.6% κ-carrageenan gel, 

has a less firm or elastic structure.  A microstructure that is composed of both a continuous 

protein and a continuous polysaccharide phase, such as the WPI/0.4% κ-carrageenan gel, is 

generally firmer than a homogeneous protein gel with the same protein concentration, but 

less elastic (Çakir and Foegeding, 2011; Çakir et al., 2011).  Although the general shape of 

the creep curves among the three gel types were similar in the LVR, the shape of the creep 

curves in the nonlinear viscoelastic region depended on gel structure, indicating that gel 

structure impacted nonlinear behavior (Figure 4.6).  These results are in agreement with the 

nonlinear viscoelastic results.  In addition, the magnitudes of the compliance over the 

duration of the creep test differed with gel type (Figure 4.6), as did the Burgers model 

parameters (Table 4.2).   

 For all gels at all stresses, the creep compliance given by the 4-element Burgers 

model was in good agreement (R2 ≥ 0.90) with the experimental data.  The majority of the 

deviations of the experimental data from the model data were in the initial portion of the 

curve, or the viscoelastic region.  Adding additional elements to the model would improve 

the fit in this region; however, the model parameters would no longer have as clear a physical 

meaning as those in the 4-element Burgers model. 
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 Instantaneous compliance, 0J , was relatively constant for all gels for 30, 70, and 200 

Pa but increased for WPI and WPI/0.6% κ-carrageenan at 500 Pa.  However, 0J  stayed 

relatively constant at 500 Pa for WPI/0.4% κ-carrageenan gels.  0J  indicates the 

instantaneous elastic response to an application of constant stress; this response is typically 

due to stretching of the molecular chains comprising the gel network (Higgs and Ross-

Murphy, 1990).  Greater values of 0J  indicate a more deformable gel network, provided that 

there are no microfractures in the network causing additional deformation.  Retarded 

compliance, 1J , was fairly constant for all gels for stresses of 30, 70, and 200 Pa but 

increased at 500 Pa for all gels.  The increase in 1J  was not as great for WPI gels as for the 

gels containing κ-carrageenan.  1J  shows the extent of relaxation relative to the initial 

instantaneous relaxation (Higgs and Ross-Murphy, 1990), so a greater value of 1J  generally 

indicates a greater amount of viscoelastic behavior.  Thus, the increase in 1J  was expected at 

500 Pa, as this stress was beyond the LVR for more gels, resulting in a lower degree of pure 

elastic (ideal) behavior. 

 Retardation time decreased for all gels as stress increased to 200 Pa.  Retardation time 

was lower at 500 Pa than at 200 Pa for WPI gels but higher at 500 Pa than 200 Pa for gels 

containing κ-carrageenan.  These results were expected, considering the shape of the creep 

curves.  The compliance curve shape for WPI gels at 500 Pa stress was that of a highly 

elastic solid, while the compliance curve shapes for the κ-carrageenan gels showed more 

viscoelastic behavior.  Retardation times for elastic solids are generally low, as the material 
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exhibits little long-time viscous flow (Steffe, 1996).  The Newtonian viscosity, 

€ 

µ0 , remained 

relatively constant for all gels for stresses of 30, 70, and 200 Pa.  At 500 Pa, 

€ 

µ0  decreased for 

WPI gels, remained constant for WPI/0.4% κ-carrageenan gels, and increased for 

WPI/0.6% κ-carrageenan gels. 

 These results substantiate the impact of gel structure on creep behavior.  The WPI 

gels had the highest instantaneous and retarded compliance and the lowest Newtonian 

viscosity of all gels, indicating increased elastic and viscoelastic behavior and decreased 

long-time viscous flow for WPI gels.  The decreased relaxation time and long-time viscous 

behavior of the homogeneous gels as applied stress increased indicated an increased amount 

of elastic behavior.  It is possible that application of increased stress on the gel results in 

stretching of the individual protein strands rather than the strands sliding past each other.  

The sharp increase in compliance at 500 Pa compared to the other stresses for the WPI gel 

support a different mechanism of molecular rearrangement in response to stress.  In addition, 

the shape of the creep curve of the WPI gel at 500 Pa indicates highly elastic behavior 

(Figure 4.6). 

 The WPI gels with added κ-carrageenan had creep behavior more similar to each 

other than to the WPI (homogeneous) gels.  In general, WPI/0.4% κ-carrageenan 

(bicontinuous) gels had lower instantaneous and retarded compliance and higher retardation 

time and long-time viscous flow than WPI/0.6% κ-carrageenan (carrageenan continuous) 

gels.  Thus, 0.6% κ-carrageenan gels displayed more elastic-type behavior than WPI/0.4% κ-

carrageenan gels.  These results are contrary to the results of Çakir and Foegeding (2011) and 
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Çakir et al. (2011); those studies found WPI/0.4% κ-carrageenan gels to show a greater 

degree of elastic-type behavior than WPI/0.6% κ-carrageenan gels.  However, examination 

of phase angle data from the strain sweeps (data not shown) reveals that, for stresses of 30, 

70, and 200 Pa, the WPI/0.6% κ-carrageenan gels had lower phase angles than WPI/0.4% κ-

carrageenan gels, indicating that the WPI/0.6% κ-carrageenan gels had more elastic-type 

behavior at these stresses.  This data is in agreement with the creep data. 

 

4.5.4.  Modified creep testing 

 Modified creep testing was carried out to study the impact of the time used to apply 

stress to the sample.  Longer stress application times resulted in lower strain rates.  Based on 

the critical strain rates for the gels at a frequency of 0.0942 rad/s (Appendix B), the strain 

rates experienced by the gels were above the critical strain rate for 1 to 2 s for stress 

application times of 0.6 and 1.3 s and below the critical strain rate during the entire test time 

for stress application times of 15 and 30 s. 

 For all gels at all stresses, the creep compliance given by the 4-element Burgers 

model for the modified creep tests was in good agreement (R2 ≥ 0.80) with the experimental 

data (Table 4.3).  Again, the majority of the deviations of the experimental data from the 

predicted data were in the viscoelastic region.  The fit of the model generally improved as the 

stress application time increased. 

 In general, the magnitude of 

€ 

J0 was not affected by stress application time, while 1J  

and retardation time increased with increased stress application time.  The relationship of 0µ  
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with stress application time was less clear, but did not appear to be affected by strain 

application time.  Based on these results, instantaneous compliance and long-time viscous 

behavior were not affected by stress application time, and thus strain rate.  The independence 

of these terms on strain rate is not surprising, as instantaneous compliance is elastic behavior, 

which is independent of strain rate (Steffe, 1996).  Long-time viscous behavior is given by 

the Newtonian viscosity; Newtonian behavior is also independent of strain rate (Steffe, 

1996).  The retarded compliance and retardation time, however, were affected by the stress 

application time.  These parameters are indicators of viscoelastic behavior, which is strain 

rate-dependent, so it is unsurprising that these parameters varied with strain rate. 

 The 4-element Burgers model parameters derived from the modified creep test data 

were compared with the 4-element Burgers model parameters derived from traditional creep 

test data to determine which stress application time gave parameters in closest agreement 

 

Table 4.3.  Burgers model parameters at different stresses for WPI and WPI/κ-carrageenan 
gels, modified creep testing 

Stress 
Time to 

Apply Stress 0µ  
Retardation 

Time 

€ 

J0 x106 1J  x106 R2 
Pa s Pa s s 1/Pa 1/Pa  

200 -- 2.37E+07 4.35 113.2 50.9 0.927 
 0.6 3.31E+07 12.07 73.9 56.7 0.901 
 1.3 2.78E+07 9.91 86.8 72.9 0.910 
 15 2.85E+07 17.85 96.0 67.6 0.925 
 30 3.15E+07 31.71 59.5 68.2 0.941 

500 -- 2.55E+07 13.06 98.3 79.1 0.910 
 0.6 2.77E+07 11.44 93.3 73.1 0.901 
 1.3 2.94E+07 7.95 107.8 92.9 0.888 
 15 2.77E+07 26.86 91.8 158.6 0.938 
 30 2.94E+07 37.53 90.5 105.1 0.973 
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with instantaneous stress application.  With the exception of the WPI gels at 500 Pa, 0J  

values given by modified creep data were similar to 0J  values given by the traditional creep 

data.  1J  values given by modified creep data were generally greater than 1J  values given by 

traditional creep data, while µ0 values given by modified creep data were smaller than µ0 

values given by traditional creep data.  Retardation times given by modified creep data were 

similar to or greater than retardation times given by traditional creep data; smaller values of 

stress application time yielded retardation values closer to those of traditional creep data.  

Compared to traditional creep data, the modified creep data showed a similar amount of 

elastic behavior, but a greater amount of viscoelastic behavior, longer retardation time, and 

less long-time viscous behavior.  It was expected that the amount of elastic behavior shown 

by the samples would be independent of stress application time, as elastic behavior is 

independent of rate (Steffe, 1996).  A slower stress application time would result in a longer 

retardation time, especially if the application time was significantly longer that the traditional 

(instantaneous) application time.  As the stress on the sample increases, the sample continues 

to deform; a slower increase of stress on the sample would result in a longer period of 

deformation and thus a longer time to reach equilibrium deformation.  Based on the equation 

for the 4-element Burgers model (Eqn. 4.1), a longer retardation time would lengthen the 

time the material spendt in the viscoelastic portion of the curve, yielding an increased 

retarded compliance.  This observation is in agreement with the data from the modified creep 

test data. 
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4.5.5.  Relationships between structure and rheology 

 Whey protein isolate (WPI), WPI/0.4% κ-carrageenan, and WPI/0.6% κ-carrageenan 

gels have distinct gel structures (Figure 4.2), which yield different mechanical properties 

(Çakir and Foegeding; Çakir et al., 2011).  The WPI gels had a homogeneous structure with a 

continuous protein network that was strong and extensible.  Addition of κ-carrageenan to a 

WPI gel at a pH of 7.0 resulted in segregative phase separation: the negative charges on the 

protein and polysaccharide repel each other, resulting in phase separation via depletion 

interactions.  Although the addition of κ-carrageenan at 0.4% w/w to form a bicontinuous gel 

disrupted the protein network, the increased intermolecular associations resulted in a net 

increase in gel strength.  However, addition of higher concentrations of κ-carrageenan (0.6% 

w/w) caused in phase inversion, forming a carrageenan-continuous gel.  This microstructural 

shift disrupted the protein network, resulting in a relatively weak and inextensible gel (Çakir 

and Foegeding, 2011). 

 Homogeneous WPI gels were found to have the highest fracture strain of the three gel 

types, but lower fracture stress than WPI/0.4% κ-carrageenan gels (Çakir and Foegeding, 

2011), which is in agreement with the critical stress and strain results previously discussed.  

The magnitudes of critical stress, strain, and strain rate values were likely determined by the 

strength and deformability of the gel network.  Addition of 0.4% κ-carrageenan to the WPI 

gel, forming a bicontinuous gel, increased gel stiffness due to the increased intermolecular 

associations.  Increased gel stiffness would increase the amount of stress needed to cause 

nonlinear behavior, but decrease the required strain, since the increased associations would 
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reduce deformability.  The lack of a continuous protein network in the WPI/0.6% κ-

carrageenan (carrageenan-continuous) gel reduced the extensibility of the gel structure, 

resulting in low fracture stress and strain values (Çakir and Foegeding, 2011).  A weaker 

structure would cause onset of nonlinear behavior at lower stress and strain, as microfractures 

and other permanent deformations would occur at lower stresses and strains in a weaker gel 

as compared to a firmer, more elastic gel. 

 Gel nonlinear viscoelastic behavior was also structural-dependent.  Since all gels 

were tested at equivalent strain (25%), it was hypothesized that the extent of nonlinear 

behavior would follow the same trends as percent recoverable energy (%RE), which gives a 

measure of the extent of elastic behavior under large-strain compression, and fracture strain 

as found by Çakir and Foegeding (2011) and Çakir et al. (2011), respectively.  As expected, 

nonlinear viscoelastic behavior showed the same trends as fracture strain and %RE: the WPI 

gels had the highest fracture strain and %RE, while WPI/0.6% κ-carrageenan gels had the 

lowest.  High fracture strain indicates an extensible structure, while high %RE corresponds to 

an elastic material.  The relatively low extent of nonlinear viscoelastic behavior observed for 

the WPI gels was indicative of this extensible and elastic structure.  Similarly, the high 

degree of nonlinear behavior exhibited by the WPI/0.6% κ-carrageenan gels was expected 

for a less extensible and elastic material.  The presence of carrageenan in the network 

appeared to contribute to strain-hardening behavior, since the degree of strain hardening 

significantly increased with increased carrageenan concentration. 

 Fracture strain and %RE results found by Çakir and Foegeding (2011) and Çakir et al. 

(2011), respectively, also agreed with creep results.  The WPI gels showed the greatest 
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amount of instantaneous elastic behavior ( 0J ) during creep, while the WPI/0.6% κ-

carrageenan gels showed the least.  Again, these results were expected based on the elastic, 

extensible structure of the WPI gels compared to the WPI/0.6% κ-carrageenan gels.  Long-

time viscous flow ( 0µ ) was greater for WPI/0.4% κ-carrageenan and WPI/0.6% κ-

carrageenan gels.  These results are in agreement with the %RE results of the gels (Çakir et 

al., 2011): a lower %RE indicates increased viscous dissipation during compression.  Viscous 

dissipation is mainly indicated by 0µ  during creep testing. 

 

4.5.6.  Nonlinear and creep data correlation 

 Creep data has been correlated with material composition (Xu et al., 2008; Chang, 

2009), and structure (Riggleman et al., 2008; Olivares et al., 2009).  In addition, creep data 

has been used to evaluate material viscoelastic behavior (Alvarez et al., 1998; Shenoy, 2008).  

The presence of nonlinear viscoelastic behavior may be determined by comparing creep 

compliance curves at different stress levels.  Linear viscoelastic behavior is denoted by 

overlapping compliance curves, while compliance curves that do not overlap indicate 

nonlinear behavior (Gross et al., 1980; Lu and Puri, 1991; Jazouli et al., 2005).  Therefore, 

the 4-element Burgers model parameters derived from linear and nonlinear creep testing was 

correlated to the nonlinear parameters defined by Ewoldt et al. (2008) to determine 

relationships between LAOS behavior, and linear and nonlinear creep behavior. 

 Correlation of traditional creep data with combined nonlinear viscoelastic data (Table 

4.4) showed that only 1J  correlated with nonlinear properties when all data was combined     
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( 3e  and 3Gʹ′ ; R
2=-0.706, p≤0.01 for both correlations).  However, when nonlinear viscoelastic 

and creep properties were analyzed while separated by frequency and stress, respectively 

(Appendix B), 0J , 1J , retardation time (λret ), and the time that the sample experienced a 

strain rate beyond the LVR, NLt , showed correlations with nonlinear viscoelastic parameters, 

especially at higher stresses.  0J , 1J , and retardation time were correlated to 3e  and 3Gʹ′ , 

although the stress and frequency used in nonlinear testing at which the parameters correlated 

varied.  Retardation time was also correlated to ML GG ʹ′ʹ′ /  at certain stresses and frequencies, 

and NLt  were correlated to 13 /GG ʹ′ʹ′  and ML GG ʹ′ʹ′ /  at most stresses and frequencies. 

 The coefficients for the correlation of ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  to NLt  increased with 

increasing stress; the p-values for these correlations decreased (Appendix B).  These results 

were expected: NLt  increased with increased stress, so the samples would show a greater 

 

Table 4.4.  Correlation of nonlinear oscillatory data with creep data, combined stress and 
frequency runsa 

 Traditional Creep Modified Creep, 200 Pa Stress Modified Creep, 500 Pa Stress 
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degree of nonlinear behavior at higher stresses.  The correlation results for traditional creep 

testing indicate that NLt  may be used as a measure of the magnitude of nonlinear behavior.  It 

should be noted, however, that this creep parameter is not able to indicate the type of 

nonlinear behavior (e.g. strain hardening/softening, shear thinning/thickening), only the 

presence of nonlinear behavior. 

 Several correlations appeared between creep data and nonlinear viscoelastic data 

when the Burgers model parameters were combined (Appendix B).  In particular, ML GG ʹ′ʹ′ /  

and 13 /GG ʹ′ʹ′  were correlated to 00µJ  and 01µJ  at several stresses and frequencies.  As the 

magnitudes of 0J  and 0µ  increased, the magnitude of nonlinear behavior increased.  Both 0J  

and 0µ  increased with increased stress; with increased stress, polymer creep behavior shifts 

from primary to secondary or tertiary creep behavior, resulting in an increased amount of 

sample deformation during stress application and larger values of 0J  and 0µ  (Krempl, 1998).  

Although 0J  and 0µ  are terms representative of ideal (elastic and viscous, respectively) 

behavior, a change in structural response to the applied stress and thus a shift in overall creep 

behavior would allow the use of these terms to indicate nonlinear behavior. 

 The relationship between nonlinear properties and 01µJ  was less clear.  The values of 

01µJ  derived from creep data using a stress of 30 Pa showed an increase in the magnitude of 

nonlinear viscoelastic behavior with a decreased value of 01µJ ; however, the values of 01µJ  

derived from creep data using a stress of 200 Pa showed an increase in the magnitude of 

nonlinear viscoelastic behavior with an increased value of 01µJ .  Both of these stresses were 
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within the LVR for all gels.  Given that nonlinear viscoelastic behavior increases with 

increased stress, the creep data collected at 200 Pa should have indicated more nonlinear 

viscoelastic behavior than creep data collected at 30 Pa.  Therefore, considering the 

correlation coefficients of nonlinear behavior to 00µJ  (Appendix B) and the amount of 

nonlinear behavior exhibited by the sample at a particular stress, it is likely that the value of 

01µJ  at 200 Pa would be more indicative of the nonlinear behavior of the sample.  Additional 

study is needed to clarify the relationships among ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ , and 01µJ . 

 The ratio of the retardation time to NLt  was also correlated to ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  at 

all frequencies and stresses, except for 500 Pa.  As λret / tNL  increased, the amount of 

nonlinear viscoelastic behavior decreased.  For all correlations at each frequency, the p-

values of the correlation decreased as the stress increased, indicating increased correlation 

strength with increased stress.  The negative correlation indicated an increase in nonlinear 

viscoelastic behavior with increased NLt .  These results were expected: samples that were 

exposed to a strain rate beyond the LVR for a longer period of time should exhibit an 

increased amount of nonlinear viscoelastic behavior compared to samples that have a smaller 

value of NLt .  Based on these results, λret / tNL  may be used to evaluate the extent of nonlinear 

behavior.  In addition, the extent of nonlinear behavior may be manipulated by changing NLt . 

 Correlations were also preformed on modified creep test and nonlinear viscoelastic 

properties.  Again, 1J , was correlated to nonlinear viscoelastic properties at both 200 and 500 

Pa for the combined data (Table 4.4).  As 1J  increased, 3Gʹ′  and 3e  decreased, indicating 
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decreased nonlinear viscoelastic behavior with increased retarded compliance.  Separating 

the Burgers model parameters by time to apply creep stress and nonlinear viscoelastic 

properties by frequency yielded additional correlations between nonlinear viscoelastic 

properties and creep data.  

€ 

J0, 

€ 

J1, 

€ 

µ0 , and retardation time all correlated to 3Gʹ′  for creep tests 

run at 200 Pa and 500 Pa, and NLt  correlated to 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  at 500 Pa 

(Appendix B).  It was expected that NLt  would correlate to these properties at a stress of 500 

Pa, as this stress was determined to be beyond the LVR for all gel types, resulting in 

significant nonlinear viscoelastic behavior.  In general, the correlation coefficients increased 

and the p-values decreased with increased time to apply creep stress, regardless of frequency 

of the nonlinear data.  The increase in correlation coefficients was likely due to the increase 

of NLt  for the WPI/0.6% κ-carrageenan gels.  These gels have a weaker structure than the 

other gel types (Çakir and Foegeding, 2011; Çakir et al., 2011), and thus a lower critical 

strain rate.  WPI/0.6% κ-carrageenan gels also showed significantly more nonlinear 

viscoelastic behavior than the other two gel types at all frequencies.  Therefore, the increase 

in the correlation coefficient may be due to increase in the nonlinear viscoelastic behavior of 

the WPI/0.6% κ-carrageenan gels during application of creep stress. 

 Combining Burgers model parameters yielded additional correlations (Appendix B).  

01µJ  and 10 / JJ  correlated to 3Gʹ′  and 3e  for modified creep tests conducted at 200 Pa.  In 

addition, λret / tNL  was correlated to 3Gʹ′ , 3e , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  for modified creep tests 

conducted at 200 and 500 Pa, although the correlation was only significant (R2>0.70, p<0.05) 

at time to apply stress of 0.6 and 1.3 s for 200 Pa and 0.6 s for 500 Pa.  These results were 
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expected for the same reason given for traditional creep testing: NLt  increased with increased 

stress, and increased stress resulted in a greater degree of nonlinear viscoelastic behavior. 

 For correlation of modified creep data to nonlinear viscoelastic properties, 01µJ  

increased with decreased nonlinear viscoelastic behavior and 10 / JJ  increased with increased 

nonlinear viscoelastic behavior.  These results agree with the negative correlation of 1J  to 

3Gʹ′  and 3e .  The ratio of the retardation time to NLt  was negatively correlated to ML GG ʹ′ʹ′ /  and 

13 /GG ʹ′ʹ′ , indicating that λret / tNL  increased as the amount of nonlinear viscoelastic behavior 

decreased.  Samples with a high value of NLt  should exhibit increased nonlinear viscoelastic 

behavior, whereas samples with a negligible NLt  should exhibit little, if any nonlinear 

viscoelastic behavior, particularly at a stress in the LVR.  Correlation coefficients and p-

values were generally constant over the frequencies correlated to this parameter. 

 Creep parameters correlating to nonlinear viscoelastic properties for both traditional 

and modified creep testing included 1J , NLt , and λret / tNL .  Correlation of these parameters to 

nonlinear viscoelastic properties over a range of stresses, stress application times, and 

frequencies adds support to their use in evaluation of nonlinear viscoelastic behavior.  

Comparing the magnitudes of these parameters from various creep stresses will allow 

evaluation of the expected amount of nonlinear viscoelastic behavior at a given strain or 

stress. 
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4.6.  CONCLUSIONS 

 Gelation conditions of WPI/κ-carrageenan gels were varied to produce gels with three 

different microstructures: homogeneous (protein continuous), bicontinuous, and carrageenan 

continuous.  Gel structure impacted the degree of nonlinear viscoelastic behavior as well as 

creep behavior.  Regardless of gel structure, creep data was found to correlate to nonlinear 

viscoelastic behavior.  Thus, evaluation of material nonlinear viscoelastic behavior is 

possible by creep testing as well as LAOS testing.  Creep testing, however, only indicates the 

presence of nonlinear behavior, while nonlinear oscillatory testing yields a quantitative 

measure of the type and extent of nonlinear viscoelastic behavior.  By combining information 

on structural behavior derived from nonlinear oscillatory data, such as strain hardening and 

softening, with viscoelastic behavior derived from creep data, it is possible to determine 

nonlinear viscoelastic behavior over a wide range of timescales, yielding insight into 

structural deformation and breakdown under application of stress or strain at different rates. 

 It is possible that nonlinear viscoelastic behavior is related to other rheological 

properties, as well as textural properties and material breakdown patterns; however, further 

study is needed to determine the relationships between nonlinear viscoelastic properties and 

other large-strain rheological data, as well as sensory and oral processing data. 
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CHAPTER 5.  CORRELATION OF RHEOLOGICAL, SENSORY, 
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5.1.  ABSTRACT 

 Creating desirable food textures begins with a fundamental understanding of texture, 

which involves the mechanical, sensorial, and oral processing characteristics of the food 

product.  Measurement of fundamental mechanical properties of foods may be performed 

under small- and large-strain testing conditions.  While large-strain mechanical properties 

have been correlated with sensory and oral processing characteristics, small-strain 

rheological properties typically do not correlate well.  Most large-strain testing in food 

research involves determination of fracture properties rather than examination of nonlinear 

viscoelastic behavior.  Therefore, to determine the relationships between nonlinear 

viscoelastic behavior and food texture experiences during mastication, nonlinear viscoelastic 

properties of whey protein isolate (WPI)/κ-carrageenan gels were measured and correlated to 

large-strain rheological properties and sensory and oral processing characteristics.  Three 

different gel structural types were evaluated: a homogeneous protein (WPI) gel, a 

carrageenan-continuous gel, and a bicontinuous gel in which both WPI and κ-carrageenan 

exhibited continuous network structures.  Previous work has shown that these gels displayed 

significantly different rheological, sensory, and oral processing characteristics.  This study 

found that nonlinear viscoelastic properties of these gels correlated (R2>0.5, p<0.05) to large-

strain rheological properties and sensory and oral processing characteristics.  Correlations to 

sensorial characterstics included aspects evaluated after several chews as well as first bite 

aspects.  Understanding the nonlinear viscoelastic properties of food allows a better 

understanding of food structure and deformation mechanism, and how that structure impacts 

food texture. 
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5.2.  INTRODUCTION 

 Because food texture is directly related to consumer acceptance (Norton et al., 2011), 

creation of desirable textures is of significant interest to the food industry.  To develop an 

understanding of food texture, fundamental measurements of food mechanical properties are 

necessary (Foegeding, 2007).  These mechanical properties may be determined via small-

strain and large-strain rheological testing.  Small-strain testing denotes application of strains 

in the linear viscoelastic region (LVR), while large-strain testing denotes application of 

strains beyond the LVR, up to and including strains resulting in sample fracture (Li et al., 

1999; Lowe et al., 2003; Barrangou et al., 2006a).  While testing materials under small-strain 

conditions provides information about the linear viscoelastic properties of the food, these 

tests do not determine nonlinear behavior of foods.  Large-strain tests can provide this 

information about the nonlinear behavior of food, but these tests, with the exception of those 

that determine fracture stress and strain, are generally more empirical than small-strain tests.   

 Most large-strain tests, such as recoverable energy or fracture tests, may only be 

performed on self-supporting solid materials due to sample preparation requirements and the 

assumptions of material behavior used for data analysis.  Oscillatory testing, on the other 

hand, does not require a rigid solid sample for testing.  While oscillatory testing is commonly 

performed on food products in the small-strain region to determine viscoelastic properties, 

extending this test to the large-strain region requires only a change in the magnitude of stress, 

strain, or strain rate applied to the sample.  Large amplitude oscillatory shear (LAOS) testing 

is not common in food research, mainly because traditional rheological analyses do not 
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account for higher-order harmonics that occur during LAOS.  Thus, the higher-order 

harmonic data do not have physical meaning under traditional approaches. 

 Nonlinear viscoelastic properties of soft-solid and semi-solid foods may be evaluated 

via creep and stress relaxation tests performed beyond the LVR.  However, the relationships 

between viscoelastic moduli and creep compliance or relaxation modulus do not hold beyond 

the LVR, resulting in the inability to calculate the viscoelastic moduli using data from a 

nonlinear creep or stress relaxation test (Ferry, 1970).  Nonlinear viscoelastic moduli may be 

determined from LAOS tests, although interpreting this data requires a different analysis 

protocol from that used for linear viscoelastic data.  A LAOS analysis protocol developed by 

Ewoldt et al. (2008) assigns physical meaning to third-harmonic data, yielding information 

on the nonlinear viscoelastic behavior observed during LAOS.  A full description of the 

LAOS analysis protocol may be found in Ewoldt et al. (2008).  Briefly, the stress response to 

an oscillatory strain input may be written as a Fourier series to account for higher-order 

harmonic contributions.  Converting the Fourier series to a series of Chebyshev polynomials 

of the first kind allows relation of the constants in the third-order term ( e3  and υ3 ) to the 

third-harmonic viscoelastic moduli ( 3Gʹ′  and 3G ʹ′ʹ′ ).  These relatioships allow 3Gʹ′  and 3G ʹ′ʹ′  to be 

used to indicate the type of nonlinear viscoelastic behavior observed (Ewoldt et al., 2008). 

 In addition, Ewoldt et al. (2008) defined two new elastic moduli (minimum strain 

elastic modulus, MGʹ′ , and large strain elastic modulus, LG ʹ′ ) and dynamic viscosity 

(instantaneous viscosity at minimum shear rate, Mηʹ′ , and instantaneous viscosity at maximum 

shear rate, Lηʹ′ ) terms to indicate different types of nonlinear viscoelastic behavior.  Strain 
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hardening and softening may be evaluated using the ratio of the elastic moduli, ML GG ʹ′ʹ′ / , 

while shear thinning and thickening may be evaluated using the ratio of the instantaneous 

viscosities, ML ηη ʹ′ʹ′ / .  Both the elastic moduli and instantaneous viscosities can be viewed in 

Lissajous curves (Figure 5.1).  A summary of how 13 /GG ʹ′ʹ′ , ML GG ʹ′ʹ′ / , and ML ηη ʹ′ʹ′ /  may be 

used to evaluate nonlinear data is provided in Table 5.1. 

 Large-strain and fracture properties of gels contains additional information on gel 

behavior that is unobtainable using small-strain tests and has higher correlation to sensory 

texture aspects, such as particle size, moisture release, cohesiveness, and adhesiveness (Ikeda 

 

 

Figure 5.1.  Lissajous plots of a. elastic moduli, LVR; b. instantaneous viscosities, LVR; c. 
elastic moduli, beyond LVR; d. instantaneous viscosities, beyond LVR 

Data shown is from agarose gel LAOS testing in the LVR (a, b) and beyond the LVR (c, d). 



 

156 

Table 5.1.  Summary of terms used to characterize material nonlinear viscoelastic behavior 

Measurement Physical meaning 

!G3 / !G1  
≥0.01 Nonlinear viscoelastic behaviora 

<0.01 Linear viscoelastic behaviora 

!GL / !GM  

>1 Strain hardeningb 

=1 Linear elasticb 

<1 Strain softeningb 

!ηL / !ηM  

>1 Shear thickeningb 

=1 Linear viscousb 

<1 Shear thinningb 

a: Values taken from Chapter 3 
b: Values given are not practical for real materials.  Thus, cutoff values of 0.90 and 1.10 are 
used to determine the presence of nonlinear viscoelastic behavior for both ML GG ʹ′ʹ′ /  and 

ML ηη ʹ′ʹ′ /  (Chapter 3) 
 

et al., 1999; Zhang et al., 2005; van den Berg et al., 2007; Çakir et al., 2012).  Fracture 

behavior in particular has been shown to correlate to several sensorial characteristics of 

foods, such as hand fracture force and compressibility, firmness, spreadibility, cohesiveness, 

and moisture release (Lowe et al., 2003; Tabilo-Munizaga and Barbosa-Cánovas, 2005; 

Barrangou et al., 2006b; aet al., 2007), indicating that fracture properties are important to 

evaluating sensory behavior.  However, it is not always possible to perform large-strain 

testing on food samples using traditional methodology.  Many large-strain and fracture tests 

require the sample to be cut or cast into a certain shape; this is not always possible with food 

products, especially with fluid or semi-solid foods that are unable to be cut, cored, or cast 
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into the desired shape.  Semi-solid foods, as well as some soft-solids, also tend to sag under 

their own weight and display fracture patterns that are more ductile than brittle.  Both of 

these conditions violate the assumptions made in classical fracture testing: calculations of 

fracture properties are based on hard solids that display brittle fracture patterns. 

 Although fracture testing of foods yields information on structural breakdown 

(Luyten et al., 1992; DeMars and Ziegler, 2001; Renkema, 2004), and certain fracture 

properties have been associated with various sensory characteristics (Vincent, 2004; 

Foegeding, 2007; van den Berg et al., 2007; Çakir et al., 2012), there are several difficulties 

in relating mechanical properties of foods to sensorial aspects.  First, no one rheological test 

can give an overall picture of the sensory texture of a food, especially changes in texture over 

time as the food interacts with saliva and is broken into small particles during chewing 

(Ishihara et al., 2011).  It is also difficult to use mechanical data to describe sensory texture 

as evaluated by a trained panel (Foegeding, 2007, Ishihara et al., 2011).  Several mechanical 

tests, such as those measuring fracture stress or recoverable energy, have been found to 

correlate well with first bite sensory terms (Foegeding, 2007).  However, these tests are not 

well correlated with sensory terms describing food that has been chewed several times 

(Foegeding, 2007; Foegeding et al., 2010). 

 In addition to mechanical and sensory evaluation, food textural characteristics may 

also be evaluated via oral processing.  Oral processing is a combination of the physical and 

physiological processes in the oral cavity that involve manipulating and breaking down of 

food with various oral surfaces, mixing of the food with saliva, forming the food into a bolus, 

and swallowing (Chen, 2009; Le Révérend et al., 2010).  All foods, including viscous liquids, 
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soft solids, such as yogurt and pudding, and solids, undergo oral processing upon ingestion.  

Manipulation and mastication processes are controlled by the central nervous system and the 

texture and geometry of the food (Chen, 2009).  In addition to physical deformation and 

fracture to reduce particle size, foods also undergo chemical changes during oral processing, 

such as emulsion destabilization, starch breakdown, and fat melting (Chen, 2009; Le 

Révérend et al., 2010).  All of these changes affect textural perception during chewing.  

 Oral processing charcteristics for various gels have been shown to be highly 

correlated to large-strain mechanical and fracture properties, as well as sensory aspects 

(Çakir et al., 2012, Ishihara et al., 2011).  However, while large-strain mechanical properties 

correlated to oral processing parameters of first bite and first five chews, these properties did 

not correlate well to oral processing parameters taken midway through chewing or just before 

swallowing (Çakir et al., 2011).  There are several possible reasons for this lack of 

correlation.  One major reason is that food undergoes physical and chemical changes during 

chewing, so the composition of the food just after ingestion is more similar to the original 

composition than the composition of the food just before swallowing (Chen, 2009; Le 

Révérend et al., 2010).  Changes in composition may affect how food behaves under stress 

and strain, resulting in deviation from deformation and fracture behavior exhibited by the 

original food.  Another possible reason for lack of correlation between mechanical properties 

and oral processing parameters determined during the later stages of mastication is the 

method of force application during chewing.  Foods that are hard, like apples and carrots, are 

chewed mainly using vertical jaw movements, so the forces applied are compressive (Foster 

et al., 2011).  However, while initial forces on softer foods during chewing are also 
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compressive, jaw movements during chewing transition from vertical to rotary, resulting in 

application of shear forces (Foster et al., 2011).  Gels are soft solids, so they would be 

chewed using shear, rather than compressive, forces.  Thus, it is possible that nonlinear 

viscoelastic properties gathered from shear testing may be a better indicator of texture during 

mastication than mechanical properties derived from compressive or tensile tests. 

 The objectives of this study were to examine correlations between nonlinear 

viscoelastic properties and large-strain rheological, sensory, and oral processing 

characteristics.  Three WPI/κ-carrageenan gels with clearly differentiable structures were 

used as model systems for these correlations.  It has been shown that the nonlinear 

viscoelastic properties of these WPI/κ-carrageenan gels were dependent on gel structure 

(Chapter 4).  Correlation of nonlinear viscoelastic properties to sensory and oral processing 

characteristics may allow evaluation of sensory and oral processing behavior based on 

structural type. 

 

 

5.3.  MATERIALS AND METHODS 

5.3.1.  Testing methodology 

 Nonlinear viscoelastic data was taken from Chapter 4, WPI/κ-carrageenan gel 

rheological data was obtained from Çakir and Foegeding (2011), and WPI/κ-carrageenan gel 

sensory data and oral processing data was obtained from Çakir et al. (20112) and Çakir 

(2011), respectively.  Complete description of the materials and methods used to generate the 
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data may be found in the respective publications.  A summary of the methodology used is 

provided below. 

 

5.3.1.1.  Preparation of solutions for gelation 

 Stock WPI solutions (26% w/v) were prepared by dispersing WPI powder in 

deionized water containing 50 mM NaCl under constant stirring (300 RPM) overnight at 

room temperature (22±2°C).  Solution pH was then adjusted to 7.0 using 1 N NaOH and 

brought to final volume with deionized water if needed.  Solutions were degassed under 

vacuum (20 in Hg) under constant stirring for 1 hr.  Stock κ-carrageenan (0.8 and 1.2% w/w) 

solutions were prepared by dispersing carrageenan powder in deionized water containing 50 

mM NaCl under constant stirring (300 RPM) for 30 minutes at room temperature (22±2°C).  

To ensure complete dissolution, carrageenan solutions were covered with aluminum foil, 

transferred to a water bath, and held at 90°C for 30 minutes. 

 In preparation for mixing, carrageenan and WPI solutions were equilibrated at 45°C 

in a water bath for 15 minutes.  Solutions containing only WPI were diluted to a final protein 

concentration of 13% w/v with deionized water containing 50 mM NaCl.  Solutions 

containing κ-carrageenan were mixed in a 1:1 ratio.  All solutions were stirred slowly by 

hand to ensure complete mixing without air entrainment. 

 

5.3.1.2.  Gel preparation 

 Mixed solutions were poured into 25 mL beakers coated with a non-stick silicone 

solution (Sigmacote; Sigma-Aldrich; St Louis, MO), covered with aluminum foil to prevent 
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moisture loss, and placed in an 80°C water bath for 30 minutes.  Gels were then cooled at 

room temperature (22±2°C) for 1 hr before overnight storage at 4°C.  Before testing, gels 

were allowed to equilibrate to room temperature (22±2°C).  Unless otherwise stated, all 

testing was performed in triplicate at 25°C. 

 

5.3.1.3.  Large amplitude oscillatory shear testing 

 Large strain rheology was conducted on a strain-controlled rheometer (ARES-M, TA 

Instruments, New Castle, DE) equipped with a parallel plate system (25 mm diameter).  To 

minimize slip, each plate was covered with adhesive-backed sandpaper (60 grit, Klingspor 

Abrasives, Inc.; Hickory, NC).  Gel samples were cut to a height of 4 mm with a cutting 

template and trimmed to the diameter of the upper plate.  Exposed sample edges were coated 

with silicone grease (SuperLube, Synco Chemical; Bohemia, NY) to mitigate moisture loss. 

 A strain of 25% was selected for nonlinear testing, as this strain was beyond the LVR 

for all frequencies tested.  Stress and strain wavedata was collected during oscillation at four 

different frequencies (0.031, 0.31, 3.1, and 31 rad/s) using the waveshape generator function 

in the TA Orchestrator software. 

 

5.3.1.4.  Torsion analysis  

 Torsion testing was performed to evaluate fracture properties.  Gels were cut into 

cylinders 29 mm in height.  A notched plastic disc was glued to each end of the gel cylinder 

with cyanoacrylate glue (Quick Tite, Loc Tite Corp., Rocky Hill, CT).  A precision milling 

machine (Gel Consultants, Raleigh, NC) was used to grind the cylinders into a capstan shape 
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(10 mm center diameter).  Gels were mounted on a Haake VT550 viscometer (Haake, 

Paramus, NJ) and fractured by twisting at a rotational speed of 2.5 rpm.  Gel fracture stress 

and strain were calculated from the torque and angular displacement using the calculations 

described by Diehl et al. (1979).  Six samples were tested per treatment; treatments were 

prepared in triplicate. 

 

5.3.1.5.  Uniaxial compression 

 Uniaxial compression was conducted using a Universal Testing Instrument (Instron 

5565; Instron Engineering Corp., Canton, MA) equipped with a 5 kN load cell.  Cylindrical 

gel samples (19 x 21.5 mm LxH) were compressed between lubricated plates to 75% of their 

initial height at a constant crosshead speed of 50 mm/min; upon reaching this compression, 

the upper plate was raised at a rate of 50 mm/min.  Percent recoverable energy (%RE), a 

measure of the elastic recovery during decompression, was calculated as the ratio of area 

under the force-deformation curve during the decompression to the area under the force-

deformation curve during compression.  At least six samples were tested per treatment; each 

treatment was replicated three times. 

 Uniaxial testing was also used to evaluate the fracture pattern of each gel.  Gels were 

compressed to 20% of their initial height at a rate of 50 mm/min.  True stress and Hencky 

strain were calculated at each data point from the start of the test to final deformation using 

the calculations described by Truong and Daubert (2000). 
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5.3.1.6.  Single-edge notched bend test (SENB) 

 Fracture toughness was evaluated via SENB using an LFRA Texture Analyzer 

(Brookfield Engineering Laboratories Inc., Middleboro, MA) with a 45 N load cell.  Gels 

were cut into beams (60 x 12 x 6 mm LxWxB) and notched to a depth of 5.5 mm using a 

razor blade.  Each beam was placed onto two supports (span of 48 mm) with the notch in an 

inverted position and deformed using a crosshead velocity of 0.2 mm/s to complete fracture.  

Sample width, breadth and notch depth were measured with calipers after fracture.  Six gel 

samples were tested per treatment and each treatment was replicated three times.  Fracture 

toughness and critical energy release rate was determined by the equation described by 

Williams and Cawood (1990) and Charalambides et al. (1995). 

 

5.3.1.7.  Sensory analysis 

 Textural characteristics of the gels were evaluated via descriptive analysis using the 

Spectrum™ method.  Using a predetermined texture lexicon (Table 5.2), eight trained 

panelists evaluated textural attributes of each gel during hand compression, first bite, 

mastication, and after swallowing.  Attributes were scored on a 15-point reference scale for 

each term, with 0 corresponding to a lack of the attribute and 15 corresponding to a high 

amount of the attribute.  For training purposes, panelists first evaluated WPI gels with 

stranded and particulate microstructures, assigning reference scores to these gels via group 

consensus. 
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Table 5.2.  Sensory attributes used to evaluate WPI/κ-carrageenan gels 

Sensory term Definition Chewing phase 

Corresponding 
oral processing 

phase 

Springiness 
Degree of return to original shape of 
sample after partial compression 
between tongue and hard palate 

First compression 
(compress sample 
between tongue 
and hard palate) 

-- 

Compressibility 
Degree of sample 
deformation/compression before 
fracture using tongue and hard palate 

Firmness Required force to fracture sample using 
molars 

First bite (bite 
completely through 
sample using 
molars) 

First chew cycle Fracturability Degree to which sample fractures into 
pieces during first bite 

First bite moisture 
release 

Extent of moisture release from sample 
during first bite 

Particle size Size of sample pieces after mastication 

Mastication (chew 
sample 5 to 8 times 
and evaluate) 

First five chew 
cycles to middle 
three chew 
cycles, 
depending on 
number of chew 
cycles needed 
before 
swallowing 

Particle size distribution Degree of homogeneity of size of 
pieces after mastication 

Cohesiveness 
Degree to which sample mass stays 
together (bolus formation) during 
mastication 

Rate of breakdown Rate of sample breakdown to smaller 
particles during mastication 

Chalkiness Extent of perception of fine, chalk-like 
particles during mastication 

Adhesiveness Degree to which sample (mass or 
pieces) adhere to oral surfaces 

Smoothness of pieces Extent of sensation of roughness 
of/individual particle detection in mass 

Mastication moisture 
release 

Extent of moisture release during 
mastication 

Number of chews 
Number of chews needed to prepare 
sample for swallowing (rate of one 
chew per second) 

Particle mouthcoating Number of particles remaining in 
mouth after expectorating sample 

Residual 
(expectorate 
sample and 
evaluate residual in 
mouth 

Last 3 chew 
cycles 

Moisture mouthcoating Amount of liquid remaining in mouth 
after expectorating sample 
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 Gels were cut into cylinders (15 x 19 HxD) one hour prior to analysis to mitigate any 

gel deformation or water loss.  Samples were presented to the panelists at room temperature 

(22±2°C) in lidded 60 mL soufflé cups marked with three-digit random codes and evaluated 

in randomized order.  Panelists were instructed to expectorate the samples, and water was 

provided for palate cleansing.  A 3 minute rest period was used between sample evaluations.  

Each panelist was given at least seven samples per gel treatment as well as the reference WPI 

gels for comparison, and samples were evaluated in triplicate. 

 

5.3.1.8.  Oral processing 

 Twelve subjects with healthy, complete dentation, Class I molar occlusion, and no 

dental treatments within the previous six months participated in the study.  Subjects reported 

no pain or sound in the temporomandibular joints during chewing or opening the jaw widely, 

or any problems chewing any type of food.  Subjects had no prior sensory analysis 

experience.  Voluntary, informed consent to participation was obtained from each subject. 

 A preliminary session for each subject was held to familiarize the subjects with the 

environment, the data collection system, and the gels used in the study.  The experimental 

setup and procedures were explained at this time.  Electromyographic (EMG) activities for 

each subject were recorded during resting, clenching of the teeth, and swallowing.  

Maximum jaw motions were measured in anterior-posterior, lateral, and vertical dimensions 

to ensure that jaw movements were unrestricted.  Subjects were then given samples WPI/κ-

carrageenan gels for mastication.  Jaw movement and EMG data were recorded, although 

these data were not used in the oral processing analysis. 
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 Jaw movement and electromyographic (EMG) activity were recorded simultaneously 

for each subject.  A BioEMG II electromyograph (BioResearch, Inc., Milwaukee, WI) was 

used to collect EMG data from the left and right temporalis, masseter, and digastric muscles; 

the location of these muscles is shown in Figure 5.2.  Each muscle was located via palpation 

as the subject clenched his/her jaw.  Electrode application areas were cleaned with rubbing 

alcohol before electrode placement.  Self-adhering surface electrodes (BioFlex, BioResearch, 

Inc.) were placed along the length of each muscle, and an additional electrode was placed on 

the subject’s shoulder to eliminate electrical background noise.  Each electrode used a 

sampling rate of 5,000 Hz.  A Jaw Tracker (JT-3D, BioResearch, Inc.) was used to record 

jaw movement using a small magnet was attached to the lower frontal incisors with a 

stomahesive (ConvaTec, Bristol-Myers Squibb Company, Skillman, NJ).  Movement of the 

magnet was tracked via sensor array attached to an apparatus fit onto the subject’s head and  

 

 

Figure 5.2.  Major muscles used during oral processing 
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recorded; these movements corresponded to vertical, lateral, and anterior-posterior directions 

of jaw movement during mastication. 

 Data were collected for each subject during a single hour-long session.  Subjects were 

seated in a comfortable, upright position and asked to refrain from making unnecessary 

movements or speaking during data collection.  Prior to masticatory recordings, the subject 

was instructed to relax and EMG data were collected to determine the level of background 

noise in the EMG signal.  Chewing gum was used as an initial sample; EMG and jaw 

movement data were recorded for control purposes.  Gel samples (15 x 19 mm HxD) were 

then given to the subjects, and subjects were instructed to put the sample on the tongue and 

bring the teeth together to create a reference position for analysis. After a signal to begin, 

subjects started chewing in a habitual manner (i.e., chewing side was not dictated) and data 

for each sample were collected through swallowing. 

 

5.3.2.  Data analysis 

 The LabView graphical programming system (National Instruments, Austin, TX) was 

used to analyzed EMG and Jaw Tracker recordings simultaneously.  Digitized raw EMG 

signals were converted to a single direction waveform by calculating by calculating the root-

mean-square in increments of 2 ms (42 ms time constant) over the entire mastication 

sequence.  Jaw movement and EMG activity were in combination used to identify individual 

chew cycles from the initial placement of sample into the mouth until swallowing.  Each 

chew cycle was divided into three phases: opening, closing, and occlusion.  The opening 

phase corresponded to the time from the start of each chew (zero vertical amplitude) to 
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maximum vertical amplitude, while the closing phase corresponded to the time from 

maximum vertical amplitude to the beginning of occlusion (zero vertical amplitude).  The 

occlusal phase corresponded to the period of zero vertical movement from the end of jaw 

closing to the beginning of the subsequent chew cycle. 

 Oral processing parameters were analyzed for each individual chew cycle and for all 

chew cycles.  The mean values of all cycles in the mastication sequence, excluding 

swallowing, were calculated for parameters characterized by one cycle, e.g. durations, 

velocities, and amplitudes.  Muscle work was calculated by integrating the area under the 

EMG curve of each muscle.  Scaled values were determined for each muscle activity to 

minimize variation resulting from using different electrodes and differences in electrode 

positioning.  The largest value for each muscle activity category for each subject was given a 

value of 1.0.  The remaining muscle activities in each group for each subject were scaled 

linearly from the maximum value.  Because subjects were not instructed to chew on a 

particular side, the left- and right-side activities for each muscle type (temporalis, masseter 

and digastric) were combined for each chew cycle.  Left- and right-side temporalis, masseter, 

and digastric activities were pooled to give total muscle activity.  Total chewing duration, 

number of chew cycles, and chew frequency were also determined by examining the 

complete mastication sequence.  Oral processing parameters and parameter definitions may 

be found in Table 5.3. 

 Stress and strain waveform data were analyzed using the MITlaos program (Version 

2.1 beta, freeware distributed from MITlaos@mit.edu).  Rheological, sensory, and oral  
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Table 5.3.  Oral processing terms used in the evaluation of WPI/κ-carrageenan gels 

Oral processing term Definition 

Chew cycle duration Time required for a complete jaw cycle, including opening, closing, and occlusal 
periods. 

Opening duration Time period from beginning of chew cycle to maximum jaw opening height 

Closing duration Time period from maximum jaw opening height to occlusion (teeth brought 
together) 

Occlusal duration Time period during which teeth remain together 

Vertical amplitude Maximum vertical jaw movement during opening for a chewing cycle 

Opening velocity Average jaw opening speed (vertical amplitude divided by opening duration) 

Closing velocity Average jaw closing speed (vertical amplitude divided by closing duration) 
Maximum opening 
height Maximum vertical amplitude for all chew cycles 

Anterior-posterior 
amplitude 

Maximum forward/back (away from and towards the neck) movement of jaw for 
a chewing cycle 

Lateral amplitude Maximum left/right movement of jaw for a chewing cycle 

Number of chews Number of chews for each sample from placement of sample in mouth to 
swallow 

Chew frequency Number of chews per second 

Temporalis peak activity Maximum temporalis EMG activity for each chewing cycle normalized by 
maximum temporalis activity for all chewing cycles 

Masseter peak activity Maximum masseter EMG activity for each chewing cycle normalized by 
maximum masseter activity for all chewing cycles 

Digastric peak activity Maximum digastric EMG activity for each chewing cycle normalized by 
maximum digastric activity for all chewing cycles 

Total peak activity 
Sum of temporalis, masseter, and digastric EMG activity for each chewing cycle 
normalized by maximum sum of temporalis, masseter, and digastric activity for 
all chewing cycles 

Temporalis work Area under the curve of temporalis activity for each chewing cycle normalized 
by maximum temporalis work 

Masseter work Area under the curve of masseter activity for each chewing cycle normalized by 
maximum masseter work 

Digastric work Area under the curve of digastric activity for each chewing cycle normalized by 
maximum digastric work 

Total work Area under the curve of total activity for each chewing cycle normalized by 
maximum total work 
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processing parameters were correlated to nonlinear viscoelastic properties using the CORR 

procedure in SAS.  Nonlinear viscoelastic properties chosen for correlation analysis 

comprised 3e , 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′ .  These properties were selected because they were 

able to indicate the presence ( 3e , 3Gʹ′ , ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ ), magnitude ( ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ ), 

and type ( ML GG ʹ′ʹ′ / ) of nonlinear behavior displayed by the various gel samples.  Correlations 

were run in two different manners: combined (all data for each parameter for each gel type 

combined together regardless of frequency used during testing) and separated by frequency 

used during testing.  These two different sets of correlations will be referred to as 

“combined” and “separated” in future sections of this chapter.  Running correlations in these 

two manners allowed a more thorough examination of the effect of oscillation frequency on 

the relationship between nonlinear viscoelastic properties and other mechanical properties, 

and sensory and oral processing characteristics. 

 Correlations for nonlinear viscoelastic properties and oral processing parameters were 

performed by analyzing both combined and separated nonlinear viscoelastic properties 

against several different subsets of oral processing parameters: all chew cycles, first chew 

cycle, first five chew cycles, middle three chew cycles, and last three chew cycles.  These 

subsets were chosen to correspond to the times at which sensory aspects were evaluated (first 

bite, mastication, residual).  Because different segments of the mastication process have been 

shown to have different correlations to rheological and sensory properties (Peyron et al., 

2002; Çakir, 2011), correlation of nonlinear viscoelastic properties against these segments of 
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the mastication process was performed to determine if a particular mastication segment 

showed greater correlation to nonlinear viscoelastic properties. 

 

 

5.4.  RESULTS AND DISCUSSION 

5.4.1.  Whey protein isolate/k-carrageenan gel structures 

 Whey proteins are globular proteins used to modify food appearance, water-holding 

ability, and texture via heat-induced gelation (Ikeda and Foegeding, 1999; Rich and 

Foegeding, 2000; Vardhanabhuti et al., 2001).  Whey proteins typically appear in food 

products as part of a protein concentrate (>34% protein) or isolate (>90% protein).  Kappa-

carrageenan is a hydrcolloid derived from red algae and is used in foods as a thickening or 

gelling agent (Eleya and Turgeon, 2000).  Whey proteins and κ-carrageenan are capable of 

gelling independently: whey proteins gel upon addition of either heat or salts (Vardhanabhuti 

et al., 2001), while κ-carrageenan gels via a coil-to-helix transition during heating followed 

by aggregation and network formation upon cooling (Eleya and Turgeon, 2000). 

 The gel structure of WPI/κ-carrageenan gels may be manipulated by altering gelation 

conditions (Çakir and Foegeding, 2011; Çakir et al., 2012).  Increasing the ratio of κ-

carrageenan to WPI in the gel results in a shift from a homogeneous protein structure to a 

bicontinuous structure comprising continuous, interpenetrating protein and polysaccharide 

networks (Figure 5.3).  Phase inversion from protein continuous to carrageenan continuous 

occurs upon further increase of the ratio of κ-carrageenan to WPI.  The structure of a 
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Figure 5.3.  Schematics of a. homogeneous (protein), b. protein continuous, c. bicontinuous, 
and d. carrageenan-continuous WPI/κ-carrageenan gel structure in comparison with 
micrographs of e. homogeneous (protein), f. protein continuous, g. bicontinuous, and h. 
carrageenan-continuous WPI/κ-carrageenan gels 

In a., b., c., and d., protein is shown as blue and polysaccharide is shown as orange.  Images 
in e., f., g., and h. are reprinted from Çakir and Foegeding (2011); areas of protein and 
polysaccharide are depicted by light and dark parts of the image, respectively. 
 

carrageenan continuous gel comprises a continuous carrageenan network, with WPI acting as 

an active filler (Çakir and Foegeding, 2011).  Each of the three structural types displays 

different mechanical, sensorial, and oral processing properties.  Homogeneous WPI gels are 

elastic, springy, and compressible, where “elastic” indicates behavior corresponding to that 

of a Hookean solid, and “springy” and “compressible” refer to sensory terminology (Table 

5.2).  Bicontinuous gels are firmer and less compressible, while carrageenan continuous gels 

are not compressible or springy and display little elastic behavior (Çakir et al., 2012).  Whey 

protein isolate/κ-carrageenan gels also display strain-hardening behavior beyond the LVR 



 

173 

(Vardhanabhuti et al., 2001; Chapter 4), which creates a clear demarcation between linear 

and nonlinear viscoelastic gel behavior.  In addition, homogeneous, bicontinuous, and 

carrageenan continuous gels have been shown to have different magnitudes of nonlinear 

viscoelastic behavior under LAOS at a given strain, allowing them to be differentiated based 

on their LAOS fingerprint (Chapter 4). 

 

5.4.2.  Correlation between nonlinear viscoelastic and large-strain rheological properties 

 Correlation of nonlinear viscoelastic and large-strain rheological properties yielded 

several correlations (0.5≥R2≥0.9, p≤0.05).  In the combined nonlinear viscoelastic data set 

(Table 5.4), 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were negatively correlated with %RE, torsional 

fracture strain, and compressive fracture stress, indicating that increased nonlinear 

viscoelastic behavior corresponded to decreased elastic behavior under large-strain 

compression and decreased fracture stress and strain.  The ratios ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were 

 

Table 5.4.  Correlation of nonlinear viscoelastic data with large-strain rheological data, 
combined frequency runs 

  3e  
3Gʹ′

† 
M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′  

 -- Pa -- -- 
%RE -0.720*** -0.723*** -0.803*** -0.885*** 
Torsion fracture stress (kPa)     -0.596*** -0.593*** 
Torsion fracture strain -0.584*** -0.584*** -0.787*** -0.846*** 
Compressive fracture strain     -0.718*** -0.759*** 
Compressive fracture stress (kPa) -0.571*** -0.572*** -0.786*** -0.861*** 
Compressive fracture energy (mJ)     -0.655*** -0.678*** 

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 
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also negatively correlated with torsional fracture stress, compressive fracture strain, and 

compressive fracture energy, also indicating decreased fracture stress and strain with 

increased nonlinear viscoelastic behavior.  Similar correlations appeared using the separated 

nonlinear viscoelastic data set (Appendix C): 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were negatively 

correlated with %RE, torsional fracture strain, and compressive fracture stress and strain.  

ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were also negatively correlated with torsional fracture stress and 

compressive fracture energy.  Because similar correlations were found between nonlinear 

viscoelastic and large-strain rheological properties for combined and separated data, these 

correlations do not appear to be frequency-dependent.  Since testing parameters were chosen 

so that all gels displayed nonlinear viscoelastic behavior for all frequencies used, these 

correlations likely arise from the differences in nonlinear viscoelastic behavior resulting from 

differences in structural deformation. 

 

5.4.3.  Correlations between nonlinear viscoelastic properties and sensory characteristics 

 Correlations (0.5≥R2≥0.9, p≤0.05) between nonlinear viscoelastic properties and 

sensory aspects were found for both combined and separated nonlinear viscoelastic 

properties.  In the combined nonlinear viscoelastic data set (Table 5.5), 3Gʹ′ , ML GG ʹ′ʹ′ / , and 

13 /GG ʹ′ʹ′  were negatively correlated with springiness, compressibility, fracturability, and 

smoothness of pieces, and positively correlated with particle size distribution, cohesiveness 

of mass, rate of breakdown, and moisture mouthcoating.  3Gʹ′  was also positively correlated  
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Table 5.5.  Correlation of nonlinear viscoelastic data with sensory data, combined frequency 
runs 

  3e  
3Gʹ′

† 
M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′  

 -- Pa -- -- 
Springiness -0.619*** -0.620*** -0.836*** -0.892*** 
Compressibility -0.726*** -0.730*** -0.815*** -0.887*** 
Firmness     -0.533** -0.584*** 
Fracturability -0.595*** -0.595*** -0.826*** -0.868*** 
First bite moisture release 0.533** 0.530**     
Particle size     -0.731*** -0.779*** 
Particle size distribution 0.501** 0.502** 0.728*** 0.786*** 
Cohesiveness of mass 0.592*** 0.594*** 0.804*** 0.864*** 
Adhesiveness     0.583*** 0.600*** 
Smoothness of pieces -0.809*** -0.805*** -0.538** -0.601*** 
Chalkiness     0.684*** 0.690*** 
Mastication moisture release 0.533** 0.530**   
Rate of breakdown 0.553** 0.553** 0.789*** 0.814*** 
Number of chews       -0.526** 
Moisture (mouthcoating) 0.647*** 0.645*** 0.579*** 0.648*** 

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 
 

with first bite moisture release and mastication moisture release, and 13 /GG ʹ′ʹ′  was negatively 

correlated with number of chews.  In addition, ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were negatively 

correlated with particle size and positively correlated with adhesiveness and chalkiness.  

These correlations indicate that gels with increased nonlinear viscoelastic behavior broke 

down more quickly, formed a more cohesive bolus, and released more moisture when 

chewed. 

 As with the large-strain rheological data, similar correlations appeared using the 

separated nonlinear viscoelastic data set (Appendix C), indicating that the correlations likely 
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arose from nonlinear viscoelastic behavioral differences rather than a dependence on testing 

frequency.  The nonlinear terms 3Gʹ′
€ 

" G 3

, ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were negatively correlated with 

springiness, compressibility, fracturability, and particle size, and positively correlated with 

particle size distribution, cohesiveness of mass, and moisture mouthcoating.  3Gʹ′  was also 

positively correlated with first bite moisture release and mastication moisture release, and 

negatively correlated with smoothness of pieces.  ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were negatively 

correlated with number of chews and positively correlated with rate of breakdown and 

particle mouthcoating.  Again, these results indicated increased nonlinear viscoelastic 

behavior corresponded to increased moisture release and a more rapid formation of a 

cohesive bolus during mastication. 

 

5.4.4.  Correlations between nonlinear viscoelastic properties and oral processing 

characteristics 

 Among the various subsets of data used for correlations, the majority of the 

correlations between nonlinear viscoelastic properties and oral processing characteristics 

(0.5≥R2≥0.9, p≤0.05) were found for separated nonlinear viscoelastic data and oral 

processing data (Appendix C), although there were still several correlations found in the 

combined nonlinear viscoelastic data sets (Table 5.6).  In the combined nonlinear viscoelastic 

data set, temporalis activity during the first five chews was negatively correlated with 

ML GG ʹ′ʹ′ /  (R2=0.537, p≤0.001).  Combined nonlinear viscoelastic data also correlated with the  
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Table 5.6. Correlation of nonlinear viscoelastic data with oral processing data (all cycles), 
combined frequency runs 

  3e  
3Gʹ′

† 
M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′  

 -- Pa -- -- 
Opening duration 0.566*** 0.562*** 0.635*** 0.663*** 
Number of chews     -0.561*** -0.597*** 
Masseter work     -0.511**   

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 
 

all chew cycle data set: 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were positively correlated with opening 

duration, ML GG ʹ′ʹ′ /  was negatively correlated with masseter work, and ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  

were negatively correlated with number of chews.  Therefore, an increase in nonlinear 

viscoelastic behavior corresponded to longer jaw opening times, but less effort to chew and 

more rapid preparation of a bolus, indicating that gels with increased nonlinear viscoelastic  

behavior were softer and broke down more quickly during mastication. 

 Oral processing parameters correlating to nonlinear viscoelastic properties depended 

on the subset of oral processing data used for correlation (Appendix C).  For the all chew 

cycle data set, 3Gʹ′
€ 

" G 3

, ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were positively correlated with opening duration 

and negatively correlated with chew frequency, while ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were positively 

correlated with chew cycle duration and opening velocity, but negatively correlated with 

temporalis peak activity and temporalis work.  For the first chew cycle data set, 3Gʹ′
€ 

" G 3

,  

ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were negatively correlated with vertical amplitude, while ML GG ʹ′ʹ′ /  and 

13 /GG ʹ′ʹ′  were negatively correlated with anterior/posterior movement.  For the first five chew 
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cycles data set, 3Gʹ′
€ 

" G 3

, ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were negatively correlated with vertical amplitude 

and lateral amplitude, while ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were positively correlated with opening 

duration.  In addition, ML GG ʹ′ʹ′ /  was negatively correlated with masseter peak activity and 

temporalis peak activity.  For the middle three chew cycles data set, 3Gʹ′
€ 

" G 3

, ML GG ʹ′ʹ′ / , and 

13 /GG ʹ′ʹ′  were negatively correlated with maximum opening height, while ML GG ʹ′ʹ′ /  and 

13 /GG ʹ′ʹ′  were positively correlated with chew cycle duration, opening duration, and closing 

duration.  For the last three chew cycles data set, 3Gʹ′
€ 

" G 3

, ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′  were positively 

correlated with closing duration and negatively correlated with vertical amplitude, while 

ML GG ʹ′ʹ′ /  and 13 /GG ʹ′ʹ′  were positively correlated with opening duration and negatively 

correlated with maximum opening height.  In addition, 13 /GG ʹ′ʹ′  was positively correlated to 

lateral amplitude, and 3Gʹ′
€ 

" G 3

 and ML GG ʹ′ʹ′ /  were positively correlated to chew cycle duration. 

 In general, increased nonlinear viscoelastic behavior indicated decreased jaw 

movement at the beginning of mastication, and smaller jaw opening height and longer chew 

cycles at the end of mastication.  An increase in nonlinear viscoelastic behavior indicates 

increased permanent deformation at a given stress or strain, so a lower strain would be 

required to permanently deform a sample showing a high degree of nonlinear viscoelastic 

behavior to the same extent as a sample showing a lesser degree of nonlinear viscoelastic 

behavior.  Longer cycle times occurring later in the mastication process may possibly be 

related to the increased adhesiveness of the weaker samples (Çakir et al., 2012) requiring a 

longer opening time, which would increase the overall chew cycle time.  In addition, the 
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increase in particle and moisture mouthcoating of the weaker structures may have caused 

subjects to increase chew cycle length due to efforts to clean their mouths of pieces. 

 

5.4.5.  Structural contributions to WPI/κ-carrageenan gel behavior 

 Of the three gel types, WPI/0.6% κ-carrageenan (carrageenan-continuous) gels 

showed the greatest extent of nonlinear viscoelastic behavior under LAOS (Chapter 4).  The 

differences in gel behavior were attributed to the differences in gel structure: WPI/0.6% κ-

carrageenan gels have a carrageenan-continuous structure with WPI as an active filler, which 

is a weaker, less elastic structure than the protein continuous structure of the WPI gels or the 

bicontinuous structure of the WPI/0.4% κ-carrageenan gels (Çakir and Foegeding, 2011; 

Çakir et al., 2012).  Therefore, it was expected that a lower stress or strain would be needed 

to cause nonlinear viscoelastic behavior in WPI/0.6% κ-carrageenan gels compared to the 

other two gels.  Correlation of nonlinear viscoelastic properties to large-strain rheological 

properties suggested a relationship between nonlinear viscoelastic properties and %RE and 

fracture properties for these structure types.  The link between these two sets of properties is 

likely due to structural contributions, since structural deformation and breakdown plays a key 

role in both the nonlinear viscoelastic properties and large-strain rheological properties. 

 Correlation of nonlinear viscoelastic properties and sensory aspects also indicates a 

structural link between the two.  Sensory aspects of WPI/κ-carrageenan gels have been 

shown to be impacted by structural differences: WPI/0.6% κ-carrageenan gels had a texture 

that was less springy, compressible, and firm when compared with WPI and WPI/0.4% κ-
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carrageenan gels (Çakir et al., 2012).  Whey protein isolate/0.6% κ-carrageenan gels also had 

a more yield-type fracture and broke down more rapidly during mastication, forming a 

cohesive bolus with a noticeable particle size distribution and detectable pieces (Çakir et al., 

2012).  In addition, WPI/0.6% κ-carrageenan gels have been shown to have relatively high 

serum release, as their disrupted protein network was less capable of trapping water than a 

continuous protein network (Çakir and Foegeding, 2011; Çakir et al., 2012).  This textural 

profile of the WPI/0.6% κ-carrageenan gels was attributed to their structure (Çakir et al., 

2012).  Because measuring material nonlinear viscoelastic properties allows comparison of 

structural strength via evaluation of their nonlinear viscoelastic behavior, a relationship 

between nonlinear viscoelastic properties and sensory characteristics was expected.   

 In addition to rheological properties and sensory aspects, structure also affects oral 

processing characteristics (Çakir, 2011).  Again, the relationship between oral processing 

characteristics and nonlinear viscoelastic properties is likely due to structure.  Correlation of 

increased nonlinear viscoelastic behavior with decreased jaw movement at the beginning of 

mastication suggested that weaker gel structures, identified by their increased nonlinear 

viscoelastic behavior, required less jaw movement to break into small pieces than gels with 

stronger structures.  Correlation of increased nonlinear viscoelastic behavior to increased 

vertical amplitude and chew cycle, opening, and closing durations, as well as decreased 

maximum opening height, later in the mastication process suggested that gel structures 

exhibiting increased nonlinear viscoelastic behavior during oscillation may have different 

breakdown patterns upon chewing than stronger gels.  Çakir et al. (2012) showed that WPI 

gels fractured via rapid crack propagation with clean fracture surfaces, while WPI/0.4% κ-
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carrageenan gels had slower crack propagation during fracture and WPI/0.6% κ-carrageenan 

gels had a more yield-type fracture than fracture via crack propagation.  Differences in jaw 

movement may reflect the differences in structural breakdown.  Longer cycle times occurring 

later in mastication for gels displaying increased nonlinear viscoelastic behavior may 

possibly be related to the increased adhesiveness of the weaker samples (Çakir et al., 2012) 

requiring a longer opening time, which would increase the overall chew cycle time.  In 

addition, the increase in particle and moisture mouthcoating of the weaker structures may 

have caused subjects to increase chew cycle length due to efforts to clean their mouths of 

pieces, as previously stated. 

 

 

5.5.  CONCLUSIONS 

 The nonlinear viscoelastic properties of WPI/κ-carrageenan gels were evaluated via 

LAOS and correlated to gel rheological, sensory and oral processing properties.  Correlations 

of nonlinear viscoelastic properties with sensorial properties included textural parameters 

evaluated after several chews as well as first bite aspects. It should be noted that correlations 

including chewdown terms, such as cohesiveness, adhesiveness, and particle size, are not 

usually seen when correlating mechanical properties to sensory aspects, as mechanical 

measurements are generally not reflective of sample behavior after mastication (Brown et al., 

2003; Foegeding, 2007; Foegeding et al., 2010).  Correlations of nonlinear viscoelastic 

properties with oral processing characteristics generally involved jaw movement terms rather 

than EMG terms.  These correlations suggest that structural properties, known to relate to 
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large-strain, sensory, and oral processing characteristics (Gwartney et al., 2004; van den Berg 

et al., 2007; van den Berg et al., 2008; Çakir et al., 2011; Çakir et al., 2012), may be probed 

in the nonlinear viscoelastic region via LAOS to yield a more complete fingerprint of food 

behavior.  Determining the relationships between food structure, nonlinear viscoelastic 

properties, large-strain rheological properties, sensorial aspects, and oral processing 

characteristics gives a more thorough understanding of how different structures behave under 

application of stress or strain, and how structure and structural changes impact texture and 

breakdown of foods during chewing. 
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CHAPTER 6.  CORRELATION OF RHEOLOGICAL, SENSORY, AND ORAL 

PROCESSING PROPERTIES OF COMMERCIAL CHEESES 
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6.1.  ABSTRACT 

 Cheese texture, an important aspect of consumer acceptance, is primarily determined 

by its structure.  Structural differences have been shown to result in significant differences in 

rheological, sensory, and oral processing properties.  Rheological properties are often 

measured to gain a fundamental understanding of cheese structure and how that structure 

impacts texture; however, these properties are generally measured in the linear viscoelastic 

region (LVR) or at sample fracture, rather than beyond the LVR but prior to fracture.  Large 

amplitude oscillatory testing (LAOS) has been used to study the nonlinear viscoelastic 

properties of food gels and has been correlated to sensory and oral processing characteristics 

of these gels.  Therefore, the nonlinear viscoelastic properties of several commercial cheeses 

were measured and correlated to other rheological, sensory, and oral processing 

characteristics to determine the relationships between nonlinear viscoelastic properties and 

other characteristics for a more complex food system. Cheddar, Mozzarella, and American 

cheeses were selected for measurement, as each cheese has distinct structural and textural 

properties due differences in preparation methods.  All cheeses displayed strain-hardening 

behavior beyond the LVR; Cheddar displayed the greatest degree of nonlinear viscoelastic 

behavior, while American cheese displayed the least.  Significant (α=0.05) differences were 

found between the rheological properties of Cheddar and the other two cheeses, while 

significant (α=0.05) differences were found between the oral processing parameters of 

Mozzarella and the other two cheeses.  Sensory aspects were found to be significantly 

(α=0.05) different for all three cheeses, indicating that sensory evaluation was most sensitive 

in differentiating differences between samples.  Correlations were found between nonlinear 
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viscoelastic, rheological, sensory, and oral processing properties.  Large amplitude 

oscillatory testing may be used to gain insight into food structure and structural breakdown, 

yielding additional information on food textural properties.  To gain a more thorough 

understanding of food texture, a combination of rheological testing including LAOS, sensory 

evaluation, and oral processing should be performed to determine food structure and relate 

structural properties to textural aspects.  

 

 

6.2.  INTRODUCTION 

 Cheese is among the oldest manufactured food products, and many varieties of cheese 

are manufactured and consumed worldwide (Gunasekaran and Ak, 2003).  Cheddar, 

Mozzarella, and American cheese are three commercial cheeses commonly consumed in the 

United States.  Cheddar and Mozzarella are natural cheeses, while American cheese is a 

pasteurized process cheese product.  Each of these cheeses has a distinct structure and 

texture, which arises from the method of cheese preparation. 

 Cheddar cheese comprises a continuous protein network made of aggregated casein 

molecules with fat globules trapped between protein strands (Figure 6.1a, d).  Commercial 

manufacture of Cheddar cheese involves adding chymosin to pasteurized milk to precipitate 

the caseins and form a curd, then removing the whey, and cutting (cheddaring) and pressing 

the remaining curds to form a solid mass.  The cheese may be aged for up to a year after 

manufacturing to develop the desired flavor and texture through bacterial fermentation  
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Figure 6.1.  Schematics of a. Cheddar, b. Mozzarella, and c. American cheese structure in 
comparison with micrographs of d. Cheddar, e. Mozzarella, and f. American cheese structure 

In a., b., and c., proteins are shown as blue and fat is shown as orange.  Images in d., e., and 
f., are reprinted from Guinee et al. (2004); areas of protein and fat are depicted by light and 
dark parts of the image, respectively.  In f., fat droplets are also depicted by asterisks. 
 

(Gunasekaran and Ak, 2003; Everett, 2007).  Commercial Cheddars typically have a pH of 

5.3-5.5, moisture content of 33-37%, and fat content of 30-33% (Pastorino et al., 2003; 

Gunasekaran and Ak, 2003). 

 Commercial preparation of Mozzarella cheese also involves adding chymosin to 

pasteurize milk to form a curd, but, as a pasta filata cheese, Mozzarella undergoes a 

stretching step in warm (60-70°C) water rather than cheddaring.  Stretching the curd in this 

manner aligns the casein fibers in the direction of stretching, resulting in an anisotropic 

structure of linear protein strands surrounding the serum/fat phase rather than globules of fat 

in a protein matrix.  The arrangement of protein strands and serum phase gives Mozzarella its 

characteristic texture (Figure 6.1b, e).  Aging times for Mozzarella are generally on the order 



 

190 

of several days rather than months (McMahon et al., 1999; Gunasekaran and Ak, 2003; 

Everett, 2007).  The pH, moisture content, and fat content of commercial Mozzarella cheeses 

are typically 5.3-5.6, 52-62%, and 22%, respectively  (Kindstedt, 1993; Gunasekaran and Ak, 

2003; Lucey et al., 2003). 

 American cheese, as a process cheese product, is prepared using a combination of 

natural cheese and small amounts of added dairy ingredients, flavoring, organic acids, and 

emulsifying salts (Guinee, 2004).  The basic manufacturing steps for process cheese 

comprise blending of the ingredients, heating, forming, and packaging (Gunasekaran and Ak, 

2003; Guinee, 2004; Mulsow et al., 2004).  Process cheese ingredients and ingredient 

quantities are selected to give the final product the desired textural and nutritional properties.  

An American-type process cheese has a structure that resembles a concentrated emulsion of 

spherical (1-10 mm droplet diameter) fat droplets in a hydrated protein matrix.  Due to the 

heating step in process cheese manufacture, the emulsifying capability of the proteins in the 

matrix is reduced, resulting in a less compact and fused structure than natural cheese (Figure 

6.1c, f).  Thus, emulsifying salts are added to improve protein hydration and oil/fat 

emulsification (Mulsow et al., 2004).  Process cheeses have the additional benefits of longer 

shelf life, lower cost of manufacture, and increased versatility and convenience as compared 

to natural cheeses (Gunasekaran and Ak, 2003; Guinee, 2004; Mulsow et al., 2004).  

Commercial sliceable process cheeses typically have a pH of 5.3-5.6, moisture content 

≤43%, and fat content of ≥22% (Gunasekaran and Ak, 2003; Guinee, 2004). 

 Cheese texture is an important component of consumer acceptance and is commonly 

evaluated by a trained sensory panel via descriptive analysis.  Oral processing may also be 
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used to gain information on cheese texture.  Oral processing has been defined as the physical 

and physiological processes occurring in the oral cavity from the time food is placed in the 

mouth up to and through swallowing (Chen, 2009).  These processes include mechanical 

manipulation and breakdown of food with different oral surfaces, mixing the food with 

saliva, forming the food into a bolus, and the act of swallowing (Chen, 2009; Le Révérend et 

al., 2010).  Muscles that control jaw movement during oral processing include the temporalis, 

masseter, and digastric muscles, located on each side of the head at the temples, under the 

cheekbones, and under the jaw, respectively (Figure 6.2).  Oral processing is controlled by 

the geometry and texture of the food and the central nervous system (Chen, 2009).  

Measurements of muscle electromyographical (EMG) activity in combination with jaw 

movement have been used to evaluate how mastication patterns change with different food 

textures (Foegeding et al., 2010; Ishihara et al., 2011).  Factors that have been shown to  

 

 

Figure 6.2.  Major muscles used during oral processing 
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significantly impact mastication patterns include water content, fat content, particle size, 

rheological properties, hardness, and structure (Peyron et al., 2002; Foster et al., 2006; van 

der Bilt et al., 2006; Chen, 2009; Çakir, 2011; Foster et al., 2011; Ishihara et al., 2011). 

 In addition to physical deformation and fracture to reduce particle size, foods also 

undergo various chemical changes during oral processing.  Chemical changes are dependent 

on food composition and include starch breakdown, emulsion destabilization, and fat 

melting.  Both physical and chemical changes affect food texture perception during chewing 

(Chen, 2009; Le Révérend et al., 2010). 

 Because cheese texture is dependent on structure (Lucey et al., 2003; Everett, 2007; 

Everett and Auty, 2008), an understanding of cheese structure is needed to properly interpret 

textural data.  Thus, cheese structure is commonly evaluated via fundamental rheological 

testing, such as oscillatory shear testing.  In food research, most fundamental oscillatory 

shear measurements are performed in the linear viscoelastic region (LVR) because the 

viscoelastic moduli are well-defined and have a physical interpretation.  These small-strain 

measurements generally do not correlate with sensory or oral processing characteristics 

(Chen, 2009).  Large-strain rheological measurements, on the other hand, have been 

correlated with sensory and oral processing characteristics (Lowe et al., 2003; Tabilo-

Munizaga and Barbosa-Cánovas, 2005; van den Berg et al., 2008; Çakir et al., 2011a, 

Ishihara et al., 2011), although the correlations are usually limited to those characteristics 

collected during the first bite or initial chewing phase. 

 It is possible to perform oscillatory shear measurements beyond the LVR, although 

large amplitude oscillatory shear (LAOS) is not common in food science due to lack of 
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protocol for analysis and interpretation of higher-order harmonic data resulting from the 

nonlinear movements of the sample.  However, an analysis protocol developed by Ewoldt et 

al. (2008) allows the third-harmonic viscoelastic moduli, 3Gʹ′  and 3G ʹ′ʹ′ , to be used to indicate 

the type of nonlinear viscoelastic behavior displayed by a sample tested under LAOS.  The 

third-order coefficients from the elastic and viscous stress equations, 3e  and 3υ , 

respectively, may also be used to determine elastic and viscous behavior.  In addition, 

nonlinear viscoelastic behavior may also be evaluated by different forms of elastic moduli 

(large and minimum strain elastic modulus, LG ʹ′  and MGʹ′ , respectively) and dynamic 

viscosities (instantaneous viscosity at maximum and minimum shear rate, Lηʹ′  and Mηʹ′ , 

respectively).  The ratio of the elastic moduli, ML GG ʹ′ʹ′ / , can evaluate strain hardening and 

softening, while shear thinning and thickening may be determined via the ratio of the 

instantaneous viscosities, ML ηη ʹ′ʹ′ / .  A summary of how the aforementioned terms may be 

used to evaluate the nonlinear viscoelastic properties of viscoelastic solids is provided in 

Table 6.1.  A full description of the development and data interpretation of the LAOS 

analysis protocol may be found in Ewoldt et al. (2008).  This analysis protocol has been used 

to determine the nonlinear viscoelastic behavior of gastropod pedal mucus (Ewoldt et al., 

2008), a 0.2% w/w xanthan gum solution (Ewoldt et al., 2010), gluten dough (Ng et al., 

2011), and whey protein isolate/k-carrageenan gels (Chapter 4).  In addition, the nonlinear 

viscoelastic parameters from this method have been correlated to rheological, sensory, and 

oral processing properties of protein/polysaccharide gels (Chapter 5). 
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Table 6.1.  Summary of terms used to characterize material nonlinear viscoelastic behavior 

Measurement Physical meaning 

13 /GG ʹ′ʹ′  
≥0.01 Nonlinear viscoelastic behaviora 

<0.01 Linear viscoelastic behaviora 

ML GG ʹ′ʹ′ /  

>1 Strain hardeningb 

=1 Linear elasticb 

<1 Strain softeningb 

ML ηη ʹ′ʹ′ /  

>1 Shear thickeningb 

=1 Linear viscousb 

<1 Shear thinningb 

a: Values taken from Chapter 3. 
b: Values given are not practical for real materials.  Thus, cutoff values of 0.90 and 1.10 are 
used to determine the presence of nonlinear viscoelastic behavior for both ML GG ʹ′ʹ′ /  and 

ML ηη ʹ′ʹ′ /  (Chapter 3). 
 

 It has been shown that structural differences result in significant differences in 

rheological, sensory, and oral processing properties (van den Berg 2007; van den Berg et al., 

2008; Çakir, 2011; Çakir and Foegeding, 2011; Çakir et al., 2011a).  Cheddar, Mozzarella, 

and American cheeses each have distinct textural properties due to their method of 

preparation.  Therefore, the objective of this study was to determine the nonlinear 

viscoelastic properties of commercial Cheddar, Mozzarella, and American cheese, and to 

determine correlations between these properties and rheological, sensory, and oral processing 

characteristics. 
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6.3.  MATERIALS AND METHODS 

6.3.1.  Materials 

 Sharp Cheddar, Mozzarella, and American cheeses (Kraft Foods Global, Inc.; 

Glenview, IL, USA) were purchased from a local supermarket. 

 

6.3.2.  Oscillatory shear testing 

 Stress sweeps were conducted on a stress-controlled rheometer (Stresstech; ATS 

Rheosystems, Bordentown, NJ) with a serrated plate/plate geometry (plate diameter of 20 

mm).  Large amplitude oscillatory testing was conducted on a strain-controlled rheometer 

(ARES-M, TA Instruments, New Castle, DE) using a 25 mm diameter parallel plate system.  

Since a serrated plate and plate geometry was unavailable for this rheometer, both plates were 

covered with coarse-grit, adhesive-backed sandpaper (60 grit, Klingspor Abrasives, Inc.; 

Hickory, NC) to mitigate sample slip during testing.  It was necessary to use a strain-controlled 

rheometer for LAOS testing, as the analysis program used to interpret the stress/strain data 

required a strain wave input.  For both stress sweeps and LAOS testing, cheese samples were cut 

using a cutting template and wire cutter to a height of 4 mm.  The upper plate was lowered 

onto the sample until a normal force of 1.0 N was reached, then the sample was trimmed with 

a razor blade to the diameter of the upper plate.  To prevent moisture loss during testing, the 

exposed edges of the sample were coated with a thin layer of silicone grease (SuperLube, 

Synco Chemical; Bohemia, NY). 

 Stress sweeps (0.1 to 1000 Pa) were conducted at 6.28 rad/s (1.0 Hz) to determine the 

LVR. The LVR was determined to be the region in which the complex modulus, *G , had 
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constant value.  Critical stress and strain, or the stress and strain at which the LVR ended, 

were determined to be the point where *G  decreased by 2% from the plateau value. 

 Two strains were selected for nonlinear testing: 25% and 50%.  Both of these strains 

were determined to be outside the LVR for all cheese types.  Testing was performed at 25 

and 37°C.  For each strain and temperature, raw stress and strain data was collected at four 

different frequencies using the waveshape generator function in the TA Orchestrator 

software. Tests were conducted in triplicate for each cheese variety. 

 

6.3.3.  Creep testing 

 Creep/recovery tests were conducted using a stress-controlled rheometer (Stresstech; 

ATS Rheosystems, Bordentown, NJ) with a serrated plate/plate geometry (plate diameter of 

20 mm).  Testing methodology was based on similar testing by Barden (2010) and Rogers et 

al. (2009).  Samples were allowed to equilibrate to room temperature (22±2ºC) before further 

preparation.  A stress of 1000 Pa was used for testing, since this stress was determined to be 

outside of the LVR for all samples.  Samples were taken from the interior of the cheese 

blocks to account for moisture loss at the edge.  Samples were cut using a wire cutter and 

cutting template to a height of 4 mm and trimmed to the diameter of the upper plate using a 

razor blade.  Stress was applied instantaneously to each sample and held for 200 s, then 

instantaneously removed and the sample allowed to recover for an additional 200 s.  Tests 

were conducted at 25°C in triplicate for each cheese.  Time-deformation curves and 

compliance were recorded for each test.  Retardation time was calculated as 63.2% of the 

maximum compliance (Steffe, 1996).  Percent creep recovery (%crp) was calculated using 
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the equation from Brown et al. (2003): 
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where xmaJ  is maximum compliance and rJ  is maximum recovery.  Maximum compliance 

was achieved after 200 s of creep, while minimum compliance was achieved after 200 s of 

recovery.  Maximum recovery may be calculated as follows (Brown et al., 2003): 

 nmixmar JJJ −=  (6.2) 

where Jmin  is minimum compliance during relaxation. 

 

6.3.4.  Adhesion testing 

 Adhesion testing was performed on samples using a modification of the method used 

by Childs et al. (2007).  All samples were cut from the interior of the larger cheese blocks to 

account for any moisture loss at the block edge.  Samples were allowed to equilibrate to 

room temperature (22 ± 2ºC) before further preparation.  Samples were then cut using a wire 

cutter and cutting template into blocks 34 mm in length, 34 mm in width, and 17 mm in 

height.  Each sample was glued to the lower plate of a Universal Testing Machine (Instron 

model 5542; Norwood, MA) using cyanoacrylate glue (Loctite 401, Henkel Corp) to prevent 

loss of contact with the sample plate during testing.  The samples were compressed to a force 

of 3.5 N at a crosshead velocity of 0.5 mm/s with a probe 50 mm in diameter attached to a 50 

N load cell.  The 3.5 N force was held on the sample for 5 seconds, then the probe was raised 

at a rate of 0.1 mm/s to a final height of 5 mm above the initial sample height.  Probe 
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extension and force applied to the sample were recorded every 0.1s.  Adhesive force was 

taken as the maximum force on the probe from the sample after compression, while adhesive 

work was calculated by using Simpson’s rule to determine the area under the force curve 

after compressive force was removed (e.g. the force on the sample returned to zero).  Six 

replicates were run per variety of cheese. 

 

6.3.5.  Fracture testing via single edge notch bend (SENB) 

 Fracture energy and fracture toughness were calculated using a SENB test, a type of 

three point bend test, modified from that described by Williams and Cawood (1990) by 

scaling up all dimensions by 1.5.  Samples were allowed to equilibrate to room temperature 

(22±2ºC) before further preparation.  Samples (beams 60 mm in length, 12 mm in height, and 

6 mm in breadth) were cut from the interior of the cheese blocks to account for moisture loss 

at the block edge.  The beams were then notched at the midpoint length using a razor blade.  

Notch depth was controlled by placing a piece of tape on the blade so that only 5.4 mm of the 

blade was exposed, giving a notch to depth ratio of approximately 0.45 for each sample.  

Each sample was deformed to complete fracture using a Universal Testing Machine (Instron 

model 5542; Norwood, MA) equipped with a 50 N load cell and a 3.12 mm diameter probe 

moving at a crosshead speed of 0.2 mm/s.  Probe extension and force applied to the sample 

were recorded every 0.1s.  Time to fracture was taken as the time at which there was a sharp 

decrease in force applied to the sample, indicating complete fracture.  Fracture energy was 

calculated as the are under the force-deformation curve from t=0 to the time to fracture.  
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Fracture toughness, Kc, was determined for notched samples based on the equation used by 

Williams and Cawood (1990): 
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where P is maximum load (N), b is breadth (m), h is height (m), and A is the notch to depth 

ratio (A=notch depth/height, unitless).  In these equations, height is equivalent to what 

Williams and Cawood (1990) refer to as width.  Fracture energy, Gc, was determined based 

on the equation used by Williams and Cawood (1990):  

 
Φ

=
bh
UGc  (6.5) 

where U is the area under the force-deformation curve between zero and max load force (J), 

and Φ is a calibration factor for A.  For this study, the ratio was approximately 0.45, giving 

Φ=0.26 (Williams and Cawood, 1990). The value of U was also used to calculate work to 

fracture for each sample (Everard et al., 2007, Barden, 2010).  Six replicates were tested for 

each cheese type. 

 

6.3.6.  Sensory analysis 

 Descriptive sensory analysis of the cheeses was performed using the method 

described by Rogers et al. (2009).  Briefly, cheeses were evaluated by a panel consisting of 8 

females (ages 46–64 yr). with each panelist having over 200 hours of experience in 

descriptive texture analysis of cheeses using the Spectrum™ method (15-point universal 
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scale) with an established cheese texture lexicon.  Panelists were provided with 5 cubes (1.27 

cm3) of each sample at room temperature (approximately 25°C) for evaluation.  Samples 

were presented in 4 oz plastic cups labeled with 3-digit codes.  Panelists were given 

deionized water to for palate cleansing between samples, and reference cheeses were made 

available for comparison.  Cheeses were evaluated in duplicate by each panelist.  Parameters 

used and parameter definitions for sensory terms may be found in Table 6.2. 

 

6.3.7.  Oral processing 

 The method used by Çakir et al. (2011b) for the collection and analysis of oral 

processing data was used for this study with slight modifications.  In summary, eleven 

subjects (5 males and 6 females), with an age range between 24-35 years (mean age 27) 

participated in the study.  Criteria for selection included complete, healthy dentition 

excluding third molar with molars in Class I type occlusion.  Subjects did not have previous 

sensory analysis experience. 

 A preliminary session was held to familiarize the subjects with the experimental setup 

and procedure, the environment, and the cheese used in the study.  Resting and functional 

electromyographic (EMG) muscle activities were recorded during silence, with teeth 

clenched together, and during swallowing.  Maximum limits of jaw motions were measured 

in three dimensions to confirm subjects had unrestricted jaw movements. 

 Each subject participated in one hour-long session to evaluate all three types of 

cheese in duplicate.  All recordings were performed during the single session to avoid 
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Table 6.2.  Sensory attributes used to evaluate cheeses 

Sensory term Definition Chewing phase 

Corresponding 
oral processing 

phase 

Springiness 
Degree of return to original shape of 
sample after partial compression 
between tongue and hard palate 

First compression 
(compress sample 
between tongue 
and hard palate) 

-- 

Compressibility 
Degree of sample 
deformation/compression before 
fracture using tongue and hard palate 

Firmness Required force to fracture sample using 
molars 

First bite (bite 
completely through 
sample using 
molars) 

First chew cycle Fracturability Degree to which sample fractures into 
pieces during first bite 

First bite moisture 
release 

Extent of moisture release from sample 
during first bite 

Particle size Size of sample pieces after mastication 

Mastication (chew 
sample 5 to 8 times 
and evaluate) 

First five chew 
cycles to middle 
three chew 
cycles, 
depending on 
number of chew 
cycles needed 
before 
swallowing 

Particle size distribution Degree of homogeneity of size of 
pieces after mastication 

Cohesiveness 
Degree to which sample mass stays 
together (bolus formation) during 
mastication 

Rate of breakdown Rate of sample breakdown to smaller 
particles during mastication 

Chalkiness Extent of perception of fine, chalk-like 
particles during mastication 

Adhesiveness Degree to which sample (mass or 
pieces) adhere to oral surfaces 

Smoothness of pieces Extent of sensation of roughness 
of/individual particle detection in mass 

Mastication moisture 
release 

Extent of moisture release during 
mastication 

Number of chews 
Number of chews needed to prepare 
sample for swallowing (rate of one 
chew per second) 

Particle mouthcoating Number of particles remaining in 
mouth after expectorating sample 

Residual 
(expectorate 
sample and 
evaluate residual in 
mouth 

Last 3 chew 
cycles 

Moisture mouthcoating Amount of liquid remaining in mouth 
after expectorating sample 
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replacement of the EMG electrodes, which can cause inter-session variation (Brown, 1994).  

Muscle activities and jaw movements of each subject were recorded simultaneously.  

Electromyographic activities were recorded from both the left and right side of the superficial 

masseter, anterior temporalis, and anterior digastric muscles using a BioEMG II 

electromyography (BioResearch Inc., Milwaukee, WI).  A total of 6 bipolar, flexible, self-

adhering surface electrodes (BioFlex, BioResearch Inc., WI) were fixed on the skin along the 

length of each muscle fiber, and an additional electrode was placed on the shoulder as a 

ground to minimize electrical background noise.  Data collection was conducted using the 

BioPAK software package, with a sampling rate of 5000 Hz for each electrode.  Mandibular 

movements were collected using a Jaw Tracker (JT-3D, BioResearch Inc., Milwaukee, WI).  

A small magnet was attached to the lower frontal incisors with a stomahesive (ConvaTec, 

Bristol-Myers Squibb Company, NJ), and movement of the magnet was tracked by a sensor 

array to record jaw movement in vertical, anterior-posterior and lateral components. 

 A resting EMG was collected before starting the masticatory recordings to ensure 

there was no excessive background signal creating electrical noise in the data.  An initial 

recording was performed with a piece of chewing gum; data was recorded for 1 min chewing 

period and stored for control purposes.  Subjects were then presented with samples of each 

cheese (15 mm cubes at 22±2ºC), instructed to place the sample onto the tongue and then 

bring the teeth together to create a reference position for the analysis. Upon a signal from the 

experimenter, the subject started chewing in a habitual manner (freestyle chewing) and 

recordings were taken until the bolus was completely swallowed. 
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 Both sensory analysis and oral processing studies were conducted with approval from 

the North Carolina State University Institutional Review Board. 

 

6.3.8.  Data analysis 

 Stress and strain waveform data were analyzed using the MITlaos program (Version 

2.1 beta, freeware distributed from MITlaos@mit.edu).  All data were analyzed using SAS 

9.1.3  (SAS Institute Inc.; Cary, NC) for significant differences.  Analysis of variance was 

conducted using the GLM procedure, with significant differences (p≤0.05) determined by 

Tukey’s test.  Rheological, sensory, and oral processing parameters were correlated to 

nonlinear viscoelastic properties using the CORR procedure in SAS.  Nonlinear viscoelastic 

properties chosen for correlation analysis comprised 3e , 3Gʹ′ , ML GG ʹ′ʹ′ / , and 13 /GG ʹ′ʹ′ .  These 

properties were selected because they were able to indicate the presence ( 3e , 3Gʹ′ , ML GG ʹ′ʹ′ / , 

13 /GG ʹ′ʹ′ ), magnitude ( ML GG ʹ′ʹ′ / , 13 /GG ʹ′ʹ′ ), and type ( ML GG ʹ′ʹ′ / ) of nonlinear viscoelastic 

behavior displayed by the various gel samples.  Correlations were run in two different 

manners: combined (all data for each parameter for each cheese combined together 

regardless of frequency used during testing) and separated by frequency used during testing.  

These two different sets of correlations will be referred to as “combined” and “separated” in 

future sections of this chapter.  Running correlations in these two manners allowed a more 

thorough examination of the effect of oscillation frequency on the relationship between 

nonlinear viscoelastic properties and other mechanical properties, and sensory and oral 

processing characteristics. 
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 Combined EMG and Jaw Tracker recordings obtained by BioPak software were 

exported to the LabView graphical programming system (National Instruments, Austin, TX) 

for further analysis.  Digitized raw EMG signals were rectified and quantified by calculating 

the root-mean-square (RMS) to provide a single direction waveform.  The RMS of each 

digitized EMG signal was calculated in 2 ms increments over a 42 ms time constant for the 

entire chewing sequence (Hylander and Johnson, 1993; Hylander et al., 2000).  Individual 

chew cycles were identified from the complete sequence of mastication, from the placement 

of sample into mouth until the last swallow, using the simultaneous recordings of jaw 

movements and muscle activities.  Each masticatory cycle was divided into 3 phases: 

opening, closing, and occlusion.  The opening phase corresponded to the time for the 

movement trace to travel from zero to maximum vertical amplitude.  The closing phase 

corresponded to the time between the maximum vertical amplitude and the beginning of 

occlusion (zero vertical amplitude).  The occlusal phase corresponded to the period of no 

vertical movement between the end of the closing phase and the beginning of the next chew 

cycle. 

 Oral processing parameters were determined via a per-cycle analysis.  Parameters 

characterized by one cycle, such as amplitudes, velocities and durations, were presented 

using mean values of all cycles in the particular data set.  Muscle work was determined by 

integrating the area under the EMG curve of each muscle.  To minimize variation arising 

from different electrodes and electrode positioning across multiple experiments, scaled 

values were calculated for muscle activities.  For a given muscle in a subject during an 

experiment session, the largest muscle activity value observed across all chew cycles for all 
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samples was identified and assigned a value of 1.0.  All other values for that muscle were 

linearly rescaled, resulting in values ranging from 0 to 1 (Hylander et al., 2000).  Scaled 

muscle activities represent relative estimates of muscle recruitment during the chewing cycle.  

Right -and left-side activities for each of the temporalis, masseter and digastric muscles were 

combined for each chew cycle.  Activities across the three muscles were pooled together to 

determine total muscle activity for each cycle.  The number of chewing cycles, total chewing 

duration and chew frequency were also extracted from an analysis of the complete sequence.  

Parameters and parameter definitions for oral processing terms may be found in Table 6.3. 

 

 

6.4.  RESULTS AND DISCUSSION 

6.4.1.  Nonlinear viscoelastic properties 

 Increasing the applied stress or strain to a material results in a transition from linear to 

nonlinear viscoelastic behavior.  This behavioral shift is commonly seen as a departure from 

constant value of the magnitude of complex modulus, *G , during a stress or strain sweep.  It 

may also be determined by the magnitude of the ratio of the third-harmonic viscoelastic 

moduli values to the first-harmonic values ( 13 /GG ʹ′ʹ′ ) or by the magnitude of the ratio of the 

large strain modulus, LG ʹ′ , to the minimum strain modulus ( ML GG ʹ′ʹ′ / ).  01.0/ 13 >ʹ′ʹ′ GG  is 

indicative of nonlinear behavior for viscoelastic solids, while 10.1/ >ʹ′ʹ′ ML GG  or <0.90 

indicates strain-hardening and strain-softening behavior, respectively (Chapter 3).  At both  
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Table 6.3.  Oral processing terms used in the evaluation of cheeses 

Oral processing term Definition 

Chew cycle duration Time required for a complete jaw cycle, including opening, closing, and occlusal 
periods. 

Opening duration Time period from beginning of chew cycle to maximum jaw opening height 

Closing duration Time period from maximum jaw opening height to occlusion (teeth brought 
together) 

Occlusal duration Time period during which teeth remain together 

Vertical amplitude Maximum vertical jaw movement during opening for a chewing cycle 

Opening velocity Average jaw opening speed (vertical amplitude divided by opening duration) 

Closing velocity Average jaw closing speed (vertical amplitude divided by closing duration) 
Maximum opening 
height Maximum vertical amplitude for all chew cycles 

Anterior-posterior 
amplitude 

Maximum forward/back (away from and towards the neck) movement of jaw for 
a chewing cycle 

Lateral amplitude Maximum left/right movement of jaw for a chewing cycle 

Number of chews Number of chews for each sample from placement of sample in mouth to 
swallow 

Chew frequency Number of chews per second 

Temporalis peak activity Maximum temporalis EMG activity for each chewing cycle normalized by 
maximum temporalis activity for all chewing cycles 

Masseter peak activity Maximum masseter EMG activity for each chewing cycle normalized by 
maximum masseter activity for all chewing cycles 

Digastric peak activity Maximum digastric EMG activity for each chewing cycle normalized by 
maximum digastric activity for all chewing cycles 

Total peak activity 
Sum of temporalis, masseter, and digastric EMG activity for each chewing cycle 
normalized by maximum sum of temporalis, masseter, and digastric activity for 
all chewing cycles 

Temporalis work Area under the curve of temporalis activity for each chewing cycle normalized 
by maximum temporalis work 

Masseter work Area under the curve of masseter activity for each chewing cycle normalized by 
maximum masseter work 

Digastric work Area under the curve of digastric activity for each chewing cycle normalized by 
maximum digastric work 

Total work Area under the curve of total activity for each chewing cycle normalized by 
maximum total work 
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25% and 50% strain, 13 /GG ʹ′ʹ′  was greater than 0.01 for all cheeses at all frequencies tested at 

both 25 and 37°C, indicating nonlinear viscoelastic behavior for all test parameter sets.  

These results were expected based on stress sweep data (Figure 6.3) and critical stress and 

strain values (Table 6.4).  Critical stress values were less than 60 Pa for all cheeses, 

corresponding to critical strain values were less than 1% strain at 25°C for each cheese, so 

25% and 50% strain were well outside the LVR for all cheeses.  Based on ML GG ʹ′ʹ′ / , all 

cheeses displayed strain-hardening behavior; the amount of strain-hardening increased with 

increased strain.  These results may also be seen in the distortion of the Lissajou plot from an 

elliptical shape (Figures 6.4, 6.5, 6.6, 6.7).  A greater distortion of the Lissajou plot from an 

idealized, elliptical shape indicates a greater extent of nonlinear viscoelastic behavior.  

Cheddar displayed the greatest amount of strain-hardening behavior, while American cheese 

displayed the least, regardless of strain and temperature (Table 6.5).  These results are in  

 

 

Figure 6.3.  Stress sweep of Cheddar, Mozzarella, and American cheeses (25°C, frequency of 
6.28 rad/s) 
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Table 6.4.  Summary of rheological data for Cheddar, Mozzarella, and American cheeses* 

Sample Sharp Cheddar Mozzarella American 
Adhesive force (N) 0.433 (0.035) B 0.947 (0.062) A 1.21 (0.025) A 
Adhesive work (J) 1.90 (0.465) B 10.4 (0.865) A 12.6 (0.599) A 
Critical stress (Pa) 8.19 (1.52) A 21.5 (5.90) A 53.0 (11.91) A 
Critical strain (%) 0.467 (0.268) A 0.148 (0.042) A 0.243 (0.058) A 
Jmax*106 (1/Pa) 66.3 (0.800) B 524 (34.5) A 444 (5.93) A 
Jmin*106 (1/Pa) 27.3 (0.600) B 232 (25.0) A 204 (5.18) A 
%crp (J) 58.8 (0.750) A 56.6 (1.99) A 54.2 (0.582) A 
Retardation time (s) 38.3 (0.980) B 66.5 (2.79) A 75.7 (2.15) A 
Time to fracture (s) 15.1 (0.193) B 101 (12.2) A 20.1 (0.665) B 
Energy at fracture (mJ) 0.143 (0.004) B 1.33 (0.300) A 0.057 (0.004) B 
Fracture toughness (kPa m0.5) 1.37 (0.036) B 3.69 (0.797) A 0.359 (0.013) B 
Fracture energy (J/m2) 7.46 (0.221) B 83.0 (18.5) A 2.69 (0.175) B 

*Letters in each column that are different indicate significant differences.  Numbers in 
parentheses are standard errors. 
 

agreement with the stress sweep results.  American cheese had the highest critical stress; 

Cheddar had the lowest. Therefore, American cheese would have a smaller degree of 

nonlinear viscoelastic behavior at a given strain than Cheddar or Mozzarella.  These results 

were expected, as the structure of sharp (aged) Cheddar loses flexibility due to continued 

proteolysis with increased aging, while Mozzarella and American cheese undergo little or no 

proteolysis (Guinee et al., 2004; Mulsow et al., 2004; Everett, 2007).  American cheese, as a 

firm, sliceable process cheese product, is made from cheeses that have undergone little 

proteolysis, so it has a more flexible structure (Mulsow et al., 2004; Everett, 2007). 

 In general the amount of nonlinear viscoelastic behavior observed for each cheese 

increased with increased strain, but not significantly (α=0.05).  Although the three cheeses  
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Figure 6.4.  Lissajous plots of stress-strain wavedata measured at different frequencies and 
25% strain (25°C measurement temperature) 
 

were not completely statistically differentiable (α=0.05) from each other at either strain, they 

were more differentiable at 50% strain than at 25% strain based on statistical analysis. 

Increasing strain would increase the degree and type of nonlinear viscoelastic behavior, 

magnifying the differences in nonlinear viscoelastic behavior between the three samples.  An 

increase in temperature from 25 to 37°C also resulted in an increase in nonlinear viscoelastic  
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Figure 6.5. Lissajous plots of stress-strain wavedata measured at different frequencies and 
50% strain (25°C measurement temperature). 
 

behavior; again, this increase was not significant.  Overall, 13 /GG ʹ′ʹ′  was the parameter that 

best differentiated the three cheeses, particularly at 37°C (Table 6.5).  While this ratio for 

each cheese at either 25 or 37°C was not statistically different from the ratio of both the other 

two cheeses, the differences among the ratios were more apparent at 37°C.  3Gʹ′  and 3e  were 

also able to differentiate certain cheeses, although the differences were greatest at 37°C and 

25% strain.  These results indicate that LAOS testing may be used to provide insight into the 

large-strain behavior of foods. 
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Figure 6.6. Lissajous plots of stress-strain wavedata measured at different frequencies and 
25% strain (37°C measurement temperature). 
 

6.4.2.  Additional mechanical properties 

 Because Cheddar, Mozzarella, and American cheeses have different structures, it was 

expected that they would have significantly different mechanical properties.  Of the 

properties measured, only critical stress, critical strain, and %crp did not show any significant 

(α=0.05) differences among the three samples (Table 6.4).  Analysis of all other properties 

revealed that Mozzarella had significantly different fracture properties from Cheddar and  
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Figure 6.7. Lissajous plots of stress-strain wavedata measured at different frequencies and 
50% strain (37°C measurement temperature). 
 

American cheeses, while Cheddar had significantly different adhesive properties, as well as 

significantly less creep deformation than Mozzarella or American cheeses.  These results 

may be explained by examination of the cheese structure.  The rheological properties of 

cheese have been shown to be structurally-dependent (Everett and Audy, 2008), so cheeses 

with different structures should have different rheological properties. 
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Table 6.5.  Summary of nonlinear viscoelastic data for Cheddar, Mozzarella, and American 
cheeses, frequencies combined* 

Sample Strain Temperature 3e  
3Gʹ′

† 
1

3

G
G
ʹ′

ʹ′ † 
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" G L
" G M M

L

G
G
ʹ′

ʹ′

 

  % °C -- Pa -- -- 

Sharp Cheddar 25 25 2062 (126) A 2156 (114) A 0.178 (0.009) AB 2.16 (0.079) AB 

Mozzarella 25 25 521 (31.7) BC 521 (31.7) B 0.102 (0.006) BC 1.67 (0.063) AB 

American 25 25 212 (12.8) C 212 (12.8) B 0.032 (0.002) C 1.12 (0.010) B 

Sharp Cheddar 50 25 1371 (82.4) AB 1467 (68.6) A 0.274 (0.010) A 2.95 (0.137) A 

Mozzarella 50 25 363 (20.3) C 363 (20.3) B 0.182 (0.011) AB 2.41 (0.151) AB 

American 50 25 304 (17.2) C 304 (17.2) B 0.091 (0.004) BC 1.50 (0.039) B 

Sharp Cheddar 25 37 494 (27.9) A 519 (24.2) A 0.236 (0.011) AB 2.70 (0.190) AB 

Mozzarella 25 37 128 (9.35) BC 128 (9.35) BC 0.138 (0.010) BC 1.82 (0.072) AB 

American 25 37 26.8 (2.43) C 28.4 (2.28) C 0.013 (0.001) C 1.01 (0.009) B 

Sharp Cheddar 50 37 240 (14.2) B 260 (11.3) B 0.317 (0.015) A 3.21 (0.238) A 

Mozzarella 50 37 63.1 (4.55) BC 71.4 (3.49) C 0.206 (0.011) AB 1.71 (0.078) AB 

American 50 37 38.3 (3.05) C 38.3 (3.05) C 0.030 (0.002) C 1.07 (0.011) B 

*Letters in each column that are different indicate significant differences.  Numbers in 
parentheses are standard errors. 
† Absolute values of 3Gʹ′  used 
 

 Mozzarella cheese showed significantly (α=0.05) higher time to fracture, energy at 

fracture, fracture toughness, and fracture energy than Cheddar or American cheeses, 

indicating that Mozzarella was more resistant to fracture.  The structural differences between 

the cheeses are the likely cause of these results.  van den Berg et al. (2007) and Çakir et al. 

(2011a) have shown that different gel structures yield different breakdown patterns.  Cheddar 

and American cheeses have structures comprising fat droplets held by a protein matrix with a 

random network arrangement; the structure of Mozzarella has protein chains aligned in the 

direction of stretching (Figure 6.1).  It is possible that the comparatively large differences in 

structure between Mozzarella and the other two cheeses resulted in the difference in fracture 
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behavior.  It is also possible that the extent of stretching that Mozzarella underwent before 

complete fracture during notch bending affected the magnitude of fracture toughness 

calculated.  The calculations for fracture toughness are based on the assumption of linear 

elastic behavior and brittle fracture (Williams and Cawood, 1990), while Mozzarella has a 

more yield-type fracture and viscoelastic behavior.  Further work is needed to evaluate the 

validity of the fracture properties calculated for these cheeses and to determine if correction 

factors are needed to account for different fracture behaviors. 

 Cheddar cheese had significantly lower xmaJ , nmiJ , and retardation time than the 

other two cheeses, as well as significantly lower adhesive force and adhesive work.  Low 

xmaJ  and nmiJ , are indicative of little movement during creep and a high degree of elastic 

recovery, respectively, and low retardation time is indicative of a more elastic sample (Steffe, 

1996).  Cheddar also showed the lowest adhesive force and adhesive work, indicating that it 

was less sticky than the other samples and released more quickly from the bob during 

decompression.  Previous studies have found that cheese samples with lower xmaJ  and 

surface energy were more adhesive than samples with high xmaJ  and surface energy (Childs 

et al., 2007; Rogers et al., 2009).  In addition, Cheddar cheese, especially sharp Cheddar that 

is aged longer, typically has a lower moisture content than Mozzarella or American cheeses, 

which would make it less adhesive.  

 American cheese showed adhesive and creep properties similar to Mozzarella, and 

fracture properties that were similar to Cheddar.  Thus, American cheese may be considered 

to be a relatively soft solid cheese that fractures fairly easily.  These results were expected 
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based on the results of the stress sweeps: American cheese had lower complex moduli values 

and a higher phase angle (data not shown) than Cheddar, indicating that American cheese 

had a less rigid structure and a higher degree of viscous behavior.  However, its structure is 

more similar to Cheddar than Mozzarella, so the fracture properties of American cheese were 

expected to be more like those of Cheddar. 

 

6.4.3.  Sensory properties 

 Sensory properties of each cheese were evaluated by hand compression and at various 

points in the mastication process (first bite, after several chews, and after swallowing).  Hand 

evaluation of the cheeses was not able to significantly (α=0.05) differentiate all three cheeses 

(Figure 6.8; Appendix D), for any aspect evaluated, although Cheddar was significantly 

firmer, less springy, and had lower rate of recovery than Mozzarella or American cheese.  

 

 

Figure 6.8.  Plot of sensory attributes evaluated by hand compression and first bite 
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These results are in agreement with the rheological properties of each cheese.  Evaluation of 

cheeses by mouth, on the other hand, did significantly (α=0.05) differentiate all three cheeses 

from each other (Figure 6.8, 6.9; Appendix D).  Cheddar was found to be the most firm, 

dense, and fracturable cheese upon first bite, while American cheese was the least firm and 

fracturable, and Mozzarella was the least dense.  After several chews, American cheese was 

found to have the greatest degree of breakdown, adhesiveness, and smoothness of mass, 

while Mozzarella had the lowest degree of these properties.  The magnitudes of these aspects 

for Cheddar were more similar to American cheese than Mozzarella.  American cheese also 

had a smoother mouthcoating and greater degree of mouthcoating after swallowing than 

Cheddar or Mozzarella; Mozzarella had the least degree of mouthcoating and smoothness of 

mouthcoating.  Overall, each cheese was differentiable from the other two for the majority of 

oral sensory aspects evaluated.  The differences in the structures of each cheese likely  

 

 

Figure 6.9.  Plot of sensory attributes evaluated during mastication and swallowing 
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impacted how the structure broke down in the mouth; different breakdown patterns would 

result in different textural sensations. 

 

6.4.4.  Oral processing properties 

 Oral processing parameters were determined for all chew cycles, first chew cycle, 

first five chew cycles, and last three chew cycles.  In general, chew cycle frequency increases 

and force required during each chew decreases as mastication progresses and food is broken 

down, so focusing analysis on a small portion of the mastication process allows better 

determination of the oral processing characteristics of the food in a particular state of 

breakdown (Peyron et al., 2002).  In addition, dividing the mastication process in this manner 

allows for direct comparison of oral processing charateristics to sensory aspects evaluated at 

different points during chewing. 

 Overall, greater muscle activity and work were required during mastication of 

American cheese than the other cheeses throughout the mastication process, although these 

results were not always significant (α=0.05) (Table 6.6).  Mozzarella cheese required the 

least amount of muscle activity and work during mastication, as well as a smaller chew cycle 

length and jaw movement; again, these results were not always significant (α=0.05).  These 

result was expected based on stress sweep and creep results: food firmness impacts jaw 

movement and muscle activity (Peyron et al., 2002; van der Bilt et al., 2006).  Longer chew 

cycles were required for Cheddar, and both Cheddar and American cheeses required similar 

jaw movement during mastication (Table 6.6).  While Cheddar and American cheeses did not  
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Table 6.6.  Summary of all cycle chew data for Cheddar, Mozzarella, and American cheeses* 

Oral processing parameter Sharp Cheddar Mozzarella American 
Number of chews 10.7 (0.211) A 12.5 (0.212) A 11.0 (0.115) A 
Chew frequency (1/s) 1.52 (0.016) A 1.51 (0.016) A 1.60 (0.008) A 
Chew cycle length (ms) 686 (0.88) A 629 (0.36) B 672 (0.7) A 
Opening duration (ms) 298 (0.57) A 265 (0.23) B 286 (0.43) AB 
Closing duration (ms) 273 (0.42) A 266 (0.17) A 273 (0.34) A 
Occlusal duration (ms) 116 (0.32) A 98.0 (0.13) B 113 (0.26) A 
Opening velocity (mm/s) -0.059 (0.0001) A -0.063 (0.0001) A -0.062 (0.0001) A 
Closing velocity (mm/s) 0.064 (0.0001) AB 0.062 (0.000) B 0.066 (0.0001) A 
Maximum opening height (mm) 17.5 (0.021) A 16.3 (0.008) B 18.0 (0.016) A 
Maximum opening time (ms) 2701 (8.47) AB 2540 (3.71) B 2897 (7.46) A 
Total anterior/posterior movement (mm) 3.86 (0.012) A 3.79 (0.006) A 3.62 (0.01) A 
Total lateral movement (mm) 5.44 (0.01) A 5.21 (0.005) A 5.23 (0.008) A 
Temporalis activity  0.426 (0.001) A 0.349 (0.0005) B 0.432 (0.001) A 
Masseter activity 0.432 (0.001) A 0.343 (<0.001) B 0.461 (0.001) A 
Digastric activity 0.495 (0.001) A 0.419 (0.0004) B 0.491 (0.001) A 
Temporalis work 0.400 (0.0009) B 0.362 (0.0005) B 0.46 (0.0009) A 
Masseter work 0.458 (0.0008) B 0.39 (0.0004) C 0.495 (0.0008) A 
Digastric work 0.499 (0.001) A 0.422 (0.0004) B 0.509 (0.0007) A 
Total work 0.426 (0.0011) A 0.432 (0.0009) A 0.349 (0.0005) B 

*Letters in each column that are different indicate significant differences.  Numbers in 
parentheses are standard errors. 
 

show significant differences (α=0.05) in oral processing parameters, Mozzarella had 

significantly different values for most oral processing parameters for all chew cycles.  

Previous studies have found that samples having similar mechanical properties had similar 

oral processing properties (Mathevon et al., 1995); six major chewing patterns were 

identified for a range of food types including raw carrots, gummy candies, hamburger, and 

steamed rice (Sakamoto et al., 1989).  It is possible thatthe breakdown pattern and bolus 

formation of Cheddar and American cheese during mastication are similar enough so that 

these two cheeses are not differentiable from each other by muscle activity or jaw movement. 
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 Although significant differences between Mozzarella and the other two cheeses were 

found for the averages of all chew cycles, few significant differences were found for oral 

processing parameters determined for the first chew cycle, first five chew cycles, and last 

three chew cycles (Appendix D).  No significant differences (α=0.05) were found for any 

oral processing parameter during the first chew cycle.  The first chew cycle is mainly used to 

evaluate the textural properties of the food and determine muscle activity needed (Peyron et 

al., 2002).  Although the firmness of the three cheeses were found to be significantly 

different in sensory evaluation (Table 6.6), it is possible that the difference in firmness, 

though detectible, was not great enough to affect jaw movement or muscle activity.  Masseter 

peak activity was significantly greater for American cheese than for Mozzarella during the 

first five and last three chews.  In addition, maximum opening height, temporalis peak 

activity, and masseter work were significantly greater for American cheese than Mozzarella 

during the first five chew cycles, indicating that more effort was needed to begin chewing 

American cheese compared to Mozzarella.  Mozzarella was found to be softer than Cheddar 

and American cheese, based on stress sweep and creep results.  Increased sample softness has 

been shown to decrease jaw movement and muscle activity during mastication (Peyron et al., 

2002; Foster et al., 2006; Ishhihara et al., 2011).  However, it is interesting to note that 

Mozzarella had higher fracture toughness than Cheddar or American cheese, so it should 

have required greater effort to chew.  As previously mentioned, it is possible that the extent 

of stretching that Mozzarella underwent before complete fracture during notch bending 

affected the magnitude of fracture toughness calculated and the validity of the method used 

to calculate the fracture properties for these cheeses should be examined. 
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6.4.5.  Correlation of rheological, sensory, and oral processing data with nonlinear data 

 Several rheological properties were correlated (R2>|0.5|, p≤0.05) with nonlinear 

viscoelastic properties (Table 6.7).  Increased nonlinear viscoelastic behavior correlated with 

decreased xmaJ , nmiJ , retardation time, critical stress and strain, and adhesive work, and 

increased adhesive force for both 25% and 50% strain, as well as 25 and 37°C testing 

temperatures.  A relationship between decreased critical stress and strain and increased 

nonlinear viscoelastic behavior was expected, as the onset of nonlinear viscoelastic behavior 

should be higher at a gien stress or strain beyond the LVR if critical stress and strain are 

relatively low.  Correlation of nonlinear viscoelastic behavior and adhesive behavior was also 

expected: material adhesive properties are dependent on rheological properties (Dahlquist et 

al., 1989; Childs et al., 2007). 

 The correlation between increased nonlinear viscoelastic behavior and decreased 

creep parameters was contrary to the results found in Chapter 4 for whey protein isolate/κ-

carrageenan gels.  In that study, gels with increased nonlinear viscoelastic behavior were 

found to display more viscous flow during creep.  The correlation found in this study may be 

explained by considering the structures of the individual cheeses.  Cheddar has a more rigid 

structure than Mozzarella or American cheese (Gunasekaran and Ak, 2003), and displayed 

increased nonlinear viscoelastic behavior due to its lower critical stress and strain.  The low 

xmaJ , nmiJ ,  %crp, and retardation time of Cheddar compared to Mozzarella and American 

cheese also indicated that Cheddar had a firm, elastic structure.  It is possible that the 

structure of Cheddar exhibits a greater degree linear viscoelastic behavior during continuous
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Table 6.7.  Correlation of nonlinear oscillatory and rheological properties, consolidated nonlinear data 

Nonllinear data collection temperature: 25°C
 

 25% strain 50% strain 

 3e  
3Gʹ′

† 
€ 

" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 
3e  

3Gʹ′
† 

€ 

" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 

 -- Pa -- -- -- Pa -- -- 

Adhesive force 0.718*** 0.718*** 0.540* 0.641** 0.735*** 0.735***  0.546* 

Adhesive work -0.638** -0.638** -0.549* -0.673** -0.621** -0.621**  -0.633** 

Critical stress        -0.774* 

Critical strain    -0.676*    -0.785* 

Jmax -0.851** -0.851** -0.814** -0.888** -0.855** -0.855** -0.868** -0.925*** 

Jmin -0.773* -0.773* -0.726* -0.815** -0.779* -0.779* -0.789* -0.866** 

Retardation time -0.858** -0.858** -0.838** -0.935*** -0.857** -0.857** -0.882** -0.944*** 
 

Nonlinear data collection temperature: 37°C 

 25% strain 50% strain 

 3e  
3Gʹ′

† 
€ 

" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 
3e  

3Gʹ′
† 
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" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 

 -- Pa -- -- -- Pa -- -- 

Adhesive force 0.777*** 0.777***  0.582** 0.759*** 0.759***  0.533* 

Adhesive work -0.678*** -0.678***  -0.621** -0.680*** -0.680***  -0.744*** 

Critical stress   -0.775* -0.726*    -0.756* 

Critical strain   -0.784* -0.739*    -0.767* 

Jmax -0.867** -0.867** -0.857** -0.897*** -0.889** -0.889** -0.752* -0.944*** 

Jmin -0.786* -0.786* -0.814** -0.830** -0.812** -0.812** -0.713* -0.887** 

Retardation time -0.885** -0.885** -0.846** -0.910*** -0.907*** -0.907*** -0.743* -0.961*** 

*: p≤0.05; **: p≤0.01; ***: p≤0.001;†Absolute values of 3Gʹ′  used 
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application of stress compared to an application of an oscillatory stress.  Sharp Cheddar has a 

relatively rigid protein structure, as an increase in cheese age results in increased proteolysis 

and decreased flexibility (Gunasekaran and Ak, 2003; Everett, 2007).  Hence, an oscillating 

stress or strain may cause structural damage, particularly at high strains and frequencies.  No 

visible damage was noted on any of the cheese samples after LAOS testing; however, 

microfractures within the sample would be undetectable without microscopy analysis. 

 In general, correlation coefficients increased and p-values decreased for correlations 

between rheological and nonlinear viscoelastic properties determined at 37°C as compared to 

nonlinear viscoelastic properties determined at 25°C.  The differences between correlation 

coefficients and p-values were small, however, and the same properties were correlated for 

both LAOS testing temperatures.  Therefore, LAOS testing temperature, at least in the 

temperature range in which the properties were measured, does not appear to impact 

relationships between nonlinear viscoelastic and other rheological properties. 

 Correlations (R2>|0.5|, p≤0.05) between nonlinear viscoelastic properties and sensory 

aspects were also found for all strains and temperatures (Table 6.8).  An increase in nonlinear 

viscoelastic behavior was correlated with a firmer, more fracturable, and less springy texture, 

in addition to reduced rate of recovery from hand compression.  Again, these results may be 

explained by considering cheese structure.  The firmer, more rigid structure of Cheddar was 

less able to recover elastically from compression as compared to Mozzarella or American 

cheese, reducing the rate of recovery and the perception of springiness.  Cheddar also 

undergoes more rapid and complete fracture than Mozzarella or American cheese due to its 

more rigid structure (Casiraghi et al., 1985; Gunasekaran and Ak, 2003).  As with general 
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Table 6.8.  Correlation of nonlinear oscillatory and sensory properties, consolidated nonlinear data 

Nonllinear data collection temperature: 25°C 

 25% strain 50% strain 

 3e  
3Gʹ′

† 
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G
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ʹ′

ʹ′ † 
3e  

3Gʹ′
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G
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ʹ′

ʹ′ † 

 -- Pa -- -- Pa -- 

Firmness (hand) 0.592*** 0.647*** 0.501** 0.555*** 0.648***  

Springiness (hand) -0.709*** -0.757*** -0.591*** -0.670*** -0.748*** -0.535*** 

Rate of recovery (hand) -0.708*** -0.749*** -0.565*** -0.664*** -0.73***  

Firmness 0.527*** 0.583***   0.577***  

Denseness 0.595*** 0.644***  0.589*** 0.674***  

Fracturability  0.518**     

 

Nonllinear data collection temperature: 37°C

 

 25% strain 50% strain 

 3e  
3Gʹ′

† 
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G
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ʹ′

ʹ′ † 
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3Gʹ′
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G
ʹ′

ʹ′  
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G
G
ʹ′

ʹ′ † 

 -- Pa -- -- Pa -- -- 

Firmness (hand) 0.621*** 0.684*** 0.511** 0.590*** 0.691***   

Springiness (hand) -0.724*** -0.777*** -0.589*** -0.684*** -0.771*** -0.534*** -0.583*** 

Rate of recovery (hand) -0.711*** -0.757*** -0.565*** -0.670*** -0.744*** -0.523** -0.557*** 

Firmness 0.566*** 0.631***  0.504** 0.617***   

Denseness 0.605*** 0.661***  0.585*** 0.674***   

Fracturability 0.504** 0.554*** 0.564***  0.517**  0.546*** 

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 
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rheological properties, LAOS testing temperature did not appear to impact relationships 

between nonlinear viscoelastic properties and sensory aspects in the temperature range 

studied, since changes in correlation coefficients and p-values between 25 and 37°C were 

small. 

 Oral processing parameters did not correlate (R2>|0.5|, p≤0.05) with combined 

nonlinear viscoelastic properties.  However, several correlations were found using separated 

nonlinear viscoelastic data (Table 6.9, 6.10).  Masseter peak activity and masseter work were 

negatively correlated to 13 /GG ʹ′ʹ′  and ML GG ʹ′ʹ′ /  over the entire chewing sequence and at 

multiple frequencies for both 25% and 50% strain, and 25 and 37°C testing temperatures.  

These results indicate that samples showing a greater degree of nonlinear viscoelastic 

behavior required less work by the masseter muscles during mastication.  Masseter and 

temporalis muscles are used to close the jaw (Kohyama et al., 2005; Çakir et al., 2011b).  A 

sample displaying a greater degree of nonlinear viscoelastic behavior indicates increased 

deformation under a given stress compared to a sample with a lesser degree of nonlinear 

viscoelastic behavior.  Therefore, less work would be required to close the jaw while 

chewing a sample that undergoes a large, permanent deformation at a given stress than a 

sample that undergoes a smaller deformation.  Digastric peak activity during the first chew 

cycle was positively correlated with multiple nonlinear viscoelastic parameters, including 

those capable of predicting type and extent of nonlinear viscoelastic behavior, over multiple 

frequencies for all strains and temperatures.  During the first chew cycle, the texture of the 

food is evaluated and the force required for chewing is adjusted during the closing period 

(Peyron et al., 2002).  Digastric muscles are used for jaw opening (Kohyama et al., 2005;
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Table 6.9.  Correlation of nonlinear viscoelastic and oral processing properties; separated nonlinear data, (25°C) 

All chew cycles, 25°C measurement temperature 
 25% strain 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
 -- -- -- -- -- 
Number of chews   -0.839** -0.689* -0.775* 
Maximum opening time (ms)   -0.797*  -0.760* 
Masseter work -0.762* -0.668*    
  
First chew cycle, 25°C measurement temperature 
 25% strain 

 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
6.28 rad/s 

M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
 -- -- Pa -- -- -- -- 
Digastric peak activity 0.723* -0.721* 0.723* 0.760* 0.719* 0.743* 0.755* 
  
 50% strain 

 

3e , 
0.0628 
rad/s 

3e , 
0.628 
rad/s 

3e , 
62.8 
rad/s 

3Gʹ′
†, 

0.0628 rad/s 
3Gʹ′

†, 
0.628 rad/s 

M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
 -- -- -- Pa Pa -- -- -- -- -- 
Masseter peak activity       -0.675*   -0.702* 
Digastric peak activity 0.685* 0.681* -0.735* 0.685* 0.681* 0.715*  -0.735* 0.724* 0.670* 
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Table 6.9.  (continued) 

First five chew cycles, 25°C measurement temperature 
 25% strain 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
 -- -- -- 
Opening velocity (mm/ms)   0.676* 
Masseter work -0.763* -0.683*  

 
Last three chew cycles, 25°C measurement temperature 
 25% strain 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 

3Gʹ′
†, 

62.8 
rad/s 

1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 
 -- Pa -- -- 
Chew cycle length (ms) -0.715*    
Opening duration (ms) -0.699*   0.762* 
Opening velocity (mm/ms)    0.692* 
Maximum opening time (ms)   -0.728*  
Masseter peak activity  0.848**  0.720* 
Masseter work  0.742*   

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used  
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Table 6.10.  Correlation of nonlinear oscillatory and oral processing properties; separated nonlinear data (37°C). 

All chew cycles, 37°C measurement temperature 
 25% strain 50% strain 
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ʹ′ †, 

6.28 rad/s 
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G
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G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 
 -- -- -- -- -- -- 
Number of chews -0.691* -0.730* 0.792* -0.667* -0.685* -0.808** 
Maximum opening time (ms)  -0.705* 0.706*   -0.703* 
Masseter peak activity -0.760*     -0.675* 
Masseter work -0.738*  0.717*   -0.729* 
Total work     0.698*  

 
First chew cycle, 37°C measurement temperature 
 25% strain 

 

3e , 

0.0628 
rad/s 

3e , 

0.628 
rad/s 

3e , 

6.28 
rad/s 

3e , 

62.8 
rad/s 

3Gʹ′
†, 

0.0628 
rad/s 

3Gʹ′
†, 

0.628 
rad/s 

3Gʹ′
†, 

6.28 
rad/s 

M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa -- -- -- -- -- 
Masseter peak activity        -0.769*  -0.675* -0.737*  

Digastric peak activity 0.737* 0.775* 0.786* -0.667* 0.737* 0.775* 0.786*  0.681* 0.677*  0.751* 
 

 50% strain 

 

3e , 

0.0628 
rad/s 

3e , 

0.628 
rad/s 

3e , 

6.28 
rad/s 

3Gʹ′
†, 

0.0628 
rad/s 

3Gʹ′
†, 

0.628 
rad/s 

3Gʹ′
†, 

6.28 
rad/s 

M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 

 -- -- -- Pa Pa Pa -- -- -- -- -- 
Masseter peak activity       -0.726*   -0.684* -0.692* 

Digastric peak activity 0.690* 0.714* 0.673* 0.690* 0.714* 0.673*  0.690* 0.719* 0.711* 0.698* 
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Table 6.10.  (continued) 

First five chew cycles, 37°C measurement temperature 
 25% strain 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
 -- -- -- -- -- 
Masseter peak activity -0.678*  -0.677*   
Masseter work -0.732* -0.695* -0.671* 0.669* -0.667* 
 
Last three chew cycles, 37°C measurement temperature 
 25% strain 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

62.8 rad/s 
 -- -- -- 
Opening duration (ms) -0.731*   
Opening velocity (mm/ms) -0.730*  -0.686* 
Maximum opening time (ms)  0.700* -0.710* 
Masseter work   -0.692* 

*: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 
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Çakir et al., 2011b).  It is unclear why digastric activity would correlate with nonlinear 

viscoelastic properties during the first chew cycle, as subjects had no prior knowledge of 

sample texture before first bite.  Subjects may have used cues from sample flavor from the 

time the sample was placed on the tongue to the beginning of mastication to evaluate 

expected sample texture via sample flavor.  The number of chews per sample and maximum 

opening time over all chewing cycles were negatively correlated to 13 /GG ʹ′ʹ′  and ML GG ʹ′ʹ′ /  for 

all strains and temperatures.  These results indicated that samples with less nonlinear 

viscoelastic behavior required more chews to form a bolus with more rapid jaw opening.  An 

increased amount of permanent sample deformation, indicated by increased nonlinear 

viscoelastic behavior, would decrease the number of chews needed for bolus formation, as 

the sample would more rapidly deform from its initial shape compared to a sample with less 

deformability. 

 Since the average chew frequency for the subjects was approximately 9.42 rad/s (1.5 

Hz), LAOS measurements performed at 6.28 rad/s were likely the most indicative of the 

nonlinear viscoelastic behavior of the cheeses displayed during chewing.  It is recommended 

that LAOS measurements be made at similar frequency to chew frequency to determine the 

nonlinear viscoelastic behavior of food structure at the frequency at which the food is 

chewed.  Understanding how the structure deforms and breaks down at chewing frequency 

may yield insight into the deformation and breakdown of food during mastication.  
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6.5.  CONCLUSIONS 

 Structural difference among Cheddar, Mozzarella, and American cheeses resulted in 

differences in rheological, sensory, and oral processing behavior, although these differences 

were not always significant (α=0.05).  While the individual evaluation of the results of 

nonlinear viscoelastic, rheological, sensory, and oral processing tests may be unable to 

differentiate samples or completely fingerprint sample structure, analyzing the properties 

derived from these tests together and in relation to each other allows greater understanding of 

sample structure and structural behavior.  Large amplitude oscillatory testing is a valuable 

tool that may be used to gain information on food structural properties that is unavailable 

using traditional small-strain oscillatory testing.  It is recommended that LAOS testing be 

performed in combination with other large-strain rheological testing, as well as with sensory 

evaluation, and oral processing to determine a more complete fingerprint of food structure 

and allow relation of structural properties to textural aspects.  
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CHAPTER 7.  GENERAL CONCLUSIONS 
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7.1.  CONCLUSIONS 

 A protocol for analyzing large amplitude oscillatory strain (LAOS) data to extract 

nonlinear viscoelastic parameters was evaluated experimentally to determine the validity of 

the resulting parameters.  After validation, the protocol was used to study the nonlinear 

viscoelastic properties of model systems (whey protein isolate (WPI)/κ-carrageenan gels) and 

commercial cheeses with different structures to examine the relationships between structure 

and nonlinear viscoelastic response.  The nonlinear viscoelastic properties of these systems 

were also correlated to rheological properties, sensory texture, and oral processing 

characteristics to evaluate how nonlinear viscoelastic behavior was related to food properties 

evaluated during traditional mechanical testing and mastication. 

 For model elastic and viscous systems (agarose gels and standard oil 

(polydimethylsiloxane), respectively), first-harmonic viscoelastic moduli obtained using the 

new LAOS analysis protocol were in agreement with conventional rheometer output in the 

linear viscoelastic region (LVR).  In addition, the protocol correctly determined linear-to-

nonlinear transitions and strain-hardening behavior beyond the LVR for agarose gels, and 

displayed linear viscoelastic behavior for the standard oil for all strains.  Based on these 

results, the protocol was determined to be experimentally valid. 

 Whey protein isolate/κ-carrageenan gel creep data fit to 4-element Burgers models 

showed good agreement (R2>0.90) to experimental data.  Regardless of gel structure, creep 

data was found to correlate (R2>0.7, p<0.05) to nonlinear viscoelastic behavior.  Thus, 

evaluation of nonlinear viscoelastic behavior is possible by creep testing as well as nonlinear 

oscillatory testing.  However, creep testing indicated only the presence of nonlinear behavior, 
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while the LAOS analysis protocol gave a quantitative measure of the extent of nonlinear 

viscoelastic behavior.  In addition, the relationships between creep compliance and 

viscoelastic moduli break down beyond the LVR, so it is not possible to accurately determine 

viscoelastic moduli with compliance data from a nonlinear creep test using traditional 

rheological relationships. 

 Generally, gels and cheeses with different structures displayed different degrees of 

nonlinear viscoelastic behavior.  Structural differences also impacted rheological properties 

and sensory characteristics of both the WPI/κ-carrageenan gels and commercial cheeses, as 

well as oral processing parameters.  In addition, nonlinear viscoelastic properties correlated 

with rheological, sensory, and oral processing characteristics (0.5≤R2≤0.9, p<0.05), including 

sensory and oral processing characteristics evaluated after several chews.  Correlations of 

nonlinear viscoelastic properties with oral processing characteristics for gels generally 

involved jaw movement terms rather than EMG terms, while correlations of these properties 

for cheeses did include several EMG terms.  Correlations found between nonlinear 

viscoelastic properties and sensory and oral processing characteristics for both the WPI/κ-

carrageenan gels and cheeses involved relationships between similar terms, although 

correlations found among nonlinear viscoelastic properties and rheological properties 

differed. 

 The LAOS analysis protocol used in this work introduces a new method of examining 

the mechanical behavior of food products.  One of the challenges in food research is to relate 

mechanical properties to sensory properties.  Although small-strain oscillatory shear testing 

is a common rheological tool used in food research, its usefulness is limited in terms of 
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indicating expected sensory and oral processing behavior.  This study has shown that using 

the previously described LAOS protocol to investigate the nonlinear viscoelastic properties 

of WPI/κ-carrageenan gels and cheeses with different structures yielded nonlinear 

viscoelastic properties with physical meaning.  These properties also correlated to other 

rheological properties, as well as sensory and oral processing characteristics.  Thus, 

measuring the nonlinear viscoelastic properties gives a more complete fingerprint of the 

mechanical behavior of a material and allows for the evaluation of food structure based on 

mechanical behavior, giving further insight into the impact of food mechanical behavior on 

texture. 

 

 

7.2.  RECOMMENDATIONS FOR FUTURE WORK 

 There are several advantages of using this LAOS analysis protocol for large-strain 

testing that current methodology lacks.  First, this protocol can quantify the extent, as well as 

determine the type, of nonlinear behavior.  Other large-strain tests currently in use, such as 

fracture testing, can determine the type of nonlinear behavior, but are unable to give a 

quantitative comparison among samples.  The LAOS analysis protocol is also able to 

measure nonlinear viscoelastic properties; traditional oscillatory rheology does not account 

for nonlinear responses, so the viscoelastic moduli determined are assumed to be those 

resulting from first harmonic behavior.  In addition, traditional rheological interpretation of 

viscoelastic moduli breaks down beyond the LVR, so the viscoelastic moduli lose physical 

meaning in this region.  Using this protocol, fundamental measurements of the nonlinear 
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viscoelastic moduli may be determined, yielding information on mechanical behavior that 

was previously unobtainable.  In addition, the nonlinear viscoelastic properties of semi-solid 

and fluid foods may be determined using this protocol; traditional large-strain methodology 

may not be used on these types of materials due to sample limitations.  Hence, this protocol 

may be used to determine the nonlinear properties of foods that were previously unable to be 

tested using traditional large-strain methodology.  Overall, the LAOS analysis testing 

protocol used in this study gives a more thorough understanding of how different structures 

behave under application of stress or strain, and how structure impacts texture and 

breakdown of foods during chewing. 

 While this study has explored the nonlinear viscoelastic properties of model systems 

(gels) and more complex foods (cheeses) with differing structures, further work is needed to 

clarify the relationships between nonlinear behavior and other rheological, sensory, and oral 

processing behavior.  It is recommended that additional gel structures be studied under 

LAOS to determine the differences in nonlinear viscoelastic behavior over a wider range of 

structures.  The nonlinear viscoelastic properties of various semi-solid and fluid systems 

should also be studied, as this study was limited to soft-solid foods.  Evaluating the nonlinear 

viscoelastic properties of semi-solids and fluids may yield insight into the behavior of 

emulsions and weak gels during palating and mastication.  Extending the use of the LAOS 

analysis protocol to a variety of food systems allows measurement of mechanical properties 

that are unable to be determined under current methodology, yielding additional information 

on the behavior of different structures under large-strain conditions and providing further 

understanding of the impact of structure on food behavior during mastication. 
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APPENDIX A: SUPPLEMENTARY DATA FOR CHAPTER 3 

 

Table A1.  Comparison of MITlaos and ARES output for agarose gelsa 

  MITlaos ARES  MITlaos ARES 
Strain Frequency 1Gʹ′  1G ʹ′ʹ′  

% Hz Pa   Pa 
10 0.01 9064 (BC) 5488 (CDEF)  2624 (ABC) 2433 (ABCDE) 

 0.1 17362 (A) 17041 (A)  1091 (GHIJ) 1233 (FGHIJ) 
 1 9443 (BC) 6671 (BCDEF)  1937 (CDEFGH) 2239 (BCDEF) 
 10 16780 (A) 17736 (A)  701 (IJ) 874 (HIJ) 

25 0.01 10256 (B) 7790 (BCDE)  1488 (DEFGHIJ) 1675 (CDEFGHI) 
 0.1 10820 (B) 8209 (BCD)  1378 (EFGHIJ) 879 (HIJ) 
 1 17234 (A) 18446 (A)  577 (IJ) 537 (J) 
 10 17604 (A) 19102 (A)  635 (IJ) 837 (HIJ) 

50 0.01 4437 (DEF) 3288 (F)  3426 (A) 3387 (A) 
 0.1 4221 (DEF) 3827 (DEF)  2484 (ABCDE) 3146 (AB) 
 1 4104 (DEF) 3719 (EF)  2207 (BCDEFG) 2653 (ABC) 
 10 3761 (EF) 3488 (EF)  2592 (DABCD) 2774 (ABC) 

 

a Letters in each column that are different indicate significant differences (α=0.05) 
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Table A2.  Comparison of MITlaos and ARES output for standard oila 

  MITlaos ARES  MITlaos ARES 
Strain Frequency 1Gʹ′  1G ʹ′ʹ′  

% Hz Pa   Pa 
1 0.01 0.339 (C) 0.111 (C)  0.902 (D) 0.757 (D) 
 0.1 0.179 (C) 0.047 (C)  6.53 (D) 6.17 (D) 
 1 0.505 (C) 0.822 (C)  64.6 (C) 61.7 (C) 
 10 24.4 (B) 74.1 (A)  638 (A) 606 (B) 

10 0.01 0.211 (C) 0.044 (C)  0.603 (D) 0.435 (D) 
 0.1 0.039 (C) 0.044 (C)  6.56 (D) 6.255 (D) 
 1 0.498 (C) 0.811 (C)  65.2 (C) 61.6 (C) 
 10 24.5 (B) 75.2 (A)  644.3 (A) 612 (B) 

25 0.01 0.017 (C) 0.188 (C)  0.63 (D) 0.552 (D) 
 0.1 0.0253 (C) 0.024 (C)  6.62 (D) 6.13 (D) 
 1 0.512 (C) 0.850 (C)  65.9 (C) 61.1 (C) 
 10 24.8 (B) 74.9 (A)  651 (A) 604 (B) 

a Letters in each column that are different indicate significant differences (α=0.05) 
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APPENDIX B: SUPPLEMENTARY DATA FOR CHAPTER 4 

 

Figure B1: Lissajous plots of gel elastic stress measured at different strains and frequencies 
as calculated by the nonlinear analysis protocol 
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Figure B2: Lissajous plots of gel viscous stress measured at different strains and frequencies 
as calculated by the nonlinear analysis protocol 
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NOTE: For all tables, *: p≤0.05; **: p≤0.01; ***: p≤0.001; †Absolute values of 3Gʹ′  used 

 
Table B1.  Strain sweep results for all gels 

Gel Type Frequency Critical Strain 
Critical 
Stress 

Critical 
Shear Rate Critical G* 

  rad/s % Pa 1/s Pa 
WPI 0.0942 14.2 (AB) 377.1 (ABC) 0.01 (C) 2660 (J) 
 0.157 18.1 (A) 536.5 (ABC) 0.03 (C) 2977 (J) 
 0.314 9.71 (BCDEF) 277.9 (BC) 0.03 (C) 2864 (J) 
 0.942 16.5 (AB) 576.2 (ABC) 0.16 (C) 3459 (IJ) 
 1.57 14.7 (AB) 423.5 (ABC) 0.23 (C) 2991 (J) 
 3.14 12.3 (ABC) 372.9 (ABC) 0.39 (C) 3023 (J) 
 9.42 11.2 (ABCD) 377.1 (ABC) 1.06 (C) 3349 (J) 
 15.7 9.18 (BCDEFG) 331.8 (ABC) 1.44 (C) 3578 (IJ) 
 31.4 6.19 (CDEFG) 248.1 (BC) 1.64 (C) 4022 (GHIJ) 
 94.2 10.7 (ABCDE) 425.3 (ABC) 10.06 (A) 3907 (HIJ) 

WPI/0.4% κ-
carrageenan 

0.0942 4.69 (CDEFG) 412.2 (ABC) 0.004 (C) 8802 (BCDEF) 
0.157 3.32 (EFG) 312.6 (ABC) 0.005 (C) 8704 (BCDEF) 

 0.314 5.83 (CDEFG) 428.6 (ABC) 0.018 (C) 7405 (DEF) 
 0.942 4.44 (DEFG) 376.8 (ABC) 0.042 (C) 8405 (CDEF) 
 1.57 3.33 (EFG) 321.2 (ABC) 0.052 (C) 10010 (ABCD) 
 3.14 3.36 (EFG) 450.1 (ABC) 0.125 (C) 11390 (AB) 
 9.42 2.58 (FG) 357.4 (ABC) 0.309 (C) 10447 (ABC) 
 15.7 3.2 (EFG) 472.3 (ABC) 0.638 (C) 11229 (ABC) 
 31.4 4.73 (CDEFG) 682.3 (AB) 1.64 (C) 11248 (ABC) 
 94.2 4.68 (CDEFG) 739.4 (A) 5.58 (B) 12306 (A) 

WPI/0.6% κ-
carrageenan 

0.0942 3.08 (EFG) 231.8 (C) 0.003 (C) 7526 (DEF) 
0.157 3.08 (EFG) 221 (C) 0.005 (C) 7180 (DEF) 

 0.314 2.88 (FG) 184.2 (C) 0.009 (C) 6347 (FGHI) 
 0.942 3.44 (EFG) 250.2 (BC) 0.032 (C) 7279 (DEF) 
 1.57 2.91 (EFG) 197.8 (C) 0.046 (C) 6823 (FEG) 
 3.14 3.07 (EFG) 199.6 (C) 0.097 (C) 6501 (FEGH) 
 9.42 2.85 (FG) 199.7 (C) 0.268 (C) 7024 (EF) 
 15.7 2.64 (FG) 241.9 (C) 0.415 (C) 9093 (BCDEF) 
 31.4 2.39 (FG) 256.5 (BC) 0.684 (C) 9413 (ABCDE) 
 94.2 1.86 (G) 259.1 (BC) 2.25 (C) 10935 (ABC) 

Letters in each column that are different indicate significant differences (α=0.05)
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Table B2.  Correlation of nonlinear oscillatory data with traditional creep test data, separated 
by frequency and creep stress 

 
3e , 

0.031 rad/s 
3e , 

0.31 rad/s 
3e , 

3.1 rad/s 
3e , 

31 rad/s 
3Gʹ′

†, 

0.031 rad/s 
3Gʹ′

†, 

0.31 rad/s 
3Gʹ′

†, 

3.1 rad/s 
3Gʹ′

†, 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 

1J , 30Pa  -0.999* -0.998*   -0.999* -0.998*  

retλ , 30Pa     -1.000***    

NLt , 30Pa     0.792*    

retλ , 70Pa    -0.999*    -0.999* 

NLt , 70Pa     0.789*    

retλ , 200Pa     -1.000**    

0J , 500Pa   -1.000**    -1.000**  

NLt , 500Pa  0.810** 0.814** 0.823** 0.898*** 0.810** 0.814** 0.823** 
J1 / J0 , 30Pa -1.000**    -1.000**    
J1 / J0 , 500Pa  1.000*    1.000*   

00µJ , 30Pa  1.000* 0.997*   1.000* 0.997*  
λret / tNL , 30Pa -0.997** -0.996** -0.990** -0.952* -0.997** -0.996** -0.990** -0.952* 

λret / tNL , 70Pa -0.956*** -0.905*** -0.907*** -0.927*** -0.957*** -0.905*** -0.907*** -0.927*** 

λret / tNL , 200Pa -0.980*** -0.902*** -0.909*** -0.942*** -0.982*** -0.902*** -0.909*** -0.942*** 
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Table B2. (continued)a 

 
M

L

G
G
ʹ′

ʹ′ , 

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

31 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

31 rad/s 
 -- -- -- -- -- -- -- -- 

NLt , 30Pa 0.923*** 0.874** 0.894** 0.848** 0.932*** 0.876** 0.873** 0.878** 

NLt , 70Pa 0.928*** 0.898*** 0.914*** 0.883** 0.931*** 0.886** 0.879** 0.895** 

NLt , 200Pa 0.770* 0.764* 0.765* 0.730* 0.791* 0.729* 0.706* 0.736* 

retλ , 500Pa   0.998*  1.000**    

NLt , 500Pa 0.844** 0.857** 0.819** 0.711* 0.867** 0.877** 0.875** 0.800** 

01µJ , 30Pa -1.000**  -0.997* -0.999*    -0.999* 

01µJ , 200Pa   0.999*  1.000**   0.998* 

00µJ , 70Pa 1.000*   1.000*    0.998* 

00µJ , 200Pa 1.000**  0.997* 0.999*    0.999* 

λret / tNL , 30Pa -0.963* -0.983*   -0.988* -0.983* -0.971*  

λret / tNL , 70Pa -0.880** -0.913*** -0.858** -0.790* -0.891** -0.921*** -0.917*** -0.852** 

λret / tNL , 200Pa -0.919*** -0.937*** -0.894** -0.832** -0.932*** -0.951*** -0.952*** -0.896** 
 

a: Bolded correlation coefficients correspond to significant differences in both creep 

parameter and nonlinear data for all 3 gel types 
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Table B3.  Correlation of nonlinear viscoelastic data with modified 200 Pa creep test data, separated by frequency and time to 
apply stress 

 
3e , 

0.031 rad/s 
3e , 

0.31 rad/s 
3e , 

3.1 rad/s 
3e , 

31 rad/s 
3Gʹ′

†, 
0.031 rad/s 

€ 

" G 3
†, 

0.31 rad/s 
3Gʹ′

†, 
3.1 rad/s 

3Gʹ′
†, 

31 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

1J , 1.3s  -1.000*    -1.000*   

retλ , 1.3s   -0.997*    -0.997*  

1J , 15s  -0.998*    -0.998*   

retλ , 15s   -1.000**    -1.000**  

1J , 30s  -0.998*    -0.998*   

retλ , 30s  -1.000* -0.997*   -1.000* -0.997*  

01µJ , 15s    0.999*    0.999* 
J1 / J0 , 15s   -0.999*    -0.999*  
λret / tNL , 0.6s -0.854* -0.888* -0.865* -0.835* -0.869* -0.888* -0.865* -0.835* 
λret / tNL , 1.3s -0.913** -0.882* -0.898* -0.858* -0.878* -0.882* -0.898* -0.858* 

 

 
M

L

G
G
ʹ′

ʹ′ , 

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

31 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

31 rad/s 

 -- -- -- -- -- -- -- -- 

00µJ , 30s    0.999*     
λret / tNL , 0.6s -0.837* -0.902* -0.838*  -0.8612* -0.877* -0.853*  
λret / tNL , 1.3s -0.9094* -0.853* -0.851*  -0.868* -0.866* -0.880* -0.825* 
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Table B4.  Correlation of nonlinear oscillatory data with modified 500 Pa creep test data, separated by frequency and time to apply 
stress 

 
3e , 

0.031 rad/s 
3e , 

0.31 rad/s 
3e , 

3.1 rad/s 
3e , 

31 rad/s 
3Gʹ′

†, 
0.031 rad/s 

3Gʹ′
†, 

0.31 rad/s 
3Gʹ′

†, 
3.1 rad/s 

3Gʹ′
†, 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 

retλ , 0.6s   -1.000*    -1.000*  

1J , 15s  -0.999*    -0.999*   
NLt , 15s 0.793*    0.809**    

NLt , 30s 0.786*    0.802**    

λret / tNL , 0.6s -0.925*** -0.943*** -0.946*** -0.958*** -0.928*** -0.943*** -0.946*** -0.956*** 
 

 
M

L

G
G
ʹ′

ʹ′ , 

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

31 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′ , 

31 rad/s 
 -- -- -- -- -- -- -- -- 

NLt , 0.6s 0.691*    0.726*    
NLt , 1.3s 0.753* 0.706*  0.678* 0.766* 0.698* 0.689* 0.696* 
NLt , 15s 0.935*** 0.894**  0.872** 0.944*** 0.892** 0.889** 0.897*** 
NLt , 30s 0.948*** 0.904***  0.910*** 0.950*** 0.902*** 0.902*** 0.925*** 
λret / tNL , 0.6s  -0.826** -0.761* -0.708* -0.807** -0.847** -0.849** -0.785* 
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APPENDIX C: SUPPLEMENTARY DATA FOR CHAPTER 5 

NOTE: For the following tables, *: p≤0.05; **: p≤0.01; ***: p≤0.001; †:Absolute values of 3Gʹ′  used 

 

Table C1.  Correlation of nonlinear viscoelastic data with large-strain rheological data, separated frequency runs 

  
3e  

0.031 rad/s 
3e  

0.31 rad/s 
3e  

3.1 rad/s 
3e  

31 rad/s 
3Gʹ′

† 
0.031 rad/s 

3Gʹ′
† 

0.31 rad/s 
3Gʹ′

† 
3.1 rad/s 

3Gʹ′
† 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 
%RE -0.921*** -0.722* -0.738* -0.814** -0.936*** -0.722* -0.738* -0.814** 
Torsion fracture strain -0.930*** -0.776* -0.793* -0.866** -0.944*** -0.776* -0.793* -0.866** 
Compressive fracture strain         -0.682*       
Compressive fracture stress (kPa) -0.936*** -0.770* -0.782* -0.849** -0.956*** -0.770* -0.782* -0.849** 

 

  
M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 
 -- -- -- -- -- -- -- -- 
%RE -0.959*** -0.937*** -0.938*** -0.893** -0.981*** -0.956*** -0.955*** -0.936*** 
Torsion fracture stress (kPa) -0.691*   -0.674* -0.669* -0.697*       
Torsion fracture strain -0.934*** -0.922*** -0.910*** -0.868** -0.954*** -0.937*** -0.940*** -0.918*** 
Compressive fracture strain -0.857** -0.808** -0.842** -0.809** -0.870** -0.799** -0.792* -0.819** 
Compressive fracture stress (kPa) -0.946*** -0.945*** -0.934*** -0.882** -0.980*** -0.964*** -0.960*** -0.935*** 
Compressive fracture energy (mJ) -0.830** -0.783* -0.825** -0.795* -0.853** -0.779* -0.770* -0.803** 
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Table C2.  Correlation of nonlinear viscoelastic data with sensory data, separated frequency runs 

  
3e  

0.031 rad/s 
3e  

0.31 rad/s 
3e  

3.1 rad/s 
3e  

31 rad/s 
3Gʹ′

† 
0.031 rad/s 

3Gʹ′
† 

0.31 rad/s 
3Gʹ′

† 
3.1 rad/s 

3Gʹ′
† 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 
Springiness -0.792*       -0.808**       
Compressibility -0.818**     -0.729* -0.842**     -0.729* 
Fracturability -0.759*       -0.771*       
First bite moisture release 0.707* 0.817** 0.804** 0.744* 0.691* 0.817** 0.804** 0.744* 
Particle size -0.804**     -0.710* -0.824**     -0.710* 
Particle size distribution 0.826**     0.684* 0.830**     0.684* 
Cohesiveness 0.794*       0.810**       
Smoothness of pieces  -0.755* -0.747* -0.719*   -0.755* -0.747* -0.719* 
Mastication moisture release 0.707* 0.817** 0.804** 0.744* 0.691* 0.817** 0.804** 0.744* 
Moisture (mouthcoating) 0.828** 0.711* 0.688* 0.718* 0.834** 0.711* 0.688* 0.718* 

 

  
M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 
 -- -- -- -- -- -- -- -- 
Springiness -0.941*** -0.899*** -0.924*** -0.883** -0.949*** -0.898*** -0.895** -0.907*** 
Compressibility -0.913*** -0.921*** -0.903*** -0.869** -0.935*** -0.907*** -0.899*** -0.908*** 
Fracturability -0.941*** -0.877** -0.936*** -0.934*** -0.928*** -0.877** -0.886** -0.933*** 
Particle size -0.921*** -0.938*** -0.912*** -0.895** -0.925*** -0.908*** -0.896** -0.907*** 
Particle size distribution 0.909*** 0.902*** 0.892** 0.841** 0.912*** 0.903*** 0.895** 0.871** 
Cohesiveness of mass 0.94*** 0.897** 0.921*** 0.893** 0.945*** 0.895** 0.893** 0.909*** 
Rate of breakdown 0.740* 0.700* 0.737* 0.812** 0.712* 0.695* 0.706* 0.768* 
Number of chews -0.756* -0.698* -0.764* -0.735* -0.734* -0.728* -0.738* -0.740* 
Particles (mouthcoating)   0.691*             
Moisture (mouthcoating) 0.824** 0.875** 0.779* 0.694* 0.852** 0.858** 0.836** 0.770* 
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Table C3a. Correlation of nonlinear viscoelastic data with oral processing data (all cycles), separated frequency runs 

  
3e  

0.031 rad/s 
3e  

0.31 rad/s 
3e  

3.1 rad/s 
3e  

31 rad/s 
3Gʹ′

† 
0.031 rad/s 

3Gʹ′
† 

0.31 rad/s 
3Gʹ′

† 
3.1 rad/s 

3Gʹ′
† 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 
Cycle duration 0.784*       0.802**       
Opening duration 0.831**     0.684* 0.836**     0.684* 
Chew frequency -0.806** -0.687* -0.678* -0.692* -0.826** -0.687* -0.678* -0.692* 

 

  
M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 
 -- -- -- -- -- -- -- -- 
Chew cycle duration 0.798** 0.834** 0.801** 0.683* 0.844** 0.838** 0.818** 0.755* 
Opening duration 0.931*** 0.905*** 0.914*** 0.837** 0.935*** 0.906*** 0.903*** 0.881** 
Opening velocity       0.675*        
Chew frequency -0.803** -0.850** -0.809** -0.697* -0.850** -0.853** -0.831** -0.766* 
Temporalis peak activity     -0.684* -0.706* -0.677*    -0.724* 
Temporalis work     -0.773* -0.805** -0.768* -0.694* -0.718* -0.796* 

 

Table C3b. Correlation of nonlinear viscoelastic data with oral processing data (first cycle), separated frequency runs 

  

3e  
0.031 
rad/s 

3Gʹ′
† 

0.031 
rad/s 

M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 
 -- Pa -- -- -- -- -- -- -- -- 
Opening duration      0.705*         
Vertical amplitude -0.722* -0.701* -0.828** -0.690* -0.783* -0.750* -0.750* 0.721* -0.750* 0.766* 
Anterior-posterior movement     -0.788*   -0.769* -0.801** -0.733* -0.676* -0.713* -0.787* 
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Table C3c. Correlation of nonlinear viscoelastic data with oral processing data (first five cycles), separated frequency runs 

  
3e  

0.031 rad/s 
3e  

0.31 rad/s 
3e  

3.1 rad/s 
3e  

31 rad/s 
3Gʹ′

† 
0.031 rad/s 

3Gʹ′
† 

0.31 rad/s 
3Gʹ′

† 
3.1 rad/s 

3Gʹ′
† 

31 rad/s 
 -- -- -- -- Pa Pa Pa Pa 
Vertical amplitude -0.797*       -0.802**       
Lateral amplitude -0.874** -0.842** -0.842** -0.875** -0.888** -0.842** -0.842** -0.875** 

 

  
M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 

 -- -- -- -- -- -- -- -- 
Opening duration   0.717* 0.754*       0.738* 
Vertical amplitude -0.893**   -0.869** -0.811** -0.904*** -0.857** -0.866** -0.863** 
Lateral amplitude -0.769*   -0.736* -0.684* -0.809** -0.820** -0.817** -0.764* 
Masseter peak activity   -0.830**            
Temporalis peak activity   -0.805**            

 

Table C3d. Correlation of nonlinear viscoelastic data with oral processing data (middle 3 cycles), separated frequency runs 

  

3e  
0.031 
rad/s 

3Gʹ′
† 

0.031 
rad/s 

M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 

 -- Pa -- -- -- -- -- -- -- -- 
Chew cycle duration     0.686* 0.767* 0.764* 0.809** 0.698* 0.703* 0.680* 0.763* 
Opening duration     0.790* 0.857** 0.851** 0.868** 0.807** 0.806** 0.784* 0.848** 
Closing duration       0.705* 0.723* 0.773*       0.714* 
Max opening height -0.788* -0.771* -0.843** -0.738* -0.773* -0.687* -0.832** -0.778* -0.792* -0.740* 
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Table C3e. Correlation of nonlinear viscoelastic data with oral processing data (last three cycles), separated frequency runs 

  
3e  

0.031 rad/s 
3e  

0.31 rad/s 
3e  

3.1 rad/s 
3Gʹ′

† 
0.031 rad/s 

3Gʹ′
† 

0.31 rad/s 
 -- -- -- Pa Pa 
Chew cycle duration 0.767*     0.793*   
Closing duration       0.683*   
Vertical amplitude 0.912*** 0.943*** 0.952*** 0.905*** 0.943*** 
Max opening height -0.752*     -0.743*   

 

  
M

L

G
G
ʹ′

ʹ′  

0.031 rad/s 
M

L

G
G
ʹ′

ʹ′  

0.31 rad/s 
M

L

G
G
ʹ′

ʹ′  

3.1 rad/s 
M

L

G
G
ʹ′

ʹ′  

31 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.031 rad/s 
1

3

G
G
ʹ′

ʹ′  

0.31 rad/s 
1

3

G
G
ʹ′

ʹ′  

3.1 rad/s 
1

3

G
G
ʹ′

ʹ′  

31 rad/s 
 -- -- -- -- -- -- -- -- 
Chew cycle duration 0.907*** 0.911***        
Opening duration 0.740* 0.702* 0.789*   0.858**       
Closing duration   0.706*       -0.709*   0.791* 
Vertical amplitude 0.741* 0.764* 0.718* 0.839**     0.942*** 0.853** 
Max opening height -0.853** -0.757* -0.796*   -0.726* 0.917***   -0.797** 
Lateral amplitude            0.666* 0.684* 
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APPENDIX D: SUPPLEMENTARY DATA FOR CHAPTER 6 

 

Figure D1.  Lissajous plots of elastic stress measured at different frequencies and 25% strain, 
testing temperature of 25°C 
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Figure D2.  Lissajous plots of viscous stress measured at different frequencies and 25% 
strain, testing temperature of 25°C 
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Figure D3.  Lissajous plots of elastic stress measured at different frequencies and 50% strain, 
testing temperature of 25°C 
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Figure D4.  Lissajous plots of viscous stress measured at different frequencies and 50% 
strain, testing temperature of 25°C 
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Figure D5.  Lissajous plots of elastic stress measured at different frequencies and 25% strain, 
testing temperature of 37°C 
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Figure D6.  Lissajous plots of viscous stress measured at different frequencies and 25% 
strain, testing temperature of 37°C 
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Figure D7.  Lissajous plots of elastic stress measured at different frequencies and 50% strain, 
testing temperature of 37°C 
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Figure D8.  Lissajous plots of viscous stress measured at different frequencies and 50% 
strain, testing temperature of 37°C 
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Table D1. Summary of sensory data for Cheddar, Mozzarella, and American cheeses* 

Sensory attribute Sharp Cheddar Mozzarella American 
Firmness (hand) 8.86 (0.057) A 3.43 (0.048) B 3.73 (0.058) B 
Springiness (hand) 3.11 (0.142) B 11.9 (0.057) A 11.4 (0.067) A 
Rate of recovery (hand) 3.61 (0.159) B 11.0 (0.061) A 10.6 (0.117) A 
Firmness 7.46 (0.077) A 4.11 (0.052) B 3.27 (0.048) C 
Denseness 13.2 (0.028) A 4.36 (0.065) C 6.98 (0.055) B 
Fracturability 5.05 (0.060) A 4.07 (0.042) B 2.48 (0.041) C 
Degree of breakdown 10.9 (0.045) B 6.63 (0.047) C 12.4 (0.055) A 
Cohesiveness 11.2 (0.042) A 6.89 (0.063) B 11.9 (0.062) A 
Adhesiveness 10.1 (0.050) B 5.95 (0.069) C 12.3 (0.050) A 
Smoothness of mass 10.8 (0.036) B 7.54 (0.076) C 13.5 (0.032) A 
Smoothness of mouthcoating 10.9 (0.039) B 8.54 (0.041) C 13.6 (0.033) A 
Degree of mouthcoating 8.13 (0.081) B 4.75 (0.057) C 11.0 (0.082) A 

*Letters in each column that are different indicate significant differences.  Numbers in 
parentheses are standard errors.  Attributes were measured on a scale from 1 (attribute not 
present or present at a very low level) to 15 (attribute strongly present). 
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Table D2.  Summary of nonlinear oscillatory data for Cheddar, Mozzarella, and American cheeses, frequencies separated* 

Sample Strain Frequency Temperature 3e  
3Gʹ′

† 
€ 

" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 

  % rad/s °C -- Pa -- -- 
Sharp Cheddar 25 0.0628 25 2137 (162) BC 2137 (162) BC 1.71 (0.032) CDEF 0.156 (0.006) FGH 
Mozzarella 25 0.0628 25 225 (13.7) EF 225 (13.7) EF 0.967 (0.011) EF 0.046 (0.003) JKL 
American 25 0.0628 25 62 (13.6) F 62 (13.6) F 0.996 (0.026) EF 0.018 (0.004) KL 
Sharp Cheddar 50 0.0628 25 1914 (144) CD 1914 (144) CD 2.19 (0.029) BCDEF 0.287 (0.001) CD 
Mozzarella 50 0.0628 25 300 (21.5) EF 300 (21.5) EF 1.24 (0.046) CDEF 0.133 (0.007) GHI 
American 50 0.0628 25 113 (4.43) F 113 (4.43) F 1.08 (0.006) EF 0.048 (0.001) JKL 
Sharp Cheddar 25 0.628 25 2961 (275) AB 2961 (275) AB 2.85 (0.147) ABCDE 0.241 (0.004) ED 
Mozzarella 25 0.628 25 679 (30.5) EF 679 (30.5) EF 1.94 (0.099) EDCF 0.137 (0.009) FGHI 
American 25 0.628 25 223 (26.1) EF 223 (26.1) EF 1.17 (0.031) EDF 0.041 (0.006) JKL 
Sharp Cheddar 50 0.628 25 1937 (125) C 1937 (125) C 4.33 (0.164) A 0.353 (0.006) AB 
Mozzarella 50 0.628 25 509 (26.6) EF 509 (26.6) EF 3.16 (0.364) ABC 0.26 (0.009) DE 
American 50 0.628 25 325 (6.84) EF 325 (6.84) EF 1.46 (0.023) CDEF 0.097 (0.004) HIJ 
Sharp Cheddar 25 6.28 25 3339 (213) A 3339 (213) A 3.14 (0.085) ABCD 0.29 (0.006) BCD 
Mozzarella 25 6.28 25 1029 (50.7) DE 1029 (50.7) DE 2.62 (0.227) ABCDEF 0.197 (0.016) EF 
American 25 6.28 25 408 (49.1) EF 407.6 (49.1) EF 1.23 (0.047) CDEF 0.051 (0.008) JKL 
Sharp Cheddar 50 6.28 25 1825 (128) CD 1825 (128) CD 4.52 (0.023) A 0.379 (0.005) A 
Mozzarella 50 6.28 25 617 (31.4) EF 617 (31.4) EF 4.15 (0.873) AB 0.323 (0.012) ABC 
American 50 6.28 25 614 (17.9) EF 614 (17.9) EF 2.17 (0.16) CDEF 0.161 (0.011) GF 
Sharp Cheddar 25 62.8 25 -188 (13.3) F 188 (13.3) EF 0.936 (0.014) EF 0.024 (0.004) KL 
Mozzarella 25 62.8 25 150 (13.7) EF 150 (13.7) EF 1.14 (0.003) EF 0.028 (0.001) KL 
American 25 62.8 25 157 (23.5) EF 157 (23.5) EF 1.07 (0.019) EF 0.017 (0.004) KL 
Sharp Cheddar 50 62.8 25 -194 (3.96) F 194 (3.96) EF 0.754 (0.007) F 0.077 (0.003) KIJ 
Mozzarella 50 62.8 25 23.4 (5.06) F 23.4 (5.06) F 1.08 (0.012) EF 0.012 (0.003) L 
American 50 62.8 25 165 (11.6) EF 165 (11.6) EF 1.3 (0.012) CDEF 0.057 (0.003) JKL 
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Table D2.  (continued)* 

Sample Strain Frequency Temperature 3e  
3Gʹ′

† 
€ 

" G L
" G M M

L

G
G
ʹ′

ʹ′  
1

3

G
G
ʹ′

ʹ′ † 

  % rad/s °C -- Pa -- -- 
Sharp Cheddar 25 0.0628 37 606 (18.6) B 606 (18.6) B 1.39 (0.026) CD 0.227 (0.004) DE 
Mozzarella 25 0.0628 37 49.9 (3.67) FGHI 49.9 (3.67) FGH 1.12 (0.052) CD 0.07 (0.01) GH 
American 25 0.0628 37 1.68 (0.273) HIJK 1.68 (0.273) H 0.846 (0.007) D 0.003 (0.001) H 
Sharp Cheddar 50 0.0628 37 314 (9.44) CD 314 (9.44) CD 1.22 (0.066) CD 0.326 (0.007) C 
Mozzarella 50 0.0628 37 53.7 (2.24) FGHI 53.7 (2.24) FGH 0.999 (0.018) CD 0.113 (0.006) FG 
American 50 0.0628 37 8.76 (1.12) HIJK 8.76 (1.12) H 0.917 (0.033) D 0.026 (0.004) H 
Sharp Cheddar 25 0.628 37 670 (24.5) B 670 (24.5) B 4.75 (1.102) AB 0.322 (0.001) C 
Mozzarella 25 0.628 37 168 (3.7) E 168 (3.7) E 2.02 (0.094) BCD 0.186 (0.017) EF 
American 25 0.628 37 29.2 (0.314) GHIJ 29.2 (0.31) GH 1.08 (0.003) CD 0.023 (0.001) H 
Sharp Cheddar 50 0.628 37 323 (7.69) CD 323 (7.69) CD 3.4 (0.114) BCD 0.423 (0.008) BA 
Mozzarella 50 0.628 37 108 (5.04) FE 108 (5.04) EF 2.4 (0.081) BCD 0.303 (0.02) CD 
American 50 0.628 37 43.6 (0.2) FGHI 43.6 (0.2) FGH 1.19 (0.002) CD 0.049 (0.001) GH 
Sharp Cheddar 25 6.28 37 749 (10.3) A 749 (10.3) A 3.73 (0.519) BC 0.365 (0.008) BC 
Mozzarella 25 6.28 37 282.4 (12.7) D 282 (12.7) D 3.08 (0.036) BCD 0.281 (0.021) CD 
American 25 6.28 37 70 (3.05) FGH 70 (3.05) FGH 1.1 (0.013) CD 0.024 (0.002) H 
Sharp Cheddar 50 6.28 37 363 (8.38) C 363 (8.38) C 7.39 (0.67) A 0.475 (0.012) A 
Mozzarella 50 6.28 37 107 (7.38) FE 107 (7.38) EF 2.64 (0.293) BCD 0.349 (0.014) BC 
American 50 6.28 37 93.4 (0.466) EFG 93.4 (0.47) EFG 1.19 (0.001) CD 0.043 (0) GH 
Sharp Cheddar 25 62.8 37 -49.6 (1.27) K 49.6 (1.27) FGH 0.91 (0.011) D 0.029 (0.001) GH 
Mozzarella 25 62.8 37 12.3 (3.16) HIJK 12.3 (3.16) H 1.08 (0.014) CD 0.013 (0.003) H 
American 25 62.8 37 6.24 (4.82) HIJK 12.9 (1.5) H 1 (0.004) CD 0.002 (0) H 
Sharp Cheddar 50 62.8 37 -39 (3.07) JK 39 (3.07) FGH 0.842 (0.01) D 0.044 (0.003) GH 
Mozzarella 50 62.8 37 -16.6 (0.64) IJK 16.6 (0.64) H 0.822 (0.024) D 0.059 (0.008) GH 
American 50 62.8 37 7.46 (0.834) HIJK 7.46 (0.834) H 1.01 (0.001) CD 0.002 (0) H 

*Letters in each column that are different indicate significant differences.  Numbers in parentheses are standard errors. 
† Absolute values of 3Gʹ′  used 
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Table D3a.  Summary of first chew cycle data for Cheddar, Mozzarella, and American cheeses* 

Oral processing parameter Sharp Cheddar Mozzarella American 
Chew cycle length (ms) 818 (9.14) A 780 (9.39) A 890 (13.5) A 
Opening duration (ms) 393 (4.78) A 382 (6.57) A 438 (6.72) A 
Closing duration (ms) 325 (5.85) A 317 (4.74) A 355 (7.95) A 
Occlusal duration (ms) 100 (2.45) A 81.2 (2.71) A 96.9 (2.57) A 
Opening velocity (mm/s) -0.055 (0.001) A -0.051 (0.001) A -0.051 (0.001) A 
Closing velocity (mm/s) 0.067 (0.001) A 0.066 (0.001) A 0.064 (0.001) A 
Maximum opening height (mm) 21.5 (0.187) A 20.6 (0.192) A 21.8 (0.147) A 
Maximum opening time (ms) 838 (9.31) A 818 (8.58) A 814 (16.4) A 
Total anterior/posterior movement (mm) 4.51 (0.147) A 4.79 (0.148) A 4.32 (0.120) A 
Total lateral movement (mm) 5.87 (0.147) A 5.80 (0.152) A 5.96 (0.159) A 
Temporalis activity  0.361 (0.007) A 0.363 (0.013) A 0.424 (0.009) A 
Masseter activity 0.386 (0.007) A 0.386 (0.010) A 0.490 (0.010) A 
Digastric activity 0.492 (0.010) A 0.449 (0.008) A 0.466 (0.008) A 
Temporalis work 0.412 (0.010) A 0.382 (0.012) A 0.519 (0.012) A 
Masseter work 0.487 (0.009) A 0.501 (0.010) A 0.611 (0.010) A 
Digastric work 0.458 (0.007) A 0.470 (0.010) A 0.517 (0.008) A 
Total work 0.361 (0.0067) A 0.424 (0.0085) A 0.363 (0.0125) A 

*Letters in each column that are different indicate significant differences.  Numbers in parentheses are standard errors. 
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Table D3b.  Summary of first five chew cycles data for Cheddar, Mozzarella, and American cheeses* 

Oral processing parameter Sharp Cheddar Mozzarella American 
Chew cycle length (ms) 676 (6.74) A 650 (6.39) A 696 (6.88) A 
Opening duration (ms) 294 (3.71) A 280 (4.56) A 296 (3.22) A 
Closing duration (ms) 280 (3.12) A 280 (3.19) A 297 (3.69) A 
Occlusal duration (ms) 103 (2.37) A 90.7 (2.01) A 104 (2.67) A 
Opening velocity (mm/s) -0.066 (0.0011) A -0.066 (0.0012) A -0.068 (0.0008) A 
Closing velocity (mm/s) 0.068 (0.0006) A 0.065 (0.0007) A 0.067 (0.0006) A 
Maximum opening height (mm) 19.2 (0.144) AB 18.1 (0.128) B 19.8 (0.110) A 
Maximum opening time (ms) 1528 (13.5) A 1466 (13) A 1504 (19.3) A 
Total anterior/posterior movement (mm) 4.06 (0.098) A 4.05 (0.105) A 3.86 (0.091) A 
Total lateral movement (mm) 5.33 (0.093) A 5.44 (0.097) A 5.08 (0.099) A 
Temporalis activity  0.415 (0.001) AB 0.367 (0.010) B 0.492 (0.009) A 
Masseter activity 0.432 (0.008) AB 0.377 (0.009) B 0.505 (0.010) A 
Digastric activity 0.497 (0.006) A 0.445 (0.006) A 0.503 (0.006) A 
Temporalis work 0.395 (0.009) A 0.386 (0.009) A 0.496 (0.010) A 
Masseter work 0.468 (0.007) AB 0.432 (0.008) B 0.545 (0.009) A 
Digastric work 0.461 (0.0062) A 0.438 (0.0081) A 0.482 (0.0058) A 
Total work 0.415 (0.0095) AB 0.492 (0.0089) A 0.367 (0.01) B 

*Letters in each column that are different indicate significant differences.  Numbers in parentheses are standard errors. 
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Table D3c.  Summary of last three chew cycles data for Cheddar, Mozzarella, and American cheeses* 

Oral processing parameter Sharp Cheddar Mozzarella American 
Chew cycle length (ms) 684 (8.67) A 632 (6.42) A 666 (7.3) A 
Opening duration (ms) 300 (5.01) A 272 (5.21) A 293 (4.67) A 
Closing duration (ms) 275 (4.17) A 263 (2.61) A 265 (2.75) A 
Occlusal duration (ms) 110 (3.29) A 96.8 (2.68) A 108 (2.71) A 
Opening velocity (mm/s) -0.052 (0.001) A -0.056 (0.001) A -0.055 (0.001) A 
Closing velocity (mm/s) 0.061 (0.0009) A 0.057 (0.0006) A 0.064 (0.0007) A 
Maximum opening height (mm) 16.4 (0.174) A 15.0 (0.143) A 16.9 (0.127) A 
Maximum opening time (ms) 3945 (85.5) A 3688 (66.6) A 4433 (72.8) A 
Total anterior/posterior movement (mm) 3.50 (0.076) A 3.67 (0.104) A 3.62 (0.094) A 
Total lateral movement (mm) 5.37 (0.131) A 4.55 (0.108) A 5.45 (0.093) A 
Temporalis activity  0.402 (0.010) A 0.344 (0.008) A 0.431 (0.010) A 
Masseter activity 0.415 (0.007) AB 0.323 (0.007) B 0.425 (0.008) A 
Digastric activity 0.513 (0.0093) A 0.441 (0.0082) A 0.484 (0.009) A 
Temporalis work 0.357 (0.008) A 0.329 (0.0079) A 0.408 (0.0093) A 
Masseter work 0.409 (0.0051) A 0.346 (0.0077) A 0.437 (0.0078) A 
Digastric work 0.533 (0.0109) A 0.436 (0.0095) A 0.524 (0.0087) A 
Total work 0.402 (0.0103) A 0.431 (0.0101) A 0.344 (0.0081) A 

*Letters in each column that are different indicate significant differences.  Numbers in parentheses are standard errors. 
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NOTE: These symbols are used in all subsequent tables: *: p≤0.05; **: p≤0.01; ***: p≤0.001; †: Absolute values of 3Gʹ′  used 

Table D4. Correlation of nonlinear oscillatory and rheological properties, separated nonlinear data 

 25°C, 25% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

 

 -- -- -- -- Pa Pa Pa  

Adhesive force 0.752* 0.694* 0.693* -0.863** 0.752* 0.694* 0.693*  

Adhesive work  -0.691* -0.726*   -0.691* -0.726*  

Critical stress   -0.669*    -0.669*  

Critical strain   -0.681*    -0.681*  

Jmax -0.851** -0.859** -0.888** 0.876** -0.851** -0.859** -0.888**  

Jmin -0.773* -0.789* -0.82** 0.810** -0.773* -0.789* -0.820**  

Retardation time -0.858** -0.865** -0.906*** 0.877** -0.858** -0.865** -0.906***  

         

 25°C, 50% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 
 -- -- -- -- Pa Pa Pa Pa 
Adhesive force  0.708* 0.702*  0.713* 0.708* 0.702* 0.700* 
Adhesive work -0.677* -0.685*   -0.677* -0.685*   
Critical stress    0.777*     
Critical strain    0.789*     
Jmax -0.855** -0.857** -0.801** 0.919*** -0.855** -0.857** -0.801**  
Jmin -0.779* -0.781* -0.719* 0.860** -0.779* -0.781* -0.719*  
Retardation time -0.857** -0.858** -0.794* 0.965*** -0.857** -0.858** -0.794*  
Time to fracture        -0.877** 
Energy at fracture        -0.784* 
Fracture toughness        -0.751* 
Fracture energy        -0.793* 
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Table D4.  (continued) 

 25°C, 25% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
 -- -- -- -- -- -- -- 
Adhesive force 0.858**   -0.881** 0.796*   
Adhesive work  -0.781* -0.768*  -0.702* -0.830** -0.841** 
Critical stress  -0.794* -0.876**   -0.830** -0.870** 
Critical strain  -0.804** -0.883**  -0.676* -0.842** -0.880** 
Jmax -0.814** -0.904*** -0.867**  -0.888** -0.929*** -0.910*** 
Jmin -0.726* -0.866** -0.865**  -0.815** -0.886** -0.885** 
%ccrp  0.729* 0.733*    0.670* 
Retardation time -0.838** -0.930*** -0.931***  -0.935*** -0.983*** -0.969*** 
        
 25°C, 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
 -- -- -- -- -- -- -- 
Adhesive force 0.710*   -0.670*    
Adhesive work -0.728* -0.885** -0.735* 0.819** -0.84** -0.942*** -0.960*** 
Critical stress  -0.761*  0.805** -0.774* -0.880** -0.844** 
Critical strain  -0.772*  0.816** -0.785* -0.890** -0.855** 
Jmax -0.868**\ -0.785*  0.948*** -0.925*** -0.890** -0.809** 
Jmin -0.789* -0.744*  0.900*** -0.866** -0.859** -0.780* 
Retardation time -0.882** -0.805**  0.98 *** -0.944 *** -0.919 *** -0.849** 
Time to fracture       -0.842** 
Energy at fracture       -0.766* 
Fracture toughness       -0.728* 
Fracture energy       -0.774* 
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Table D4.  (continued) 

 37°C, 25% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

Adhesive force 0.770* 0.710* 0.706* -0.769* 0.770* 0.710* 0.706* 0.904*** 

Adhesive work -0.671* -0.747* -0.783*  -0.671* -0.747* -0.783*  

Critical stress  -0.695* -0.762*   -0.695* -0.762*  

Critical strain  -0.707* -0.773*   -0.707* -0.773*  

Jmax -0.867** -0.91*** -0.938*** 0.679* -0.867** -0.91*** -0.938*** -0.853** 

Jmin -0.786* -0.841** -0.879**  -0.786* -0.841** -0.879** -0.784* 

Retardation time -0.885** -0.93*** -0.97*** 0.754* -0.885** -0.93*** -0.97*** -0.882** 

         

 37°C, 50% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

Adhesive force 0.783* 0.726* 0.774*  0.783* 0.726* 0.774* 0.721* 

Adhesive work -0.706* -0.765* -0.668* 0.857** -0.706* -0.765* -0.668* -0.729* 

Critical stress  -0.709*  0.864**  -0.709*  -0.689* 

Critical strain  -0.721*  0.874**  -0.721*  -0.702* 

Jmax -0.889** -0.913*** -0.846** 0.930*** -0.889** -0.913*** -0.846** -0.873** 

Jmin -0.812** -0.844** -0.761* 0.897** -0.812** -0.844** -0.761* -0.812** 

%ccrp      0.540*   

Retardation time -0.907*** -0.929*** -0.857** 0.943*** -0.907*** -0.929*** -0.857** -0.895** 
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Table D4.  (continued) 

 37°C, 25% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
 -- -- -- -- -- -- --  
Adhesive force    -0.766*    0.732* 
Adhesive work -0.895**  -0.763*  -0.823** -0.937*** -0.952*** -0.707* 
Critical stress -0.775*  -0.781*  -0.726* -0.845** -0.893** -0.804** 
Critical strain -0.784*  -0.790*  -0.739* -0.855** -0.902*** -0.814** 
Jmax -0.857**  -0.735*  -0.897*** -0.898*** -0.848** -0.93*** 
Jmin -0.814**  -0.721*  -0.830** -0.857** -0.832** -0.896** 
%ccrp  0.741*       
Retardation time -0.846**  -0.793*  -0.910*** -0.908*** -0.865** -0.979*** 
Time to fracture    0.739*     
Energy at fracture    0.710*     
         
 37°C, 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
 -- -- -- -- -- -- --  
Adhesive force     0.742*    
Adhesive work  -0.900*** -0.742* 0.732* -0.761* -0.866** -0.904***  
Critical stress  -0.854**  0.856** -0.756* -0.926*** -0.935*** -0.813** 
Critical strain  -0.863**  0.860** -0.767* -0.933*** -0.942*** -0.816** 
Jmax -0.752* -0.917*** -0.848** 0.705* -0.944*** -0.930*** -0.922***  
Jmin -0.713* -0.884** -0.783* 0.743* -0.887** -0.921*** -0.914*** -0.674* 
%ccrp  0.704*  -0.698*  0.759* 0.753* 0.680* 
Retardation time -0.743* -0.922*** -0.841** 0.733* -0.961*** -0.957*** -0.941***  
Fracture toughness        0.686* 
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Table D5. Correlation of nonlinear oscillatory and sensory properties, separated nonlinear data 

 25°C, 25% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

 -- -- -- -- Pa Pa Pa 

Firmness (hand) 0.945*** 0.924*** 0.940*** -0.933*** 0.945*** 0.924*** 0.940*** 

Springiness (hand) -0.885** -0.842** -0.832** 0.963*** -0.885** -0.842** -0.832** 

Rate of recovery (hand) -0.845** -0.827** -0.785* 0.881** -0.845** -0.827** -0.785* 

Firmness 0.939*** 0.931*** 0.956*** -0.942*** 0.939*** 0.931*** 0.956*** 

Denseness 0.891** 0.842** 0.844** -0.945*** 0.891** 0.842** 0.844** 

Fracturability 0.781* 0.822** 0.848**  0.781* 0.822** 0.848** 

        
 25°C, 50% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

Firmness (hand) 0.934*** 0.934*** 0.904*** -0.927*** 0.934*** 0.934*** 0.904***  

Springiness (hand) -0.865** -0.865** -0.837** 0.817** -0.865** -0.865** -0.837**  

Rate of recovery (hand) -0.831** -0.832** -0.803** 0.761* -0.831** -0.832** -0.803**  

Firmness 0.928*** 0.927*** 0.885** -0.962*** 0.928** 0.927*** 0.885**  

Denseness 0.877** 0.872** 0.876** -0.753* 0.877** 0.872** 0.876** 0.785* 

Fracturability 0.812** 0.812** 0.776* -0.835** 0.812** 0.812** 0.776*  

Degree of breakdown        0.893** 

Cohesiveness        0.898*** 

Adhesiveness        0.855** 

Smoothness of mass        0.757* 

Smoothness of mouthcoating        0.760* 
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Table D5.  (continued) 

 25°C, 25% strain  

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s  
 -- -- -- -- -- -- -- 
Firmness (hand) 0.961*** 0.861** 0.704* -0.797* 0.965*** 0.898***  
Springiness (hand) -0.945*** -0.747*  0.938*** -0.909*** -0.781*  
Rate of recovery (hand) -0.837** -0.752*  0.843** -0.777* -0.707*  
Firmness 0.933*** 0.927*** 0.836** -0.750* 0.969*** 0.953***  
Denseness 0.927*** 0.687*  -0.930*** 0.862** 0.701*  
Fracturability  0.841** 0.773*  0.696* 0.801**  
        
 25°C, 50% strain  

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
 -- -- -- -- -- -- -- 
Firmness (hand) 0.948*** 0.729* -0.926*** 0.931*** 0.810** 0.735*  
Springiness (hand) -0.887** -0.680* 0.827* -0.854** -0.698*  -0.773* 
Rate of recovery (hand) -0.820** -0.682* 0.745* -0.808** -0.688*   
Firmness 0.931*** 0.727* -0.962*** 0.94*** 0.841** 0.756*  
Denseness 0.869**  -0.757* 0.774*   0.855** 
Fracturability 0.789* 0.701* -0.795* 0.822** 0.809** 0.772*  
Degree of breakdown       0.854** 
Cohesiveness       0.868** 
Adhesiveness       0.789* 
Smoothness of mass       0.695* 
Smoothness of mouthcoating       0.698* 
Degree of mouthcoating       0.747* 
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Table D5.  (continued) 

 37 C, 25% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

Firmness (hand) 0.965*** 0.951*** 0.943*** -0.931*** 0.965*** 0.951*** 0.943*** 0.923*** 

Springiness (hand) -0.905*** -0.862** -0.852** 0.905*** -0.905*** -0.862** -0.852** -0.897*** 

Rate of recovery (hand) -0.822* -0.791* -0.777* 0.810** -0.822** -0.791* -0.777* -0.728* 

Firmness 0.954*** 0.964*** 0.979*** -0.873** 0.954*** 0.964*** 0.979*** 0.950*** 

Denseness 0.917*** 0.863** 0.823** -0.901*** 0.917*** 0.863** 0.823** 0.934*** 

Fracturability 0.779* 0.839** 0.837**  0.779* 0.839** 0.837**  

         

 37 C, 50% strain 

 
3e , 

0.0628 rad/s 
3e , 

0.628 rad/s 
3e , 

6.28 rad/s 
3e , 

62.8 rad/s 
3Gʹ′

†, 
0.0628 rad/s 

3Gʹ′
†, 

0.628 rad/s 
3Gʹ′

†, 
6.28 rad/s 

3Gʹ′
†, 

62.8 rad/s 

 -- -- -- -- Pa Pa Pa Pa 

Firmness (hand) 0.976*** 0.976*** 0.975*** -0.857** 0.976*** 0.976*** 0.975*** 0.911*** 

Springiness (hand) -0.944*** -0.911*** -0.941*** 0.799** -0.944*** -0.911*** -0.941*** -0.883** 

Rate of recovery (hand) -0.872** -0.853** -0.873** 0.820** -0.872** -0.853** -0.873** -0.866** 

Firmness 0.962*** 0.968*** 0.938*** -0.904*** 0.962*** 0.968*** 0.938*** 0.924*** 

Denseness 0.892** 0.859** 0.917***  0.892** 0.859** 0.917*** 0.768* 

Fracturability 0.735* 0.791* 0.731* -0.805** 0.735* 0.791* 0.731* 0.706* 
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Table D5.  (continued) 

 37 C, 25% strain
 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
 -- -- -- -- -- -- -- -- 
Firmness (hand) 0.801**   -0.790* 0.943*** 0.848** 0.712* 0.875** 
Springiness (hand) -0.703*   0.869** -0.888** -0.744*  -0.798** 
Rate of recovery (hand) -0.736*   0.737* -0.846** -0.740*  -0.685* 
Firmness 0.805** 0.676* 0.678*  0.924*** 0.854** 0.752* 0.955*** 
Denseness    -0.869** 0.794*   0.741* 
Fracturability 0.843** 0.845**   0.783* 0.833** 0.782* 0.710* 
Cohesiveness    -0.697*     
         
 37 C, 50% strain 

 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.628 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

62.8 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.0628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

0.628 rad/s 
1

3

G
G
ʹ′

ʹ′ †, 

6.28 rad/s 
M

L

G
G
ʹ′

ʹ′ , 

0.0628 rad/s 
 -- -- -- -- -- -- -- -- 
Firmness (hand) 0.733* 0.823** 0.872**  0.948*** 0.766* 0.765*  
Springiness (hand) -0.694* -0.701* -0.778*  -0.894**    
Rate of recovery (hand)  -0.724* -0.791*  -0.830**    
Firmness 0.699* 0.872** 0.880**  0.974*** 0.869** 0.850**  
Denseness   0.777*  0.831**    
Fracturability  0.896** 0.870**  0.780* 0.846** 0.860**  
Degree of breakdown        -0.717* 
Cohesiveness        -0.745* 
Adhesiveness    0.723*    -0.776* 
Smoothness of mass    0.716*    -0.742* 
Smoothness of mouthcoating    0.726*    -0.764* 
Degree of mouthcoating    0.794*    -0.827** 
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