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Molecular interactions determine the microstructure of food, as well as its
response to deformation and flow. In order to design efficient processing
equipment, to produce high-quality, stable end products, to predict textural
and sensory properties, and to ensure consumer acceptance, the
characterization of food rheology is essential. Deformations are rapid and large
during the processing of foods and during consumption. In food studies, large
amplitude oscillatory shear (LAOS) has become increasingly popular due to its
ability to mimic real-life processes. When food is subjected to dynamic oscillatory
shear tests, a sinusoidal deformation is applied, the mechanical stress (or strain) is
probed, and the response is recorded. This chapter summarize main methods to
extract meaningful rheological parameters from complex LAOS response of
selected food materials. A time-resolved nonlinear rheology method, sequence
of physical processes (SPP), gave detailed interpretations of transient
microstructures, whereas the Fourier Transform coupled with Chebyshev
decomposition (FTC) method provide static measurements at specific strains.
LAOS behavior and its relationship to foodmicrostructures and texture still needed
to be studied in depth. By constructing more accurate mechanical models of
complex food systems, the fundamental knowledge can be applied to evaluate the
nonlinear rheology of food for consumer acceptance and efficient processing.
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1 Introduction

Dynamic oscillatory shear flow measurements are used to study the elastic and viscous
properties of viscoelastic materials, including polymeric materials, biopolymers,
suspensions, emulsions, and food materials (Osswald and Rudolph, 2014). The small
amplitude oscillatory shear (SAOS) tests are widely used rheological methods for
determining the linear viscoelastic properties of a wide variety of food materials. These
methods have been employed, for example, to assess starch pasting, protein denaturation,
sol-gel transitions, and many more (Hyun et al., 2007; Duvarci et al., 2017b; Joyner Melito,
2018; Joyner, 2019). SAOS tests, though convenient and robust, are limited to linear
viscoelastic regions, where 3D structures of materials are not permanently altered
(Joyner, 2021). In SAOS tests, small stress/strain and frequency are used to ensure the
food structure is not permanently damaged (Rodriguez, 2019). Food materials undergo
permanent structural changes due to deformations associated with industrial processes,
consumption (oral food preparation), and transportation (Ptaszek, 2015; Ptaszek, 2017). The
rheological characteristics of a material change from linear viscoelastic to non-linear
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viscoelastic when strain amplitudes and frequency exceed the critical
strain/stress range for linearity, this critical strain range is generally
small and specific to material’s microstructure architecture (Song &
Hyun, 2019). LAOS tests have become increasingly popular in recent
years for examining nonlinear characteristics since they allow for
control over the frequency, which determines the timescale of
deformation, and the amplitude, which determines the range of
deformation (Ng et al., 2006).

There are materials that have similar linear rheological
properties that can exhibit distinct nonlinear rheology, which is
why probing nonlinear rheology can provide information that is
not available from linear measurements. As a result of LAOS
rheology, one can observe macroscopic rheological responses
reflecting microscopic process and breakdown during
deformation (Hyun et al., 2011). LAOS describes the behavior
of foods by mimicking industrial processing and oral processing,
both of which involve a large amplitude of stress and strain. LAOS
rheology has been extensively applied to study the nonlinear
rheological properties of cheese (Anvari & Joyner, 2018), dough
(Yazar et al., 2017; Duvarci et al., 2018; Bonilla et al., 2020a),
protein gel (Liu et al., 2014), yogurt (Erturk et al., 2021) and tomato
paste (Duvarci et al., 2017b).

In order to attain desirable textures in food materials, it is
necessary to analyze the structure of the material as well as the
mechanical and oral properties through rheological tests. Several
studies have shown that LAOS properties can be used as indicators
of chocolate extrusion quality (Sparkman et al., 2019), fat crystal
networks in vegetable shortening (Rodriguez, 2019; B. A; Macias-
Rodriguez et al., 2018; B; Macias-Rodriguez & Marangoni, 2016),
dough aging (Turksoy et al., 2020; 2021), molecular breakdown of
dough networks (Bonilla et al., 2020b), and fat content of yogurt
products (Erturk et al., 2021). Studies have shown that large-strain
rheological parameters have a good correlation with sensory analysis
and oral processing data (Melito et al., 2012). Furthermore, LAOS
could be used to determine the impact of various processing
conditions on food systems, such as pH change in protein gel
(Liu et al., 2014) and storage temperature of dough (Turksoy
et al., 2020; Turksoy et al., 2021). Using LAOS rheology, we can
also analyze interactions between proteins-polysaccharides, as well
as oil-water interfaces, enabling us to simulate the food processing
conditions, which include large and rapid deformations (Liu et al.,
2022; Ma et al., 2020; Rodriguez, 2019; B; Macias-Rodriguez &
Marangoni, 2016; Melito et al., 2012; Melito & Daubert, 2011).

2 Dynamic oscillatory shear
measurements

In dynamic oscillatory tests, a material is subjected to a
sinusoidal deformation and the mechanical response (stress) is
measured over time (Hyun et al., 2011; Wagner et al., 2011).
When strains amplitudes and frequencies are higher than the
linearity critical strain range of a material, it transitions from a
linear viscoelastic to a nonlinear viscoelastic region. Rheological
properties become a function of strain amplitude and frequency in
the nonlinear region (Ewoldt et al., 2008b; Hyun et al., 2011; C. H;
Park et al., 2018; Wilhelm, 2002). A linear differential equation with
constant coefficients is not adequate to describe the strain-stress

response relations in the nonlinear region where the material
microstructure is disturbed by the increased deformation strain
and frequency (Park & Rogers, 2018). A dynamic oscillatory
shear measurement can be used to determine the microstructure
of materials, such as the density of crosslinks in a gel or the extent of
association within a dispersion (Knoll & Prud’homme, 1987). By
examining both inphase and outphase components of the response,
the elastic and viscous nature of the material can be simultaneously
examined (Ewoldt, 2009). Dynamic oscillatory shear measurements
are performed by deforming the material with the deformation in
the form of a sinusoidal curve:

γ t( ) � γ0 sin ωt( ) (1)
where γ0 is strain amplitude at an angular frequency of ω. When the
amplitude of the applied strain is small, the stress response is a
perfect sinusoidal curve which is an indication of linear viscoelastic
region characteristics. In this region, the stress response is
formulated by:

σ t( ) � γ0 G′ sin ωt( ) + G″ cos (ωt( )) (2)
where G′ and G″ are storage and loss modulus which are two strain-
independent parameters to quantify the material response. When
strain amplitude is continuously increased, stress response becomes
distorted and rheological parameters become a function of applied
amplitude and frequency. As the name suggests, this new region is
called the nonlinear viscoelastic region, and it is characterized by
large amplitude oscillatory shear tests (LAOS). A distorted stress
response curve must be analyzed using complex mathematical
techniques, including Fourier Transforms, stress decomposition,
and Frenet-Serret theorem, in order to extract fundamental
rheological measures (Cho et al., 2005; Ng et al., 2006; Hyun
et al., 2007; Ewoldt et al., 2008b).

2.1 Fourier transform Rheology

Dynamic oscillatory tests involve subjecting the test material to
sinusoidal strain/stress and probing the response with respect to
time. Wilhelm et al. (2002) applied the Fourier transform, one of the
most convenient methods for analyzing sinusoidal signals, to assess
the rheological response of the materials (Wilhelm, 2002). Fourier
Transform Rheology transforms the stress response in the time
domain into a frequency-dependent spectrum by accumulating sine
and cosine functions at progressively higher frequencies (higher
harmonics). It is possible to detect even very weak nonlinearities of
the stress response by the intensities and phases of the higher
harmonics in the Fourier Transform spectrum of the response to
stress.

The stress response can be represented as:

σ t;ω, γ0( ) � γ0 ∑
n odd

G′
n ω, γ0( ) sin nωt( ) + G″

n ω, γ0( ) cos nωt( ){ } (3)

With Fourier Transform Rheology, the stress response curve is
evaluated in the form of a full spectrum of odd harmonic numbers
(n = 1,3,5,.) (Figure 1). The nonlinear response of each complex
material results in a unique Fourier transform spectrum consisting
of peak intensities at odd harmonics which allows the
characterization of nonlinear rheology of various viscoelastic
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systems like emulsions (Reinheimer et al., 2012), immiscible
polymer blends (Carotenuto et al., 2008; Grosso & Luca, 2011),
linear and branched polymers melts (Hyun et al., 2007). The Fourier
transform rheology (FTR) technique can be used to determine
nonlinear rheological properties of metastable systems-dispersed
gas–liquid (foam), or liquid–liquid (emulsions W/O and O/W)
(Reinheimer et al., 2011) and polymer melts, polymer solutions,
and polymer blends (Hyun et al., 2006a; Hyun & Wilhelm, 2009).
FTR is also used to determine the size of solid particles in polymer
solutions or blends, as well as the rheological behavior of
elastoviscoplastic systems (Sollich, 2006; Chaparian &
Tammisola, 2019).

In spite of the fact that Fourier Transform provides a sensitive
framework for nonlinear rheology, it lacks a clear physical meaning
of higher harmonics, as harmonic spectrum cannot be directly
related to microstructural rearrangements. Thus, the studies
employing solely the Fourier Transform Rheology is limited in
the literature. The framework developed by Ewoldt et al. (2008)

along with Fourier Transform has found wide variety of applications
(Ewoldt et al., 2008a).

2.2 Fourier transform coupled with
Chebyshev decomposition (FTC)

FT rheology is a sensitive indicator of nonlinearity, as quantified
by total harmonic distortions or normalized third harmonic
intensity (Debbaut & Burhin, 2002). The FT framework fails to
provide an interpretation of the higher-order coefficient in a
physical sense. Therefore, Ewoldt et al. (2008) have developed a
new framework combining Fourier transforms and Chebyshev
decomposition to analyze nonlinear viscoelasticity derived from
Wilhelm’s (2002) framework (Wilhelm, 2002; Ewoldt et al.,
2008a). In Fourier Transform coupled with Chebyshev
decomposition (FTC), the resulting distorted stress response of
the material in the time domain is deconvoluted by Fourier

FIGURE 1
(A) Stress response curve with respect to time and (B) Fourier Transform of the stress curve.

FIGURE 2
Lissajous-Bowditch (LB) curves with the geometrical representation of G′

M ,G
′
L , η′M , η′L . Adapted with permission from Ewoldt et al. (2008). Copyright

Society of Rheology, 2008.
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transform into the frequency domain using higher harmonic (3rd, 5th

. . . ) numbers to quantify distortion:

σ t( ) � ∑
nodd

σn sin nωt + δn( ){ } (4)

An odd higher harmonic contribution (a higher stress amplitude
and phase shift) expands the total nonlinear viscoelastic stress in the
following way:

σ t;ω, γ0( ) � γ0 ∑
n odd

G′
n ω, γ0( ) sin nωt( ) + G″

n ω, γ0( ) cos nωt( ){ } (5)

σ t;ω, γ0( ) � _γ0 ∑
n odd

η″n ω, γ0( ) sin nωt( ) + η′n ω, γ0( ) cos nωt( ){ } (6)

where G′
n and G″

n complex moduli at nth harmonics, η″n and η′n
complex viscosities at nth harmonics (Ewoldt et al., 2008a).

The methodology employs Chebyshev polynomials of the first
order to relate Fourier coefficients with elastic and viscous
contributions in terms of oscillating strain and strain rate,
respectively:

σ′ x( ) � γ0 ∑
n odd

en ω, γ0( )Tn x( ){ } (7)

σ″ y( ) � _γ0 ∑
n odd

vn ω, γ0( )Tn y( ){ } (8)

Assuming that Tn is the nth-order Chebyshev polynomial of the
first kind and x � γ

γ0
, and y � _γ

_γ0
. Chebyshev coefficients (en, vn)

represent elastic and viscous nonlinearities, respectively:

e3 � − G3
*

∣∣∣∣ ∣∣∣∣ cos δ3 > 0 strain stiffening
� 0 linear elastic
< 0 strain softening

⎧⎪⎨⎪⎩ (9)

v3 � − G3
*

∣∣∣∣ ∣∣∣∣
ω

sin δ3

> 0 shear thickening
� 0 linear elastic
< 0 shear thinning

⎧⎪⎨⎪⎩ (10)

According to Ewoldt et al. (2008a), a material’s local nonlinear
behavior can be captured by G′

M, the minimum-strain modulus or
tangent modulus at γ = 0; andG′

L, the large-strain modulus or secant
modulus at the maximum imposed strain (Figure 2). In the same
way, local viscous measures (η′M, η′L) at small and large strain rates
are extracted per cycle of the oscillation applied, respectively;

G′
M � dσ

dγ

∣∣∣∣∣∣∣∣
γ�0

� e1 − 3e3 + . . . (11)

G′
L �

σ

γ

∣∣∣∣∣∣∣∣
γ�0

� e1 + e3 + . . . (12)

η′M � dσ

d _γ

∣∣∣∣∣∣∣∣
_γ�0

� v1 − 3v3 + . . . (13)

η′L �
σ

_γ

∣∣∣∣∣∣∣∣
_γ�0

� v1 + v3 + . . . (14)

The elastic and viscous measures converge to constant values in
the linear viscoelastic region (G′

M � G′
L � G′; η′M � η′L � η′), and

deviate from each other (G′
M ≠ G′

L ≠ G′; η′M ≠ η′L ≠ η′) in the
nonlinear region. The FTC method enables the extraction of
user-friendly, static nonlinear parameters at limiting conditions
(γ →0, γ → γmax) in an oscillation cycle response.

At minimum or large strain, a dimensionless index of
nonlinearity, S (Strain-Stiffening Ratio) & T (Shear-Thickening

Ratio) can be calculated using the modulus/viscosity parameter as
follows (Ewoldt et al., 2008a):

S ≡
G′

L − G′
M

G′
L

� 4e3 − 4e5 + . . .

e1 + e3 + e5 + . . .
(15)

T ≡
η′L − η′M

η′L
� 4v3 − 4v5 + . . .

v1 + v3 + v5 + . . .
(16)

S = 0 and T = 0 for a linear elastic response, S > 0 shows
intracycle strain stiffening, and S < 0 corresponds to intracycle
strain-softening; T > 0 indicates intracycle shear-thickening, and T <
0 intracycle shear-thinning behavior.

The detailed framework for characterizing nonlinear
viscoelasticity with Fourier transform coupled with the
Chebyshev decomposition method can be found elsewhere
(Ewoldt, Hosoi, & McKinley, 2008; Ewoldt et al., 2010; Hyun
et al., 2011; Ng et al., 2011; Ewoldt, 2013).

Lissajous-Bowditch curves enable visualization of the
characteristic transitions from the linear to the nonlinear
viscoelastic region and the dramatic changes in the shape of the
curve as you move into the nonlinear viscoelastic region are clearly
illustrated visually. 3D curves of Lissajous-Bowditch (LB) curve
consist of stress, strain and strain rate of the material response
with respect to time (Figure 3). In order to distinguish between the
viscous and elastic natures of the response, the elastic projection of
the LB curve (strain vs. stress) as well as the viscous projection of the
LB curve (strain rate vs. stress) are tracked (Ewoldt et al., 2008a). For
small strain amplitudes, the elastic Lissajous–Bowditch curves are
elliptical, but they become increasingly distorted in the nonlinear
regime. With large strain amplitudes, the projecting elastic ellipse
becomes larger, thus indicating pronounced elastic strain stiffening
(Ewoldt et al., 2008a). In the linear viscoelastic region, the viscous
projections at the lowest strain had an elliptic shape with small

FIGURE 3
The 3-D un-normalized LB curves of stress response loops
(black), stress versus strain projections/ elastic projections (green),
stress versus strain rate loops/viscous projections (blue), strain versus
strain rate loops (red). These loops include nonfat yogurt LB
curves at 0.063, 0.25, 1.01, 4.21, 18, 69, 266, 1000% oscillation strain
amplitudes.
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major to minor axis ratio indicating strong elastic-dominated
behavior. Progressive distortions at progressively increasing strain
amplitudes in the nonlinear region decreased the area enclosed by
the loop and resulted in higher ratios of major to minor axis
indicating shear thinning behavior (Erturk et al., 2021).

Fourier Transform coupled with Chebyshev decomposition
method along with Lissajous-Bowditch curves have been utilized
to interpret the nonlinear rheological structures of various food
systems including wheat dough (Douillard et al., 1991; Yazar et al.,
2016a; Duvarci et al., 2017b), native starch in water (Klein et al.,
2008), gluten (Ng et al., 2006), carragenan gels (Klein et al., 2007;
Klein et al., 2008; Melito et al., 2013b), starches (Klein et al., 2008; Li
et al., 2009; Alvarez-Ramirez et al., 2019), waxy maize starch paste
(Wang et al., 2012), soy protein isolate-flax seed gum dispersions (Bi
et al., 2013), dark chocolate (van der Vaart et al., 2013), water-in-oil
emulsions (Shu et al., 2013), cheddar, Mozarella, and American
cheese (Melito et al., 2013b; 2013a), whey protein-agar complexes
(Rocha et al., 2014), tuna myofibrillar protein gels (Liu et al., 2014),
foams (Ptaszek, 2015; 2017), yeast biofilms (Brugnoni et al., 2014),
agar with locust bean gum (Sousa & Gonçalves, 2015), mashed
potato (Joyner & Meldrum, 2016), egg white protein foam with
added apple pectin and xanthan gum (Ptaszek, 2014), gelatin gels
(Goudoulas & Germann, 2019), shortening (B. Macias-Rodriguez &
Marangoni, 2016), gluten-free doughs (Yazar et al., 2016a; Yazar
et al., 2016c; Yazar et al., 2017), tomato paste (Duvarci et al., 2017b),
gum extracted from Alyssum homolocarpum seed (Anvari et al.,
2018), waxy rice starch (Precha-Atsawanan et al., 2018), fish gelatin-
gum arabic mixture in oil (Anvari & Joyner, 2017), sourdough
(Yildirim-Mavis et al., 2019), yogurt with various fat contents
(Erturk et al., 2021), dough at aging at room and elevated
temperatures (Turksoy et al., 2020; Turksoy et al., 2021), noodle
(Feng et al., 2023), Boletus edulis flour (Nikolić et al., 2023).

2.3 Medium amplitude oscillatory shear
(MAOS) Rheology

The small amplitude oscillatory shear (SAOS) measurement
enables non-destructive material rheology and structure analysis.
In reality, however, most food processing operations involve large
and rapid changes in the physical properties of the materials. Thus, it
is necessary to carry out large amplitude oscillatory measurements
(LAOS) in order to mimic these conditions, and also to investigate
the effect of large deformations beyond the linear region for the
purpose of determining the complex responses of nonlinear
deformations (Ptaszek, 2015). The analysis of the nonlinear
region with the Fourier transform is complicated due to the fact
that it requires the inclusion of a greater number of harmonic
intensity contributions of the Fourier Spectrum (Wilhelm, 2002).
Thus, the transition region called medium amplitude oscillatory
shear (MAOS) region between SAOS and LAOS regions has been
regarded as being of particular interest for the study of non-linear
rheological behavior of materials (Bharadwaj & Ewoldt, 2015a). It
has been shown that the first (1st) and third (3rd) harmonics of a
material’s rheological response characterize medium amplitude
oscillatory shear (MAOS) rheology of the material (Song &
Hyun, 2019). A medium amplitude oscillatory shear (MAOS)
characterization examines a region of intrinsic-nonlinearity

independent of the disadvantages of LAOS (Ewoldt, 2009; Wang
et al., 2011; Ewoldt, 2013; Bharadwaj & Ewoldt, 2015a; Singh et al.,
2018) such as experimental artifacts, edge fractures, wall slip,
nonhomogeneous shear, fracture, and failure of materials (Wang
et al., 2011). The MAOS parameters are more sensitive than LAOS
parameters in identifying the topology of polymers and their
molecular weights, since they detect the intrinsic nonlinear
region without destroying the structure significantly (Ewoldt &
Bharadwaj, 2013; Bharadwaj & Ewoldt, 2015a; Bharadwaj et al.,
2017; Hyun & Wilhelm, 2018; Singh et al., 2018). Even though the
approach of asymptotical nonlinearity is a long-standing one (Davis
& Macosko, 1978), recent studies have provided a new perspective
on asymptomatic regions (Ewoldt, 2013; Bharadwaj & Ewoldt,
2015a; Bharadwaj et al., 2017; Hyun & Wilhelm, 2018; Singh
et al., 2018).

A first harmonic characterizes the stress response in the SAOS
region, since the stress response is a perfect sinusoidal curve. In
order to characterize nonlinear stress responses of materials in the
time domain, higher harmonics of Fourier transforms must be
included and evaluated as applied strain increases (Wilhelm,
2002). Due to the lack of distortion in the stress response in the
linear viscoelastic region, the third harmonic intensity to the first
harmonic intensity (I3 ∕ I1) is zero. With increasing strain
amplitude, I3 ∕ I1 increases systematically and becomes
significant. The rheological behavior of materials in the MAOS
region is characterized by the intensity of the third harmonic to
that of the first harmonic (I3 ∕ I1) (Wilhelm, 2002; Hyun &
Wilhelm, 2009; Hyun & Wilhelm, 2018). It has been shown
that the I3 ∕ I1 parameter increases systematically in the MAOS
region and that this can be used to determine the boundaries of the
MAOS region (Bharadwaj & Ewoldt, 2015a; Hyun & Wilhelm,
2018).

In accordance with R. Ewoldt & Bharadwaj (2013), the borders
of SAOS, MAOS, and LAOS are determined by the relative
magnitudes of second, third, and fifth harmonic intensities
compared to first and third harmonic intensities (Ewoldt &
Bharadwaj, 2013; Bharadwaj & Ewoldt, 2015b; Singh et al., 2018).
Random noise and imperfect excitation lead to the appearance of the
second harmonic in a shear-symmetric material (Hyun et al., 2011),
thus κ ≤ |I2 ∕ I3| is used as a limit of “too-noisy” data for the MAOS
region. By evaluating the intensity ratio of fifth harmonic
contributions to third harmonic contributions, |I5 ∕ I3|, it is
possible to detect the evolution from MAOS to LAOS region due
to higher-order nonlinearity. If |I5 ∕ I3| > ς, the MAOS region
reaches the limit of “too nonlinear.” A similar strategy is used to
identify SAOS limits, |I2 ∕ I1| ≥ α provides the limit for “too noisy”
data that the second harmonic signal is significant compared to the
first harmonic. As strain amplitude increases, the stress response
becomes “too nonlinear” to be in the linear viscoelastic region which
can also be named “non-sinusoidality.” The boundary of the
transition from SAOS to MAOS region due to non-sinusoidality
is determined by |I3 ∕ I1|. When |I3 ∕ I1| ≥ µ, then the material
response is accepted as “too nonlinear,” the response is no longer in
the linear viscoelastic region. The onset criteria for SAOS andMAOS
boundaries are selected as α = µ = 0.001; κ = ς = 0.1, respectively
following the standard convention adapted in the literature (Hyun
et al., 2011; Ewoldt & Bharadwaj, 2013; Singh et al., 2018). α, µ are
adapted conventional limits describing the boundary between SAOS
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to MAOS; κ, ς are in the same way adapted conventions for
boundary between MAOS and LAOS.

Hyun and Wilhelm (2018) developed an approach to define a
nonlinear Q-parameter (Q = I3/I1

γ20
) (Hyun & Wilhelm, 2018).

Typically, Q vs. strain amplitude plot has three distinct regions;
while Q-parameter has a decreasing trend in the SAOS and LAOS
regions, the MAOS region is characterized by a constant, strain-
independent region (Hyun & Wilhelm, 2009). The recent approach
is based on characterization of Chebyshev elastic and viscous
coefficients (e1, e3, v1, and v3); e1, e3, v1, and v3 versus strain
amplitude plots have been evaluated to determine the region
where all quantities exhibit e1, e3, v1, and v3 ~ γ02 relationship
(Bharadwaj & Ewoldt, 2015a; Singh et al., 2018; Martinetti &
Ewoldt, 2019).

2.3.1 Determination of boundaries of SAOS and
MAOS regions

The stress response of materials in the linear viscoelastic
region can be mainly characterized by its first harmonic through
Fourier transform, which transforms the perfect sinusoidal
oscillation response from the time domain to the frequency
domain. The periodic oscillation cycle becomes distorted as
strain increases, causing it to deviate from perfect sinusoidal
curve. As a result of this deviation, higher order odd harmonic
intensities appear along with the first harmonic in the Fourier
Spectrum (Hyun et al., 2011). The higher-order odd harmonics,
starting with the third harmonic, then the 5th harmonic, then
the 7th harmonic, and so on, correspond to waves three times,
five times, seven times, etc., of the first harmonic. It has been
reported that the amplitude or intensity of the third harmonic is
strongly related to the underlying polymer structure, resulting
in characteristic rheological signatures (Hyun et al., 2006a;
2007; Hoyle et al., 2014). As a result, initial nonlinearities
arising from the nonlinear behavior of the material are
captured by the third harmonic intensity in a systematic
manner:

σ t; γ0,ω( ) � γ0 G′ sin ωt( ) + G″ cos ωt( ){ } + O γ30( ) + . . . (17)
where O(γ30) represents term of order γ30 and higher order terms.
The MAOS region is characterized mainly by the intensity of the 3rd

harmonic since third harmonic intensity becomes significant in
affecting the non-linear elastic and viscous moduli, without
additional nonlinearities arising due to the 5th and higher
harmonics (Carey-De La Torre, 2017; Kamkar et al., 2020).

The framework that defines the boundaries of MAOS region is
developed by Ewoldt and Bharadwaj (Ewoldt & Bharadwaj, 2013;
Bharadwaj & Ewoldt, 2015a; Bharadwaj & Ewoldt, 2015b; Bharadwaj
et al., 2017). SAOS and MAOS regions are defined by the analysis of
intensity ratios (I2/1, I3/1, I2/3, I5/3) in relation to strain amplitude.
This methodology has been utilized to understand the nonlinear
rheological behavior of soft wheat dough (SWD), hard wheat dough
(HWD) and semolina dough (SemD) at 10 rad/s as given in Figure 5.

Rheological measurements suffer from low-torque limits
characterized by noisy data at very small frequencies and strain
amplitudes. It has been shown that the intensity of the second
harmonic compared with the first harmonic (I2 ∕ I1) has a non-zero
value in this region (Ewoldt et al., 2014; Bharadwaj & Ewoldt,
2015a). It is common for complex materials to show significant

second-order harmonic behavior at low strain amplitudes during a
dynamic oscillatory shear test (Park et al., 2015). The boundary of
noisy data in SAOS experiments is determined as the strain
amplitude |I2 ∕ I1| ≥ 0.001. The initial strain amplitude of the
amplitude sweep is 0.005% and at this strain amplitude, the
I2 / I1 ~ 0.005–0.0012 (>0.001) for all three dough samples
(Figure 4). Due to the low torque limit of the instrument, the
measured stress is too noisy to be suitable for SAOS
measurements until 0.006% strain amplitude is reached for SWD
and HWD doughs. For all dough samples, I2/I1 value decreases
gradually between 0.005%–0.03% strain amplitude. Thus, 0.006%
(HWD&SWD) and 0.008% (SemD) are the minimum strain
amplitude at which reliable, low-noise data can be recorded.
These strain amplitudes are the initial/low-strain boundary of the
SAOS region. Themagnitude of I2 ∕ I1 is below 0.001 throughout the
rest of the strain sweep. All intensities (I2/I1, I3/I1, I5/I1) decrease
gradually between 0.005%–0.08%, and the third intensity has the
relation of I3 ∕ I1 ∝ γ−1 which is consistent with other observations
in the literature (Merger & Wilhelm, 2014; Cziep et al., 2016; Kádár
et al., 2017). As strain amplitude increased during the measurement,
the harmonic intensities (I2/I1, I3/I1) of each flour dough start
increasing gradually. In the SAOS region, the storage and loss
moduli of the material are constant and independent of strain
amplitude and frequency. The gluten network established by
hydration between gliadin and glutenin via hydrophobic
interactions and disulfide (S–S) bonding interactions is
responsible for the elastic properties of the dough during the
small amplitude oscillatory shear (SAOS) region (Ng. et al., 2011;
Yazar et al., 2017; Bonilla et al., 2020a). Dough response deviates
from perfect sinusoidal in the linear viscoelastic region to distorted
periodic curves in the nonlinear region due to elevated amplitudes of
strain (Yildirim-Mavis et al., 2019; Bonilla et al., 2020a). In the non-
linear region, the third harmonic intensity compared to the first
harmonic intensity becomes significant (I3/I1 > 0.001). I3/I1 exceeds
0.001 around 0.08% strain amplitude for SWD dough, 0.13% for
HWD (Figure 4). The longest SAOS region is observed for SemD;
I3/I1 > 0.001 condition is reached at 0.31% strain amplitude. At
these strain amplitudes, the I3 arising due to nonlinearity becomes
significant compared to the first harmonic intensity (I1). Above
I3/I1 > 0.001, the material characteristics become ‘too nonlinear’
and the SAOS region ends. Alternatively, the user can do an onset
analysis in which a line is fit to the plateau region and the drop-off
region. To be conservative for determination of the critical strain,
the storage modulus drop by ~5% from the average of the plateau of
the linear viscoelastic region is designated as critical strain amplitude
(Whitcomb, 2019). In the literature, 10% change in modulus is a
common choice for the critical strain amplitude (Ewoldt, 2013;
Yazar et al., 2016b; Duvarci et al., 2017a; Singh et al., 2018; Turksoy
et al., 2021). The critical strain amplitudes (γcri) between SAOS and
LAOS determined by a change in moduli by 10%
(G′(γ)/G′(γcri) <10%) are 1%, 0.6%, and 1% strain amplitudes
for HWD, SWD, and SemD, respectively. Whereas the critical
strain amplitudes determined by harmonic intensity ratios are
0.13%, 0.08%, and 0.31% for HWD, SWD, and SemD,
respectively. The evaluations of harmonic intensities enable more
accurate determination of the critical strain amplitude for the
transition from the SAOS to MAOS region. The protein content
of the dough is strongly correlated with the critical strain amplitude
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for the transition from SAOS to MAOS region determined with
harmonic intensity evaluation.

The nonlinearity and noise boundaries of the MAOS region is
analyzed with respect to third harmonic (I5/I3& I2/I3 < 0.1),
respectively (Kallus et al., 2001; Fleury et al., 2004; Vittorias &
Wilhelm, 2007; Hyun et al., 2011; van der Vaart et al., 2013; Singh
et al., 2018). In Figure 5, both I5 ∕ I3 and I2 ∕ I3 are given for all
dough data at 10 rad/s. The ratio of second harmonic to third
harmonic intensity, I2/I3 < 0.1, is used to determine the low-
strain boundary of the MAOS region of each dough. Between
0.005%–1% for all doughs, the intensity ratio I2/I3 was higher
than 0.1, the data is ‘too noisy’ to be in the MAOS region. The

lower-strain MAOS boundaries are determined as 0.1%, 0.16%, and
0.27% for SWD, HWD, and SemD, respectively. The upper-strain
boundary of MAOS region was determined by evaluating the ratio of
fifth harmonic to third harmonic intensity, (I5/I3 > 0.1). The
progressive nonlinearity of stress response resulted in the
appearance of fifth and higher harmonics, indicating the end of
the MAOS region and the beginning of the LAOS region. Therefore,
MAOS regions of doughs are determined to be between 0.1%–0.4%
for SWD, 0.16%–1.3% for HWD, and 0.27%–2.2% for SemD.
Figure 5 also shows that the protein content and flour dough
quality affect the range of the MAOS region. As the protein
content increases, the MAOS region is longer, and dough
tolerates higher strain amplitude deformation without substantial
structural decay.

Hyun et al. (2006) attempted to characterize and compare the I3/I1
of linear and branched polypropylenes as model systems to
determine the MAOS region with I3/I1 versus strain amplitude
curves (typically in the strain region between 30%–100%) in log-
log coordinates (Hyun et al., 2006a). Fourier Transform of the
stress response is formulated with first and third harmonic
intensity with a relation of I1 ∝ γ0 and I3 ∝ γ03, respectively.
Then, the quadratic scaling result that the first harmonic to third
harmonic ratio have a relation with γ 0

2, I3/I1 ∝ γ02. I3/I1 as a
function of strain amplitude shows a log-linear relationship and
the slope is 2. The slopes of the non-linear function Q and I3/I1
versus strain amplitude of linear polymers with various molecular
weights and distribution approach to 2. By increasing the fraction
of branching, the slope of third harmonic intensity to first
harmonic intensity (I3/I1) gradually decreases to 1.64.
Therefore, I3/I1 has proven to be a sensitive measure to
distinguish polymer topology (linear or branched) and the
degree of branching by MAOS characterization (Hyun et al.,
2006b). Hyun et al. (2007) investigated the effect of excitation
frequency, temperature, and polymer topology of various polymer
melts including HDPE, PLA/Epoxy, LDPE (Hyun et al., 2007). The
linear polymer melts had a slope of 2, whereas branching decreased
the slope of I3/I1 independent of excitation frequency and
temperature of the polymer melt (Hyun et al., 2007).

Fourier-transform rheology (FT-rheology) and nonlinear
coefficient, Q = I3/I1

γ2 , have been used to study the nonlinear
response of monodisperse linear and comb polymer melts under
oscillatory shear (Hyun & Wilhelm, 2009). Linear polymer melts
exhibited constant Q values under small and medium strain
amplitudes. At large strain amplitude, Q value is decreased
systematically. The comb polymer displayed an overshoot
behavior. Two relaxation processes were observed in comb
polymers with entangled branches, namely, those associated with
the relaxation of branches and that associated with the backbone
chains (Hyun & Wilhelm, 2009). It is proposed that Polymer
topology has a strong influence on the nonlinear coefficient Q
and the zero-strain nonlinearity Q0. Systematic investigation of Q
value has proven to have the potential to quantify intrinsic (zero
strain) nonlinearity capable of distinguishing polymer topology and
relaxation process of branches and backbone of polymers (Hyun &
Wilhelm, 2009).

MAOS has received considerable attention lately due to its
ability to differentiate the large strain rheological behavior caused
by polymer topology and molecular weight of polymers among

FIGURE 4
The harmonic intensity map of doughs including I2 ∕ I1, I3 ∕ I1, and
I5 ∕ I1 of themeasurements during the amplitude sweep at 10 rad/s. The
boundaries of SAOS for each dough have been shown by vertical lines.

FIGURE 5
Typical harmonic intensity map of SWD, HWD, and SemD
including I5/3 and I2/3 during amplitude sweep experiment at 10 rad/s.
The boundaries of MAOS of each dough have been shown by vertical
lines.
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other structural features (Neidhöfer et al., 2003; Hyun et al., 2006a;
Hyun & Wilhelm, 2009; Wagner et al., 2011; Hyun & Wilhelm,
2018). Our observations on the dynamic oscillatory shear
measurements focusing especially on medium amplitude
oscillatory shear region (MAOS) of dough with various protein
content revealed that protein content of dough was correlated with
the MAOS parameters and soft wheat dough (SWD) showed the
highest microstructural deformation followed by HWD and SemD
(Erturk, 2022). AlthoughMAOS offers the benefits described earlier,
one significant drawback of the conventional method is its laborious
and resource-intensive nature. The material functions that are
dependent on frequency in MAOS are usually obtained by
conducting strain amplitude sweeps at each frequency and then
fitting equations to the obtained data. This data acquisition process
is time-consuming since data at multiple strain amplitudes are
required at each frequency.

2.4 The sequence of physical processes
(SPP) for LAOS

The FTC requires the secant and tangent terms at the maximum
and minimum values of the stress response of the material. Discrete
local measures and parameters are widely separated, and their links
to rheological properties are difficult to establish. The sequential
physical process methodology (SPP) was developed by Rogers et al.
(2011) has contributed to improving our understanding of nonlinear
rheology by providing new physical interpretations and insights into
complex materials (Choi et al., 2021; Lee & Rogers, 2017; Rogers,
2012; S; Rogers et al., 2012). According to this approach, the
instantaneous transient modulus (modulus with respect to time)
within the oscillation cycle of strain as well as its variability is defined
by the Frenet-Serret Theorem (Rogers, 2012; Rogers, 2017; Donley
et al., 2019; Donley et al., 2020).

The SPP methodology is a way of evaluating the rheological
response of a material based on a three-dimensional array of strain,
strain rate, and stress values over time. This methodology represents
and evaluates the material’s response by constructing this array and
using it to analyze the material’s behavior. Each point in an
oscillation cycle is given by a position vector, P(t):

P t( ) � γ t( ), _γ t( ), σ t( )[ ] (18)
Frenet-Serret Theorem uses an orthonormal set consisting of

vectors called tangent (T(t)), normal (N(t)), and binormal vectors
(B(t)) that help define any point in a three-dimensional space as a
function of time as represented in Figure 6. The tangent vector (T(t))
points to the direction of flow which is tangent to the L-B curve
defined by the time derivative of the position vector, T(t) =
P′(t)/|P′(t)|. Normal vector, (N(t)), points to the center of the
curvature defined by the time derivative of the tangent vector,N(t) =
T′(t)/|T′(t)|. These two vectors T(t) and N(t), spans the osculating
plane of the deformation. The third binormal vector B(t),
orthonormal to both T(t) and N(t) vectors are naturally
orthonormal to the osculating plane defined by T(t) and N(t)
(Rogers, 2012; Rogers & Lettinga, 2012; Park & Rogers, 2020a).
The binormal vector is calculated by;

�B t( ) � �T t( ) × �N t( ) (19)

Each point throughout the applied strain cycle is defined by
distinct vectors of T, N, and B (Rogers, 2012; 2017).

The projections of binormal vector B(t) = (Bγ, B _γ/w, Bσ) and
orientation of the osculating plane along the strain, strain rate, and
stress curve is evaluated to define instantaneous/transient elastic
(G′

t) and viscous (G″
t ) moduli:

G′
t � −Bγ

Bσ
� dσ

dγ
(20)

G″
t � −

B _γ
w

Bσ
� dσ

d _γ
ω( ) (21)

where B _γ/w, Bγ, Bσ are the projections of binormal vector B(t) along
the strain rate, strain and stress axis, respectively. Another important
parameter to consider when comparing elastic and viscous behavior
of a material over time is the instantaneous phase angle that
describes the behavior of the material over time:

δt � tan−1 G″
t

G′
t

( ) (22)

If instantaneous/transient elastic (G′
t) and viscous (G″

t ) moduli
are equal to each other, then instantaneous delta becomes δt = π/4. If
δt >π/4, this means ‘liquid-like’ and viscous behavior dominates the
elastic behavior of material resulting G″

t > G′
t, contrary to δt <π/

4 when the material is mainly elastic/‘solid-like’ with G′
t > G″

t

(Rogers & Lettinga, 2012; Park & Rogers, 2020a; Armstrong
et al., 2021a). The SPP method uses Frenet-Serret apparatus to
calculate instantaneous G′

t and G
″
t along the L-B curve at every point

of an oscillation cycle.
Rather than selecting discrete values at specific strains and strain

rates, the SPP approach incorporates all strain, strain rate, and stress
components along the L-B curve (Ewoldt et al., 2008a). Throughout
the oscillation cycle, the instantaneous moduli were interpreted
using Cole-Cole plots (Donley et al., 2019), which show how
they change over time. The SPP framework also offers a unique
feature in that it determines the derivatives of the transient moduli.
By doing so, it is possible to gather detailed information about the

FIGURE 6
Frenet-Serret Framework of nonlinear response in deformation
space with arbitrary T(t), N(t), and B(t) on a representative Lissajous-
Bowditch curve.
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transients related to time and magnitude of the material
characteristics, such as softening, stiffening, thickening, or
thinning. SPP parameters are presented on a Cole-Cole plot
(instantaneous vs. plot) which enables an easier interpretation of
the dynamics of materials as shown in Figure 7.

2.4.1 Utilizing sequence of physical processes (SPP)
for characterizing LAOS properties of doughs

The SPP method differs from the Fourier Transform methods
because it considers the entire response curve of the data with
respect to each wave cycle, and the response curve does not need to
be periodic to be evaluated in the SPP method. As a result, the time-
dependent moduli and their derivatives, as well as the equilibrium
position and strain, may be traced over time, which will allow us to
get a better understanding of how rheological behaviors progress
over time as the material responds to the input, which directly
correlates the response to physical behavior (Lee & Rogers, 2017;
Rogers, 2017). Analyzing the response with SPP permits a more
detailed understanding of the material response as linear and
nonlinear behavior evolves.

There has been a substantial amount of research showing that
the SPP method is able to accurately predict the polymer response
under LAOS under a variety of rheological models (Rogers, 2012;
Rogers, 2017; S; Rogers et al., 2012). It has also been demonstrated
that it can also be applied to polymer-like micellar solutions (Lee
et al., 2019) and multi-arm star polymers (Lee & Rogers, 2017; S;
Rogers et al., 2011). Even though SPP method should be fully
applicable to any solid, semisolid, or viscoelastic material, there is
not enough literature about food and food-related systems as of yet.
Since the parameters generated by this method operate as functions
of time, it may be challenging to correlate the results with other
rheological and sensory data (Joyner, 2021).

Fourier transform coupled with Chebyshev polynomials (FTC)
and sequence of physical processes (SPP) methodologies were used
to study, interpret and compare the large amplitude oscillatory shear
(LAOS) responses of doughs prepared with semolina, hard wheat
flour, and pectin solution (Erturk et al., 2022).

When dough is subjected to large strains, its rheological
behavior transitions from elastic (solid-like) behavior to viscous
(liquid-like) behavior beyond a critical strain where G′ � G″

FIGURE 7
Positions and trajectories ofG′

t andG″
t can be interpreted onCole-Cole plots; (A, B) the basis for interpretation of Cole-Cole plots (C)Cole-Cole plot

of G″
t vs. G

′
t (D) Cole-Cole plot of d(G″

t )/dt vs. d(G′
t)/dt and (E) corresponding elastic projection of L-B curve (F) corresponding viscous projection of L-B

curve. Stars show the starting point of the oscillation where t = 0 s in each graph (Erturk et al., 2022). The colormap of δt scale changes between
1.18 and 1.57.
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(crossover point with respect to strain) (Dinkgreve et al., 2016;
Fernandes et al., 2017; Chaparian & Tammisola, 2019; Donley et al.,
2019). A crossover point occurs when elastic and viscous behaviors
are equally weighted (G′ � G″). Beyond this point, viscous behavior
takes over elastic behavior (G′< G″). It can be attributed to the fact
that the network of proteins and starches in the body loses the ability

to reversibly absorb more energy levels. Low protein content and low
glutenin/gliadin ratio makes the dough network structure vulnerable
to deformation (Turksoy et al., 2020; Turksoy et al., 2021). Donley
et al. (2019) posit that degradation of elastoviscoplastic fluids occurs
not at one instant, but rather as a result of a series of complex events
in which solid-like and liquid-like zones coexist during the
deformation process (Coussot, 2018; Donley et al., 2019).
According to the cycle-averaged dynamic moduli of dough
sample, the crossover points between G′ and G″ occur at 103.6,
90.6% and 60.4% strain amplitudes for SemD, HWD and SWD,
respectively (Figure 8A). The FTC methodology reveals that the
cross-over point is not a single strain amplitude, but an area enclosed
by four intersections ofG′

L andG
″
L as well as the intersection between

G′
M and G″

M. Depending on the strain amplitudes, the crossover
points of SemD, HWD, and SWD fall between 44%–160%, 40%–
120%, and 18%–110%, respectively. As shown in Figure 8, the
behavior of instantaneous moduli is visualized by plotting G′

t and
G″
t values against strain amplitude over time.
SPP methodology, on the other hand, extends the notion of

stepwise degradation with instantaneous moduli in a cycle over time.
As shown in Figure 9, the behavior of instantaneous moduli is
visualized by plottingG′

t andG
″
t values against strain amplitude over

time. Transient storage moduli (G′
t) are represented by blue surfaces,

and transient loss moduli (G″
t ) are represented by red surfaces. In

Figure 8, SemD, HWD, and SWD start to yield at 5.6, 5.1, and 1.8%
strain, respectively. The crossover strain amplitudes detected by SPP
method are significantly smaller than those discovered by cycle-
averaged and FTC method. Since SPP methodology detects network
rupture at lower strain amplitudes thanks to time dependent
information throughout the oscillation, it is more sensitive than
FTC methodology in detecting crossover strain, a transition from
solid to liquid-like behavior (Erturk et al., 2022).

In terms of time, strain, or strain rate, it is possible to track how
stress evolves in a material response with SPP method. The
orientation and area of the deltoids help to visualize the

FIGURE 8
The determination of crossover points of (A)with cycle-averaged
dynamic moduli G′ and G″ (B) with dynamic moduli extracted from
FTC methodology G′

L, G
′
M , G

″
L ,G

″
M .The enclosed crossover regions/

areas determined by FTC methodology is highlighted in green,
gray and blue for SemD, HWD, and SWD, respectively. (C) Cross-over
map of dough samples of HWD, SWD, SemD and Pectin sample with
SPP methodology. Blue color represents storage modulus (G′

t), red
colored data represents loss modulus (G″

t ) with respect to time and
oscillation strain amplitude.

FIGURE 9
The sequences of physical processes that molecular structure of
dough goes through during an oscillation cycle. The star shows the
starting point of the oscillation cycle where t = 0s.
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deformation evolution of the material. An increase in the amplitude
of strain causes a change in the orientation of the deltoid. The area of
the deltoids/extensions of each side are dependent on the range of
displacements occurring between microstructural units during
intracycle rheological transitions (Rogers, 2012; Rogers, 2017; S;
Rogers, 2018). The range of structural rearrangements at that strain
amplitude is wider within the material if the deltoid has a larger area
or extended sides (Park & Rogers, 2018; Park & Rogers, 2020).

Yazar et al. have reported that past studies on dough using FTC
method showed strain stiffening caused by gluten networks and
shear thinning caused by reduced starch interactions. Increasing
strain amplitudes are compared without time information to
determine the intercycle nonlinear characteristics of dough
(Yazar et al., 2016a). Conversely, SPP methodology provides a
history of regenerative deformation within a dough structure
during an oscillation cycle (Erturk et al., 2022). Figure 9 shows a
representative Cole-Cole plots for dough sample in the nonlinear
region, the starting point of the oscillation cycle is marked with a
star. Immediately after deformation starts, doughs experience a
slight reduction in instantaneous while is constant as a function
of time, reaching a local minimum value, which indicates initial
small thinning caused by temporary alignment of microstructural
constituents. Starch clusters encapsulated within the gluten network
behave as a solid (highly elastic) network with δt<1.18 (black color
mapping). With an increase in intracycle strain, instantaneous G′

t

andG″
t of dough gradually increase. Proteins that were relaxed at rest

and unfolded are elongated as strain increases. Stretching of gluten
network elements reaches its maximum extent and energy is

accumulated elastically as gluten extension reaches its maximum
limit. Additionally, elevated strain amplitudes increase starch-starch
interaction and association, resulting in hydro-clusters which
promote shear thickening (Uthayakumaran et al., 2000; Zheng
et al., 2000; Uthayakumaran et al., 2002; Yazar et al., 2017). As
strain reverses, the magnitude of G″

t increases and the magnitude of
G′
t decreases. The gluten network stretch is released and reversed,

weak bonds dissipate energy and weak bonds become active,
resulting in a more viscous behavior. Reorientation of the
internal microstructure continues until G″

t reaches its maximum
and G′

t reaches a minimum. There is a strong strain softening in this
region due to a relaxation and disruption of the gluten network, as
well as a weak shear thickening (Zheng et al., 2000) due to the
increased starch-starch associations. When the intracycle strain
returns to zero, viscous dissipation is reduced, and the gluten
network begins to recover, as indicated by an increase in G′

t and
decrease in G″

t . Through hydrophilic and hydrophobic bonds, the
gluten reforms a stretched network when the intracycle oscillations
reach zero again. Through the same strain cycle, the whole sequence
of physical changes/processes is repeated (Erturk et al., 2022). It is
reported that while FTC methodology extracts moduli (G′

L, G
′
M, G″

L,
G″
M) at limiting conditions (γ→0, γ→max), SPP methodology

provides instantaneous and continuous moduli throughout the
oscillation cycle which produce a complete picture of the
deformation history with respect to time. The maximum and
minimum storage moduli of each methodology determine the
reformation/breakdown ratios of each material in an oscillation
cycle. As compared to FTC methodology, SPP methodology showed

FIGURE 10
Frequency sweeps (set at amplitude strain of 0.04%) of processed cheese spreads immediately after the amplitude sweep was stopped at selected
strain values ((A) 0.04%, (B) 0.6%, (C) 4%, (D) 10%, (E) 50%, (F) 80%, (G) 200%, and (H) 1,000%). HF- high-fat cheese spread, LF- low-fat cheese spreads.
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better correlation coefficients with protein, LMW/HMW, and
glutenin/gliadin ratios. As compared to FTC methodology, SPP
methodology captures network rupture and breakdown at smaller
strain amplitudes. Time-dependent continuous information
extracted from the SPP methodology provides a detailed picture
of microstructural deformation history during an oscillation cycle
(Erturk et al., 2022).

2.4.2 Utilizing sequence of physical processes (SPP)
for characterizing LAOS properties of cheese
spreads

Processes occurred to food materials in real life setting such as
food processing and consumption call for the application of large
deformations in the nonlinear regime. Therefore, LAOS has been
used extensively to study viscoelastic behaviors of food and their
relationships with composition and microstructure. Regardless of
the robust rheological measurements obtained from LAOS,
extracting meaningful physical interpretation from LAOS remains
a challenge. Hence, using a combination of analysis methods can
help to strengthen the validity of experimental results. In studying
the nonlinear behavior of processed cheese spreads, Le et al. (2023)
used the coupled frequency-amplitude sweep to probe the
nonlinearity of the materials with linear rheology. The cheese

spreads were investigated at selected strains between 0% and
1000% where the strain sweep was stopped, and immediately
followed by a frequency sweep within in the linear region of the
materials (Figure 10).

In agreement with amplitude sweep (0%–1000% at 10 rad/s),
these frequency sweeps also show the decrease of G′ and G″ as the
strain increased due to structure decay. Additionally, the changes in
these parameters as a function of strain obtained in this way also
provide more insight to how the decay process occurs. While the
high-fat (HF) sample had higher G′ and G″ at rest state, the HF
sample showed a more significant strain-dependent deterioration as
G′ and G″ decreased faster and to a greater extent than the low-fat
counterpart. Along with SEM images, it is observed that fat seemed
to strengthen the cheese matrix as a network filler at small strains
and then, became a “lubricant” which softened the matrix at higher
amplitudes. LAOS parameters were also analyzed using a
combination of FTC and SPP frameworks and were both in good
correlations (>0.79 for FTC and >0.82 for SPP) with several
morphometric parameters obtained from network quantification
of SEM images such as vessel % area, junction density, average
vessels length, and branching rate (Le et al., 2023).

In all cases, the deltoids are positioned higher than the G′
t = G″

t

line, suggesting a predominant elastic behavior in both PCSs in the

FIGURE 11
Cole-Cole plots of PCS samples at increasing strain amplitudes (A) the zoom-in of a single Cole-Cole plot demonstrating their general behavior
during one oscillation cycle (B). The red circle denotes the starting point of the oscillation cycle.
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strain range studied. In the linear viscoelastic region, the Lissajous
curves are planar without any torsion due as the instantaneous
moduli remain constant throughout the oscillation cycle (Lee &
Rogers, 2017). As such, the Cole-Cole plots appeared as very small
deltoids between 0% and 4% strain. As the material enters the
nonlinear region (>4%), the deltoids increased in size due to the
changes in instantaneous moduli.

There is a positive relationship between the area of the deltoids
and the displacement the material is subjected to causing changes of
the material′s microstructure during an oscillation cycle (Lee &
Rogers, 2017). In Figure 11A, the strain range between 0.04% and
1000% induced the most displacement in both the HF and LF cheese
networks, as the deltoids are the biggest within this strain range.
Specifically, the size of the deltoids in both samples increases as
strain increases and reached amaximum at 50% strain. Additionally,
the shape of all deltoids for both cheeses appear to experience a
similar process of physical change in each oscillation cycle at
different strain amplitudes. As indicated in Figure 11B, this
process can be described in 4 stages: 1) shear thinning and strain
softening, 2) shear thickening and strain stiffening, 3) shear
thickening and strain softening, 4) shear thinning and strain
softening. SPP has also been able to show the transition from
shear thickening (stage 2 and 3) to shear thinning (stage 4)
reported by FTC parameters, with the additional transition from
shear thinning (region 1) to shear thickening (stage 2) at the
beginning of the oscillation cycle. As the size of LF sample′s
deltoids are bigger than the HF sample′s up to 50% strain, these
physical changes occurred to a higher extent in the LF sample. This
agrees with the higher degree of strain stiffening observed in G′

L and
G′
M for LF cheeses, yet also reveals a higher extent of shear

thickening. Beyond 50% strain, the size of the deltoids in both
samples decrease and become progressively comparable in size. This
suggests that both cheeses have experienced similar irreversible
network decay at higher deformations (80%–1000%).

3 Conclusion

Molecular interactions determine the microstructure of food,
as well as its response to deformation and flow. In order to design
efficient processing equipment, to produce high-quality, stable
end products, to predict textural and sensory properties, and to
ensure consumer acceptance, the characterization of food
rheology is essential. Deformations are rapid and large during

the processing of foods and during consumption. In food studies,
LAOS has become increasingly popular due to its ability to mimic
real-life processes more closely. When food is subjected to
dynamic oscillatory shear tests, a sinusoidal deformation is
applied, the mechanical stress (or strain) is probed, and the
response is recorded. In linear viscoelastic region, SAOS
exhibits a perfect sinusoidal curve in its mechanical response.
This chapter summarize main methods to extract meaningful
rheological parameters from complex LAOS response. A time-
resolved nonlinear rheology method, SPP, gave detailed
interpretations of transient microstructures, whereas an FTC
method provided static measurements at specific strains. Food
LAOS behaviors and their relationship to food microstructures
and textures still needed to be studied in depth. By constructing
more accurate mechanical models of complex food systems, the
fundamental knowledge gained in this project can be applied to
evaluate the nonlinear rheology of food for consumer acceptance
and efficient processing.
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Nomenclature

γ Strain

γ0 Strain amplitude

_γ Shear rate

_γ0 Shear rate amplitude

δ Phase angle

η Shear viscosity

σ Shear stress

ω Angular frequency

t Time

en Elastic Chebyshev coefficient corresponding to n th harmonic number

vn Viscous Chebyshev coefficient corresponding to n th harmonic number

G′ The cycle-averaged storage modulus

G″ The cycle-averaged loss modulus

G′
M

The minimum-strain modulus or tangent modulus at γ = 0

G′
L

The large-strain modulus or secant modulus at γ = γ0

η′M The minimum-rate dynamic viscosity at _γ = 0

η′L The large-rate dynamic viscosity at _γ = _γ0

G′
t

The instantaneous/transient elastic modulus at time t

G″
t

The instantaneous/transient loss modulus at time t

δt The instantaneous/transient phase angle

T Tangent vector points to the direction of flow

B Binormal vector orthonormal to both T and N vectors

N Normal vector points to the center of the curvature

P Normal vector points to the direction of flow

In/Im The ratio of intensity at nth harmonic to intensity atmth harmonic number

FTC Fourier-transform coupled with Chebyshev decomposition method

LAOS Large amplitude oscillatory shear

MAOS Medium amplitude oscillatory shear

Q Nonlinear Q-parameter (Q = I3/I1
γ20
)

SAOS Small amplitude oscillatory shear

SPP Sequence of Physical Processes

S value Strain stiffening ratio

T value
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