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a b s t r a c t

Large Amplitude Oscillatory Shear (LAOS) tests were conducted at strains ranging from 0.01% to 200%
and different frequencies (20, 10, 1, and 0.1 rad/sec) on hard wheat flour dough samples obtained from
the different phases of Farinograph mixing: 1) at the first peak, 2) 5 min after the first peak, 3) 12 min
after the first peak, 4) at the 20th min. All samples showed strain stiffening and shear thinning behavior
in large strains. The gluten network is the origin of strain stiffening behavior and the rearrangement of
the suspended starch matrix is the origin of shear thinning behavior. LAOS enables us to independently
deconvolute these two events offering new insights into the structural origins of rheological properties in
the non-linear region. Dough samples started to show strain softening and shear thickening after giving a
peak around 100% strain due to the onset of the breakdown of the gluten network.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Dough0s rheological response to large deformations is of
particular importance (Amemiya and Menjivar, 1992; Schulentz
et al., 2000; Connelly and Kokini, 2007; Kim et al., 2007). Strains
experienced by dough during mixing and in the bread-making
process can range from 100% during sheeting to 1000% during
fermentation and oven rise, and up to 500,000% during mixing
(Menjivar, 1990). Fundamental rheological measurements in the
nonlinear region using Large Amplitude Oscillatory Shear (LAOS)
tests may be useful. Ewoldt and McKinley through the elegant use
of Fourier transforms coupled with Chebyshev polynomials
developed sound rheological properties to be able to characterize
viscoelastic rheology in the non-linear region (Ewoldt et al., 2007;
Hyun et al., 2011; Ewoldt, 2013; Liu et al., 2014). This method is
based on Fourier transform rheology (FT-rheology) (Wilhelm,
2002; Klein et al., 2008; Nam et al., 2010; Wilhelm, 2011). For a
sinusoidal strain input g (t) ¼ g0 sin (ut), the stress response can
be represented completely by a Fourier series given in two alter-
nate forms to emphasize either elastic or viscous scaling,
respectively.
sðt;u;goÞ ¼ go
X

nodd

�
G0
nðu;goÞsin nut

þ G00
nðu;goÞcos nut

� ðfor elastic scalingÞ;

sðt;u; _g0Þ ¼ _g0
X

nodd

�
h00nðu;g0Þsin nut

þ h0nðu;g0Þcosnut
� ðfor viscous scalingÞ:

Here, u is the imposed oscillation frequency, g0 is the strain
amplitude, _g0 the resulting strain rate, and t is time (Ewoldt et al.,
2008).

The stress response in LAOS is not sinusoidal in the non-linear
region; the stress response wave is not proportional to the
applied strain wave and the linear viscoelastic functions, G0 and G00,
do not have any useful meaning. In the nonlinear region, the stor-
age and loss modulus become a function of the strain amplitude as
well as the applied frequency (G0 (g0,u) and G0 0 (g0,u)) (Nam et al.,
2010; Hyun et al., 2011).

Ewoldt et al. (2008) extended the method of orthogonal stress
decomposition used previously by Cho et al. (2005) in order to
soundly interpret LAOS data. This method decomposes the generic
nonlinear stress response into a superposition of an elastic stress
s0(x), where x¼ g=g0 ¼ sin ut and viscous stress s00(y), where y¼ _g/
_g0 ¼ cos ut. The sum of these elastic and viscous contributions is
expressed as the total oscillatory stress, s (t)¼ s0(t)þ s0 0(t). They are
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Fig. 1. G values of hard dough samples.
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related to the Fourier decomposition as indicated below:

s0≡
sðg; _gÞ � sð�g; _gÞ

2
¼ g0

X

nodd

G0
nðu;g0Þsin nut;

s00≡
sðg; _gÞ � sðg;� _gÞ

2
¼ g0

X

nodd

G00
nðu;g0Þcos nut:

The elastic and viscous contributions to the measured stress
response are then obtained as follows;

s0 xð Þ ¼ g0
X

n:odd

enðu;g0ÞTn xð Þ; s00 yð Þs00 xð Þ

¼ _g0
X

n:odd

vnðu;g0ÞTn yð Þ;

Tn(x) represents the nth-order Chebyshev polynomial with odd
symmetry and x ¼ g=g0, y ¼ _g= _g0 provide the appropriate domains
of [�1, þ1] for orthogonality. Ewoldt et al. (2008) very astutely
recognized that en(u,g0) represented the elastic Chebyshev
Table 1
Crossover points for hard wheat flour dough samples at different phases of Farinograph

Frequency (rad/sec) 1st phase of mixing 2nd phase of

Strain (%)

0.1 52.79 ± 3.20 87.80 ± 10.99
1 49.99 ± 3.90 65.80 ± 6.63
10 57.35 ± 2.96 55.66 ± 0.71
20 50.12 ± 8.85 57.56 ± 5.76
coefficients and vn (u,g0) the viscous Chebyshev coefficients.

en ¼ G0
nð � 1Þðn�1Þ=2 n : odd;

vn ¼ G00
n
u

¼ h0n n : odd:

The raw periodic stress response s(t;u,g0) at steady state is
plotted parametrically against g(t) after the stress data is normal-
ized for the amplitude of stress (s/so) and the strain data is
normalized for the amplitude of strain (g/go). These plots are
commonly called Lissajous-Bowditch curves and they display
characteristic transitions in the non-linearity of the fluid0s
response. In the linear region, the shape of the Lissajous graph is
elliptic in the elastic analysis. In the nonlinear region, a deformed
parallelogram is observed whose shape depends on the applied
strain and the frequency during the deformation process.

The application of LAOS to characterize the large amplitude non-
linear rheological properties of food products is new. Examples
include gluten gels (Ng et al., 2011), polysaccharide dispersions i.e.
mixing.

mixing 3rd phase of mixing 4th phase of mixing

175.13 ± 14.07 177.24 ± 63.72
101.45 ± 7.27 201.46 ± 12.27
78.12 ± 5.59 113.58 ± 12.54
51.52 ± 17.70 94.17 ± 21.18



Fig. 2. G values of hard dough samples at the highest (~200%) and the lowest (~0.01%) strain values.
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carrageenan or starch (Klein et al., 2008), whey protein isolate and
к-carrageenan gels (Melito et al., 2013a), tuna myofibrillar protein
(Liu et al., 2014), commercial cheese (Melito et al., 2013b), and to-
mato paste (Duvarci et al., 2016). Because the technique offers new
intracycle information at each strain studied, it gives deeper in-
sights previously unavailable through the use of linear viscoelastic
rheological analysis.

The objective of this research is to study the nonlinear rheo-
logical properties of hard wheat flour dough as a function of mixing
time in a Brabender Farinograph, report the changes that occur in
the stress waveform as strain is increased, plot intracycle behavior
using Lissajous curves, obtain the Chebyshev constants and help
understand the molecular origins from inferences that can be
drawn from earlier studies.
2. Materials and methods

2.1. Materials

Hard red winter wheat flour (11.54%moisture, 29.8% wet gluten,
63.3% water absorption) obtained from Siemer Milling Company
(Hopkinsville, KY) was used to prepare the dough samples evalu-
ated in this study.
2.2. Methods

Dough samples were prepared using a Farinograph (Brabender,
Germany) according to the AACC method 54-21 (AACC, 2000). The
Farinograph torque values were recorded as a function of time
during mixing.

The non-linear rheological properties of the dough samples
were measured with a DHR-3 Rheometer (TA Instruments, USA)
using the LAOS (Large Amplitude Oscillatory Shear Test) mode. The
measurements were carried out in triplicate at 25 �C using fre-
quencies of 0.1, 1, 10, 20 rad/sec and between the strain values of
0.01 and 200% at nine values of strain. A 40 mm sand-blasted plate
and a gap of 2 mmwere used for all the measurements. The dough
samples were rested until the axial normal force relaxed to 1 N. All
the non-linear data were obtained through the use of TRIOS soft-
ware provided by TA for LAOS analysis. The raw stress waves and
Lissajous curves were drawn using the software OriginPro 8.6.

3. Results and discussion

3.1. Raw rheological data for hard wheat flour dough

3.1.1. Dough development data during mixing
The Farinograph curves show a strong and resilient dough with

excellent stability. The arrival time is equal to 0.5 min the peak time



Fig. 3. Lissajous curves for the elastic component of hard wheat flour dough obtained from a) the 1st phase of Farinograph mixing and b) the 4th phase of Farinograph mixing.
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is 9.0 min. The departure time is > 20 min and the stability of the
dough is equal to 16.0 min. In order to study the effect of mixing on
LAOS properties, wheat flour dough samples were obtained at 4
different stages of Farinograph mixing: 1) at the first peak, right
after the arrival time at 1.25 min (1st phase), 2) 5 min after the first
peak, before the peak time, 3) 12 min after the first peak, after the
peak time, 4) at 20 min, which corresponds to where we stopped
Farinograph mixing measurement (standard procedure).
Fig. 4. Lissajous curves for the viscous component of hard wheat flour dough obtained from
3.1.2. Analysis of the rheological behavior in the linear and non-
linear region

Analysis of the rheology of the hard wheat flour dough samples
was carried out at strains corresponding to the SAOS, medium LAOS
(MAOS) and LAOS regions (0.01, 0.06, 1.6, 11, 28, 44, 70, 105, and
200%). G0 and G00 values were evaluated in SAOS, whereas LAOS
rheological parameters were evaluated in the non-linear region.

Fig. 1 shows the linear G0 and G00 values at different stages of
a) the 1st phase of Farinograph mixing and b) the 4th phase of Farinograph mixing.



Fig. 5. Large strain modulus (GL) values for hard dough samples.
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Farinograph mixing. At a strain of 0.01% and a frequency level of
0.1 rad/sec, the dough sample from the 1st phase of mixing had the
lowest G0 value whereas the dough samples from the 3rd and the
4th phases of mixing had similar and highest G0 values. At the
highest frequency of 20 rad/sec the dough sample from the 4th
phase of the mixing again showed the highest G0 value while the
dough samples from the 1st, 2nd, and 3rd mixing phases showed
lower and relatively close G0 values. All these observations suggest
that the protein network continued to develop throughout the four
phases of mixing. The more developed network structure induced
by mixing showed more elasticity indicated by higher G0 value.
When the frequency is higher, the energy delivery to the sample
happens in a shorter period of time which results in the cross over
of G0 and G00 in smaller strains. Clearly, this is the outcome of the
high 16 min long stability of hard wheat flour dough.

We observe that the transition strain is relatively large at small
frequencies (0.1 and 1 rad/sec) and becomes progressively lower as
the frequency increases (10 rad/sec and 20 rad/sec) showing that
the gluten network is unable to maintain its network structure and
disulfide bonds holding it together begin to breakdown under the
magnitude of the increasing stress injecting a level of energy
exceeding the maximum stable average bond strength density
(Table 1). This may be an irreversible phenomenon where the rate
of disulfide bond destruction exceeds the rate of formation of di-
sulfide bonds leading to a progressively weak network (Wall, 1971).
This transition influences the shape of the stress wave and results in
progressively increasing distortions as the strain and the frequency
both increase. We also observe that the transition strain becomes
progressively larger as the dough undergoesmixing fromPhase 1 to
Phase 4.

The change in G0 and G00 values in the linear and non-linear
region versus frequency are shown in Fig. 2. In the linear region,
the difference between G0 and G00 values are higher compared to the
difference in the non-linear region at all phases of mixing showing
that dough is a highly elastic material when it is not overstretched
as in the SAOS region but the G0 and G00 values progressively are
closer in magnitude and at the larger strains as the gluten network
softens and ultimately G0 overtakes G00 because the gluten network
loses its integrity resulting in a progressively less elastic material.
Faubion and Hoseney (1990) have referred to this as the transition
from a “viscoelastic solid to a viscoelastic liquid”. The G0 and G00

values of the sample in the 1st phase of mixing showed slightly
higher values compared to the one in the 2nd phase of mixing,
especially at 1 rad/sec and 10 rad/sec frequency values. In the 1st
phase of mixing, since the gluten network formation is not com-
plete, the dough sample still does not have the desired viscoelas-
ticity and might be more elastic compared to the 2nd phase of
mixing. Gluten network formation was not completed in the 2nd
phase of mixing and an increase was observed in the G0 and G00

values of the sample obtained both from the 3rd and the 4th phase
of mixing, which indicates that the dough development continued
after the 2nd phase of mixing.



Fig. 6. The changes in e3/e1 and v3/v1 values of hard dough samples at different frequency values.

Fig. 7. e3/e1 and S Values of Hard Dough Samples.
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Fig. 8. v3/v1 and T values of Hard Dough Samples.
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3.2. Analysis of the behavior of Lissajous curves

3.2.1. Analysis of the elastic component of stress
We deconvoluted the total stress oscillation into an elastic

oscillation and a viscous oscillation by considering the in phase and
out of phase component of stress (Lauger and Stettin, 2010; Hoyle
et al., 2014, Stadler et al., 2008, Carmona et al., 2014; Ptaszek,
2015; Ewoldt and McKinley, 2010). The Lissajous-Bodwitch curves
for the elastic component of stress are plotted in the form of
normalized stress and normalized elastic stress vs. normalized
strain for each frequency and for the four phases of dough mixing.
This figure enables understanding of the intracycle rheological
behavior of hard wheat flour dough as the amplitude of strain in-
creases in different curves for all strains (0.01, 0.06, 1.6, 11, 28, 44,
70, 105, and 200%) where the data was obtained. We superimposed
all the strain curves and we show the comparison just for the 1st
and 4th phases of mixing to be able to carefully deconvolute the
changes occurring during mixing (Fig. 3).

In the Lissajous curves a circular trajectory is observed for highly
viscous relatively inelastic materials. The response of a highly
elastic material appears either as a straight line or a narrow ellip-
tical response. Elliptical trajectories indicate linear viscoelastic re-
sponses for solid-like materials (Ewoldt et al., 2007). In the linear
region at small strains, the curves are perfect ellipses and show the
complete reversible recovery of the structure during a cycle. As we
approach the non-linear strains while the strain sweeps show the
transition strain to be very low, the Lissajous curves display perfect
ellipses up to significantly higher strains. This could be due to the
reorientation of the starch structure without actually dismantling
the protein network that maintains elasticity and intracycle line-
arity. As the strain increases, intracycle strain stiffening is being
observed at all frequencies as a result of the stiffening in the gluten
network. This phenomenon is very similar to what we observe in
start-up of steady shear flow in many food materials (Dickie and
Kokini, 1982, 1983; Kokini and Dickie, 1981). The loops started to
get wider as the frequency decreased, which shows that dough
behaves more like an elasto-viscous material at low frequencies.
This is attributed to the inhomogeneity in the distribution of
crosslinks enabling a significant part of the matrix to be loosely
held together in contrast to observations at higher frequencies
where the network is fully stretched and held tightly and elastically
together. At the largest frequency, the intracycle strain stiffening
occurred faster. Similarly, the Lissajous curves show narrower
elliptical trajectories as themixing proceeds as shown in Fig. 3a (1st
phase) and Fig. 3b (4th phase). This is a reflection of the develop-
ment of the viscoelastic network of gluten in dough up to the de-
parture time where the onset of breakdown is known to occur.
3.2.2. Analysis of the viscous component of stress
In Fig. 4, we plot the out of phase component of the stress vs. the

strain rate in order to obtain the viscous Lissajous curves. As strain
and frequency increase the Lissajous curves become progressively



Fig. 9. Large (hL) and Minimum Strain Rate Viscosity (hM) Change vs. Strain Rate Values for Hard Dough Samples.
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more elliptic. The figures clearly show that the larger contribution
to the stress wave comes from the elastic component. Non-
linearities are more obvious in the elastic component compared
to the viscous component. Both elastic and viscous data support
one another and offer deeper and more precise insights into the
non-linear behavior of wheat flour dough.

3.3. Non-linear rheological elastic properties of dough as a function
of mixing phase

Additional information is obtained by analyzing the large strain
modulus GL and the ratio e3/e1. The large strain modulus, GL,
increasedwithmixing after the 2nd phase (Fig. 5). Hardwheat flour
particles are dense and water penetrates the particles slowly
through diffusion. The mixing process facilitates diffusion because
it reduces the mass transfer coefficient at the water particle inter-
face (Hoseney, 1994). As more and more of the free water is used to
hydrate the protein and starch, resistance of the system to applied
extension is increased progressively. Thus, the height of the mixing
curve gradually increases to a peak (Hoseney,1994) and then slowly
decreases with increasing hydration. SEM images in the study of
Roman-Gutierrez et al. (2002) showed that hard wheat flour par-
ticles appear to swell with increasing mixing time. The study of Rao
et al. (2000), consistent with our own observations showed that
extra-strong wheat cultivars had greater elasticity and needed
more mixing. They also show longer relaxation times than
moderately strong wheat cultivars. All these studies explainwhy GL
values increase as the mixing proceeds at all frequency levels. The
gluten matrix is able to hold the dough structure together and the
large strain modulus seem to be close in magnitude because the
matrix does not break as the both the strain and the frequency
increase.

If the large strain modulus GL is greater than the minimum
strain modulus GM, then the response is strain stiffening, because
strain stiffening (S) is defined as; S ≡ (G0

L�G0
M)/G0

L (Ewoldt et al.,
2008). So, GL and GM values both determine the strain stiffening/
softening behavior of the samples. GL and GM values decreased as
the frequency decreased, however, they increased as the mixing
proceeded from the 1st phase to the 4th phase at all strains. As the
sample reached the non-linear region, GL and GM values decreased
and S values increased, suggesting more strain stiffening behavior.
As the mixing proceeds from the 1st to the 4th phase, the point,
where the dough structure breaks down and turns to a decreasing
level of strain stiffening behavior, retards. That can be observed in
Fig. 6. On the other hand, GL values decreased as the frequency
decreased at all the stages of Farinograph mixing. Ewoldt et al.
(2008) states that intracycle strain stiffening occurs if S > 0 and
S < 0 corresponds to intracycle strain softening. This information
shows that the hard dough samples showed strain stiffening
behavior at all phases of mixing and at all applied frequency values,
especially in the transition and non-linear regions.

e3/e1 values brought a deeper insight and showed that the hard
dough samples obtained from different phases of Farinograph mix-
ing showed strain stiffening up to a strain value of around 100% at
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frequencies 20, 10, and 1 rad/sec. Gluten network in hard dough
samples might be showing resistance to the applied strain up to a
maximum point (Fig. 6), however since the frequency level is also
high, the network might be undergoing bond ruptures as the strain
keeps increasing. And as a result; the dough sample represents a
high degree of strain stiffening at the beginning, followed by a
decrease in the rate of strain stiffening after a certain strain value at
all the frequency levels excluding the lowest frequency applied in
our experiments (0.1 rad/sec). The intensity of the strain stiffening
behavior increased as the frequency decreased. This is very new
information that is not accessible quantitatively with any other
method. Dough is known to partially recover after being stretched
rapidly and the force is immediately released (Delcour and Hoseney,
2013). However, in the measurements we have carried out, the
dough samples might not have the time to recover in the high fre-
quencies due to the oscillatory deformation. As a result, they showed
a maximum in the strain hardening behavior after a critical strain
depending on the applied frequency and then a reduction was
observed in the degree of strain stiffening. The magnitude of the v3/
v1 ratio increases from 0 in the linear region to about 0.8 in the non-
linear region where a maximum is observed. Beyond this maximum
at higher strains the ratio begins to decrease. This is attributed to the
softening in the gluten network and also the disruption in the starch
network at large strains and frequencies. When we compare the v3/
v1 and e3/e1 ratios as a function of strain it is clearly seen that the
non-linearity is more pronounced in the elastic component
compared to the viscous component.

3.4. Non-linear viscous properties of dough as a function of mixing
phase

In contrast to e3/e1 values, v3/v1 values start to increase after a
specific strain value around 100% suggesting shear thickening
behavior after this strain value. All e3/e1 values are positive (þ),
while v3/v1 values are negative (�) in the non-linear region. Strain
stiffening in the elastic response is indicated e3 > 0 and shear
thinning behavior is indicated by v3 < 0 as the magnitude of strain
increases. The magnitude of e3/e1, v3/v1 provide a quantitative
measure of the degree of nonlinearity and give equivalent inter-
pretation to e3 and v3, since e1 and v1 are always positive and
correspond to the linear elastic and viscous responses in the curve
(Ewoldt et al., 2007, 2008). Clearly, hard dough samples show strain
stiffening (e3/e1 > 0) and shear thinning (v3/v1 < 0) behavior at all
stages of Farinograph mixing. As the frequency decreased, these
values both showed increase for all the hard dough samples ob-
tained at different stages of Farinograph mixing.

Strain stiffening ratio (S) values of the hard dough samples at
different stages of mixing showed a correlation with the e3/e1
values at all frequencies, while similar correlation was observed for
shear thickening ratio (T) and v3/v1 values (Figs. 7 and 8). Negative
T values were observed for all the dough samples at all frequency
levels, which is an indication of intracycle shear thinning behavior
(Fig. 8). Shear thinning behavior starts to increase as the frequency
increases.

Large (hL) and minimum strain rate (hM) viscosity values were
plotted in Fig. 9. hL (at maximum stretch) and hM (at the beginning
of each oscillation cycle) values are very close to each other and
decreases as the frequency increases. While the highest values for
GL were obtained at 20 rad/sec frequency level, the lowest values
were obtained for hL and hM values at the same frequency. hL and
hM values generally followed the same trend in all the stages of
mixing at all applied frequencies and their magnitude in the 4th
phase of Farinograph mixing were higher than of the ones at
different stages of mixing at all frequency levels in the non-linear
region, similar to GL and GM values. hL values showed a
progressive decrease at all frequency levels as the mixing proceeds
until the 4th phase. hL values increased as the frequency decreased
from 20 rad/sec to 0.1 rad/sec gradually.
4. Conclusions

We have gained new insights into the non-linear rheological
behavior of wheat flour doughs such as intracycle behavior of
dough in both linear and non-linear region. The in phase and out of
phase stress components evaluated through LAOS offer additional
understanding and demonstrate that the in phase component of
dough is affected much more significantly than the out phase
component in the non-linear region upto 200% strain. Evaluating
the Lissajous curves for the elastic and viscous components of hard
wheat flour dough enabled us to understand that the elastic
component started to behave more elastically dominated and the
viscous component of dough behaved more viscous as mixing
proceeded from the 1st to the 4th phase. For this reason, the dough
sample gained a sticky character at the last phase of mixing which
was reflected as wider Lissajous curves for the viscous component
(starch phase). However, the development in the gluten network
(elastic component) was still proceeding that results in narrower
Lissajous curves at the 4th phase. LAOS parameters (e3/e1, v3/v1, GL,
GM, hL, hM, S and T) showed that, the gluten network has time to
stretch and reaches its limit in terms of its ability to elastically
deform at the lower frequencies. These findings are consistent with
Ng et al. (2011)0s findings on gluten gels. We then studied Lissajous
curves and we saw the previously observed intracycle strain
thickening to occur with dough as well at all phases of Farinograph
mixing. The resulting LAOS parameters showed a strong strain
dependence supporting the elastic Lissajous data and demon-
strating the strain stiffening behavior and also consistent with the
viscous Lissajous curves demonstrating the shear thinning
behavior. Similarly, positive S values showed that the hard dough
samples obtained at different phases of Farinograph mixing
showed strain stiffening behavior at all applied frequencies in the
non-linear region (0.01e200% strain range); while T values with
negative results represented that the samples showed shear thin-
ning behavior at the same time. GL values also supported the data
obtained with the Lissajous curves. Dough development was still
continuous at the last phase of Farinograph mixing, since GL values
were higher at all applied frequencies for the hard dough sample
obtained at the 4th phase of mixing compared to the samples ob-
tained at the previous stages of mixing, These are completely new
insights into dough rheology and have not been studied in the
content of dough before.

LAOS data can also be useful in terms of adjusting formulations,
process parameters i.e. time required for mixing or fermentation,
temperature for bakery products. Because dough is exposed to a
range of strain changing from 100% to 500,000% strain during
processing (Menjivar, 1990) and LAOS tests applied on dough
enable to determine the maximum strain levels that dough can
handle. Therefore, adjusting the process parameters depending on
the data obtained through LAOS tests result in producing bakery
products with better quality.
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