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Abstract: The dough formation during the kneading for the industrial production of toast pan bread
was examined using a series of mechanical tests to assess possible transformations in its rheological
properties. For this purpose, the Young’s modulus of elasticity and squeeze flow viscometry of
the doughs taken from various processing stages of the kneading process were determined. The
rheological properties of the dough were assessed using dynamic and creep tests. Young’s mod-
ulus data revealed the changes in the elasticity of the dough exhibited during the different steps
of kneading, whereas dynamic and creep tests indicated that throughout kneading, the dough dis-
played the behavior of a weak solid. Elongational viscosity measurements showed that the dough
exhibited pseudoplastic behavior throughout the kneading process. The doughs from the various
processing steps exhibited differences in zero shear viscosity values. It is suggested that the changes
occurred during the processing stages, related to the development of secondary bonding within the
gluten matrix.

Keywords: dough kneading; Young’s modulus; industrial production; toast pan bread dough;
processing stages; rheological properties

1. Introduction

Kneading is a complex process involving various steps through which the dough
for each individual type of bread is formed. During kneading, the dough is continuously
transformed to acquire the desirable rheological characteristics required for the specific
type of bread [1]. The first step is the mixing of the ingredients, which are blended in order
to produce a relatively homogenous dough. At this stage, due to aeration, air is included
in the mass, whereas the gluten fractions present are hydrated by the addition of water,
and the consistency of the dough is increased [2]. The fibrils of the hydrated gluten stick to
each other, forming a network of larger strands. Thus, both water and air are important
contributors as far as the rheological properties of the dough are concerned. After mixing,
the dough is developed by passing through a number of steps, such as dividing, rounding,
intermediate proofing, molding, and panning. The goal of dough development is to produce
a final dough with a uniform texture and the appropriate functional characteristics suitable
for the production of a quality bakery product. Since texture development is critical, it is of
outmost importance to be monitored by measuring the mechanical properties of dough
using various rheological techniques. In industry, for quality control purposes, empirical
instruments are employed, such as the farinograph, in order to assess the water hydration
capacity of the flour and the extensiograph to assess the resistance of a dough to extension.
On the other hand, a number of research works have been reported in the world literature
assessing the rheological characteristics of dough by means of fundamental rheological
tests such as uniaxial compression or extension, squeeze flow viscometry, oscillatory shear,
or creep [3–8]. In the literature, many experimental studies have been conducted on
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the determination of extensional viscosity [9]. However, there are very few studies on
lubricated squeeze flow experiments, particularly in the case of wheat flour dough [10,11].
In terms of Young’s modulus of elasticity measurements, Liu and Scanlon [12] reported that
Young’s modulus of elasticity can be employed for assessing the physical texture of bread
crumb. Recently, the mechanical properties of packaged sliced pan breads during staling
have been investigated by determining the Young’s modulus of elasticity [13]. However,
the reported experimental data are derived from measurements conducted using dough
samples prepared in the lab with a single step of kneading; therefore, their applicability
is questionable in terms of industrial applications. Hence, it is imperative to explore the
rheological changes that occur through all the processing steps of kneading in industry
using scientific rheological techniques in order to reliably assess the mechanisms involved
in the development of dough under actual processing conditions. Most of the research
papers deal with the effect of various components employed in the lab preparation of
dough, e.g., the water content [14], surfactants [15], oxidation agents [16] and others [17],
on the rheological behavior of the dough. The same applies for rheological studies, which
deal with various experimental conditions, set in the lab, of dough preparation such as
the temperature, time of mixing, aeration, varietal differences in wheat, and others. So
far, to the best of our knowledge, there is no reported information concerning the study of
the rheological characteristics of dough through the various processing steps of kneading,
especially under conditions encountered in industry. The aim of the present work was to
monitor the structural changes that occurred in the dough of the toast pan bread examined
during the course of dough preparation up to the stage of the final proofing step as applied
in the actual processing conditions of an industrial bakery. To achieve this, mechanical,
dynamic, and creep tests were used to examine the structural changes and rheological
properties of the dough samples. The selection of the measuring techniques employed
in this work was based on the following assumptions: Young’s modulus of elasticity will
assess the degree of elasticity, as a bulk property, exhibited by the samples throughout
the various stages of kneading. The squeeze flow viscometry will assess the flowability
of the dough during the processing steps caused by the action of extensional stresses
imposed on the dough mass by means of the kneading equipment. On the other hand,
dynamic and creep tests will assess the structural modifications, on a molecular level, that
the dough mass undergoes after the various treatments take place during the process of
kneading. Dough mixing leads to the reorganization of the dough protein structure [18].
That is, during the mixing process, gluten is hydrated by the water added to the mixture of
dough ingredients, and depending on the degree of mixing, air is occluded in the liquid
phase of the dough mass in the form of small nuclei, which enhances the mechanical
properties of the dough. The mixing conditions, such as the mixing speed, temperature,
and mixing time, may affect the gluten formation [19] and modify the dough consistency by
promoting cross-linking within the gluten network [10]. There is no further occlusion of gas
in subsequent stages (sheeting, molding, etc.) of the bread making process [20]. However,
these following stages (dividing, sheeting, and molding) result in the subdivision of already
existing gas cells, thus enhancing their number, size distribution, and uniformity [21]. On
the other hand, when fermentation of the dough occurs either during pre-proofing or
proofing, another mechanism takes place, which is the evolution of fermentation gases
which rupture, to a certain degree, the gluten matrix. Similarly, Janssen et al. [22] reported
that in the fermentation and baking stages, gluten strands may undergo rupture.

It should be noted that there is a paucity of studies in the literature focusing on the
analysis of the rheological properties of doughs using these combined tests, particularly
concerning the measurement of Young’s modulus of elasticity and the calculation of the
elongational/extensional viscosity of flour doughs. It is believed that the present study
will provide further information on the changes in the structure of the dough up to its final
form before entering the oven for baking.
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2. Materials and Methods
2.1. Materials

The main ingredients of the pan bread dough were wheat flour (70% of the milling
yield), water, sucrose, baker’s yeast, margarine, emulsifiers DATEM (mono-, di-glycerides),
potassium sorbate (as a preservative), citric acid, flavorings, β-carotene, vinegar, table salt,
starch, ascorbic acid, and calcium propionate (as a preservative). The dough was prepared
according to the recipe for white flour bread [23], with some modifications. The doughs
contained 67% wheat flour. The concentration of salt was 1.5%, (on a flour basis), that of
baker’s yeast was 1.5% (on a flour basis), that of sugar was 4% (on a flour basis), that of
fat was 2%, and that of other additives was lower than 1% (on a flour basis). All materials
were purchased from local suppliers.

2.2. Manufacturing Process of Dough Formation

The dough was prepared in a local factory on a continuous production line. After
the initial mixing of the ingredients occurred in the mixer, which lasted about 15 min, the
formed dough was unloaded to the hopper of the second stage, i.e., the chunker, which,
within seconds, passed to the pre-proofer, where it remained for 15 min. Subsequently, it
passed through the various plastification stages in seconds, up to the stage of final proofing,
where the dough relaxed for 30 min before entering the oven.

In detail, the processing steps up to the proofing step were the following:

Mixing: inside the mixer, all ingredients needed to form the dough are added, and the
dough is formed.
Chunker and molder: the dough in the chunker is divided into portions, and each portion
is molded in the form of a ball in a conical rounder.
Pre-proofing: the balls rest for about 15 min inside the proofer, where a preliminary
fermentation takes place.
Plastification 1: the fermented balls are passed through a pair of cylinders, rendering
them into a sheet. Then, the sheet is converted into a roll by passing under a metal
screen conveyor.
Plastification 2: the rolls move, sandwiched between two belt conveyors, of which the
upper remains static, whereas the under continuously moves in order to acquire better
uniformity.
Plastification 3: the rolls again move, sandwiched between two belt conveyors, of which
the upper remains static, whereas the under continuously moves in order to acquire an
even better uniformity.
Proofing: the rolls enter a prover in order to rest prior to entering the oven for baking.

2.3. Sampling Protocol

The dough samples (weighing approximately 450 g) were taken from the seven pro-
cessing steps (1—Mixing, 2—Chunker and molder, 3—Pre-proofing; 4—Plastification 1,
5—Plastification 2, 6—Plastification 3, 7—Proofing) of the individual production line almost
simultaneously in order to ensure that they came from the same batch. They were quickly
wrapped in polythene bags, placed in an insulated portable food container containing cool
bags, which was kept refrigerated at 0 ◦C, and transported to the lab for measurements,
which commenced within 15 min. The measurements concerned the following tests.

2.4. Mechanical Measurements

Uniaxial compression tests were carried out on dough samples with a Texture Analyser
TA.XT.plus (Stable Micro Systems Ltd., Godalming, UK) operating in the compression mode.
The measuring probe, a flat disk-shaped metal plunger (code P/100), was attached to the
cell, which had a diameter of 10 cm. The load of the cell was 30 kg. The samples were
molded using custom-built molds constructed from aluminum alloy, consisting of two
semi-circular parts. When these parts were attached to each other, they formed a ring with
an internal diameter of 5.1 cm and a height of 0.98 cm. The molded samples were measured
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at room temperature (25 ◦C). Prior to testing, the sample was placed on a rectangular glass
plate with dimensions of 0.2 × 0.2 m, and the two ring parts of the mold were removed.
Mechanical measurements were investigated by applying the Young’s modulus of elasticity
test and the lubricated squeeze flow test.

2.4.1. Determination of Young’s Modulus

The probe speed was set to 0.1 mm/s, while the compression was set to 10% defor-
mation of the initial sample height. The parameters recorded in real-time mode were the
force, distance, and time. Stress–strain curves were plotted, and Young’s modulus was
determined from the slope of the curve. All measurements were replicated twice.

2.4.2. Lubricated Squeeze Flow Experiments

The lubricated squeeze flow experiments were conducted following the procedure
described by Bousi et al. [24]. To achieve perfect slip during the compression of the dough
samples, a thin layer of paraffin oil was applied to the glass plate at the sample’s position
before the mold containing the sample was placed. Then, the metal mold was removed,
and paraffin oil was applied to the upper surface of the sample to create lubricated flow
conditions. The compression of the samples was performed with a flat disk-shaped metal
plunger (code P/100) attached to the cell, whose diameter was 10 cm. The load of the
cell was 30 kg. To avoid artifacts caused by friction, the surface of the plunger in contact
with the sample was lubricated with a thin layer of liquid paraffin. The samples were
uniaxially compressed to 50% of their initial height. The compression tests were performed,
employing the constant strain rate mode. Four series of measurements were carried out at
constant strain rates, i.e., nominal values of 1%, 4%, 7%, and 10%. The compression speed
employed was set to 0.1 mm/s. Throughout measurements, a real-time data logging of the
force was applied, and the corresponding time was conducted. All samples were tested in
triplicate. The measurements were performed at ambient temperature (24.0 ± 1.0 ◦C).

The calculation of elongational viscosity relied on the assumption that homogeneous
deformation obtained, i.e., the perfect slip of the sample at the boundary was achieved.
Thus, the average normal (vertical) stress difference σ = Trr − Tzz was calculated as the
momentary compressive force F(t) divided by the cross-sectional area of the specimen, i.e.,

σ =
F(t)
πR2 (1)

the biaxial flow components were derived from

Vz =
.
εT H(t) (2)

Vr = − .
εT

r
2

(3)

where Vz and Vr are the normal and radial velocity components, respectively, H(t) is the
momentary sample height at time t, and r is the radial distance. The momentary strain rate
is defined as

.
εT =

[
−

dH(t)

dt

]
1

H(t)
(4)

The biaxial strain rate is defined as [25]

.
εb =

1
2

.
εT (5)

When steady flow is achieved, i.e., the stress and strain rates reach constant values,
then the elongational viscosity [26] derives from Equation (6):

ηB
( .
εb
)
= lim

t→∞

[
η+

B
(
t,

.
εb
)]

(6)
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2.5. Dynamic Tests

The rheological experiments were performed using a DMA rheometer, Bohlin model
CVOR 150 (Malvern Ltd., Worcestershire, UK). The instrument’s sample holder was a
cross-hatched plate (height 1 cm and diameter 4 cm) attached to the Peltier system of
the instrument, as described elsewhere [24]. The measuring attachment of the rheometer
was also a cross-hatched plate with a diameter of 4 cm, carefully lowered until it was just
touching the upper surface of the sample. A thin layer of paraffin oil was applied around
the edge of the sample to prevent water evaporation. The instrument was operated in
the oscillatory mode by applying a controlled strain for a frequency sweep range from
0.01 to 6 Hz. This frequency sweep range was selected in order to avoid artifacts arising
from natural resonance effects that occurred in frequency values beyond 6 Hz, when the
system operates in the controlled strain mode. The strain values attained were well within
the linear viscoelastic region and ranged from 1 × 10−6 to 1 × 10−5 depending on the
sample under testing. All measurements were conducted in triplicate for each shearing
mode employed, and the temperature of testing was set to 4 ◦C. The coefficient of variation
(CV) was approximately 2% for all the measurements.

2.6. Creep Experiments

The measurements were performed using a Bohlin rheometer model CVOR 150
(Malvern Ltd., UK). The samples were loaded on a cross-hatched plate which was tightly
fixed on the heating/cooling Peltier system of the instrument. The measuring accessory of
the rheometer, which was also a cross-hatched plate with a diameter of 4 cm, was carefully
lowered until the plate was just touching the upper surface of the sample, and thin paraffin
oil was placed around the periphery of the sample to prevent water evaporation from the
sample. During the creep, the shear stress applied was 1.0 Pa, and the duration of the
stress application was set to a maximum of 180 s. The instrument was programmed to
automatically be accepting of steady state compliance, with the acceptance to be made after
the steady state was achieved for 20 s. The duration for creep recovery was set to 180 s. In
all experiments, steady state compliance was achieved with a creep time less than the set
value of 180 s. In all measurements, the total strain values attained ranged from 1 × 10−4

to 1 × 10−3, which further confirmed that all samples were tested well within their linear
viscoelastic limits. For each sample, the measurements were replicated three times. The
temperature of the measurements was set at 4 ◦C.

The analysis of creep data was performed using the specialized software of the rheome-
ter and concerned the recovery part of the creep–recovery curves obtained during measure-
ments. It models Recovery Compliance (JR) as a function of Recovery Time (t) according to
the equation [27] below:

JR = JR(0)− JR(t) = Jg +
m

∑
r=1

[Jr[(1 − exp(
−t
τr

)]] +
t

ηo
(7)

where Jg: instantaneous elastic compliance, JR: retarded compliance, τr: retardation time of
the Kelvin component, ηo: zero shear viscosity, m: total number of Kelvin elements in the
Burgers model.

3. Results and Discussion
3.1. Young’s Modulus of Elasticity

Figure 1 shows the Young’s modulus values obtained for the toast bread dough
samples at various stages of dough formation. As shown in Figure 1, at the stage of mixing,
the elasticity developed was not so high compared with that at the chunker and molding
stages, which increased considerably, presumably due to the transformation of dough
portions into balls where the entanglements in the gluten matrix became denser. This can
be attributed to the presence of disulfide bonds created due to the oxidation of the ascorbic
acid added to the dough by means of air entrapped inside the dough during mixing. It is
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well known that ascorbic acid undergoes oxidation by ascorbate oxidase, resulting in the
formation of dehydroascorbic acid, which oxidizes endogenous glutathione to its disulfide
form [28]. At the stage of pre-proofing, the elasticity of the dough was slightly increased,
possibly due to the further rearrangement of the dough network. On the other hand, at
stages four and five, the elasticity was greatly reduced, possibly due to the continuous
compression of the dough, causing the disruption of entanglements formed in the gluten’s
matrix and the formation of thin sheets in the form of fibrils. At stage six, the gluten
matrix seems to recover as far as the elasticity is concerned, and this might be due to the
strain hardening effect. Finally, the dough inside the proofer maintains its elasticity, albeit
to a slightly lesser extent, despite the extension caused by the evolution of fermentation
gasses—again, possibly due to the strain hardening effect.
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Figure 1. Young’s modulus of elasticity results of toast bread dough samples obtained from the
various kneading steps: 1—Mixing; 2—Chunker and molder; 3—Pre-proofing; 4—Plastification 1;
5—Plastification 2; 6—Plastification 3; 7—Proofing.

3.2. Dynamic and Creep Tests

Figure 2a depicts the G′ modulus curves of the samples taken from the kneading stages
of dough for the production of toast bread. It can be seen that the toast bread dough shows
the behavior of a weak viscoelastic solid since the G′ modulus values increase with the
increase in the frequency of oscillation. Figure 2a shows only the G′ modulus curves and
not the G′′ modulus curves to avoid confusion due to the great number of curves. At any
rate, in all samples, the G′ modulus curves were higher than the G′′ modulus curves. The
G′ modulus values for the mixing stage appear (Figure 2a) to be lower than the rest of the
stages, with the exception of the pre-proofing stage values, which are identical. On the other
hand, the curves corresponding to the chunker and plasticization 1 stages exhibit higher
G′ modulus values. This means that, during mixing, the dough was not hydrated to the
point of creating an intense gluten matrix, and its elasticity was rather low, whereas in the
case of pre-proofing, due to the evolution of gases, the matrix assumed an open structure,
which weakened the elasticity of the network. On the other hand, the transformation of the
dough into the shape of a ball occurred in the chunker stage, and that of a roll occurred
in the plastification stage, which helped to increase the elasticity of the dough thanks
to the formation of more entanglements, possibly due to the creation of more secondary
bonds. The same applies at the stage of plastification 2, where the dough achieves better
uniformity. As for the stages plastification 3 and proofing, again, the elasticity was reduced
to a certain degree, possibly due to the breakage of a number of secondary bonds. The
decrease in elasticity could be attributed to the fact that yeast is subjected to stress at low
temperatures, resulting in the production of glutathione, which forms disulfide bonds (S-S)
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with sulfhydryl (SH) groups [29]. Consequently, the high-molecular-weight glutenin chains
(HMW-GLU) break down, causing a decrease in the modulus of elasticity, and thus, the
dough’s gluten network cannot retain CO2 [30].
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Figure 2. (a) Mechanical spectra of toast bread dough samples obtained from the various stages of the
kneading process: 1—Mixing, O; 2—Chunker and molder, •; 3—Pre-proofing, ∆; 4—Plastification 1,
+; 5—Plastification 2, N; 6—Plastification 3, H; 7—Proofing, Z. (b) Complex viscosity curves of toast
bread dough samples from various stages of the kneading process, as a function of the frequency
of oscillation: 1—Mixing, O; 2—Chunker and molder, •; 3—Pre proofing, ∆; 4—Plastification 1, +;
5—Plastification 2, N; 6—Plastification 3, H; 7—Proofing, Z.

As for the complex viscosity (η*) values exhibited by toast bread dough samples,
Figure 2b shows that the viscosity curves of the samples taken from the chunker and
plastification 2 stages are higher than those of the other stages, whereas those of mixing,
pre-proofing, and plastification 3 are the lowest. Létang et al. [31] and Gómez et al. [32]
reported that different mixing times could affect the rheological properties of the doughs.
Skerrit et al. [33] noted that prolonged mixing results in a reduction in the molecular weight
of the glutenin macropolymer and the disruption and release of glutenin polymers from
the dough.

Concerning the creep tests carried out for the samples obtained from the various
stages of the dough formation of toast bread, it can be seen in Table 1 that, in general,
there is an agreement regarding the elasticity exhibited by the dough samples when the
results obtained from the creep tests are compared with the analogous ones obtained
for the Young’s modulus of elasticity. Thus, the elasticity at the mixing stage (Table 1)
is mainly due to secondary bonds which were broken and reform after a time interval
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calculated for the corresponding retardation time, which, in the case of this stage, is 5.1 s.
It is worth mentioning that the viscoelasticity properties of the dough are related to the
glutenin composition [34]. Lancelot et al. [35] reported that during the mixing process,
the intermolecular disulfide bonds mainly contribute to the structural development of the
dough and to the stability of the gluten network. It should be noted that dynamic and
creep tests were performed at 4 ◦C to prevent the activation of the yeast, which can affect
the dough formation [36]. Since the low temperatures strengthen and increase hydrogen
bonds [37–39], testing dough at low temperatures in dynamic and creep tests could enhance
the stability of the dough samples.

Table 1. Creep parameters in toast pan bread dough samples taken from various stages of the
kneading process.

Process Step 1 Gg (Pa)
2 G1
(Pa)

3 τ1
(s)

G2
(Pa)

τ2
(s)

G3
(Pa)

τ3
(s)

G4
(Pa)

τ4
(s)

G5
(Pa)

τ5
(s)

G6
(Pa)

τ6
(s)

Mixing 5291 46,860 5.1
Chunker 939 68,728 1.15 146,477 5.1

Pre-proofing 1999 166,223 0.26
Plastification 1 965 77,579 2.42
Plastification 2 37,936
Plastification 3 14,695

Proofer 118,063
1 Gg, instantaneous elastic modulus; 2 G1,2,3,4, retarded elastic moduli; 3 τ1,2,3,4, retardation times.

Moreover, a number of secondary bonds had been stretched without being broken and
recovered after the stress was removed, as indicated by the instantaneous elastic modulus
value of 5291 Pa (Table 1). At the second stage, which is the chunker, it can be seen in
Figure 1 that the Young’s modulus value is higher than that of the mixing stage, and the
same applies in the case of the creep test, where the combined values of the elastic moduli
are higher than those of the mixing stage. Quite similarly, concerning the stage of pre-
proofing, the elasticity exhibited (Table 1) is also higher than that of the mixing stage, which
is also the case for the Young’s modulus test (Figure 1). In the case of the plastification
1 stage, it can be seen (Table 1) that the values of the elastic moduli are lower than those
of the pre-proofing and chunker stages and quite similar to those of the mixing stage. As
for the plastification 2 stage, the instantaneous elastic modulus value is lower than those
exhibited at the other stages, and this coincides with the analogous results obtained from
the Young’s modulus test. However, in the case of the plastification 3 stage, it can be seen
that there is a considerable discrepancy between the values of the elastic moduli obtained
from the creep tests and Young’s modulus tests. That is, although the creep test reveals a
rather high value (14,695 Pa) of instantaneous elasticity indicating that the structure of the
dough is quite compact due to compression carried out in order to form a thin film, allowing
for the creation of many secondary bonds, nevertheless, it does not correspond to that high
value of the modulus of elasticity obtained from the Young’s modulus test. It is possible
that the high value observed for the Young’s modulus could be attributed to the strain
hardening effect caused by the continuous compression of the material, causing fatigue.
As for the proofing stage, the elasticity exhibited is considerably high. Instantaneous
elasticity means the secondary bonds present are quite strong, presumably hydrogen bonds
and disulfide bonds, which are stressed without breaking, and as soon as the stress was
removed, they fully recovered, remaining on site. This elasticity is similar to that exhibited
by the Young ’s modulus test. Wang and Sun [40] reported that high recovery strain values
are positively related to the bread loaf volume. It should be mentioned that the presence
of other ingredients, such as salt [41] and shortening [42], could affect the rheological
properties of the dough.

Figure 3 shows the zero-shear viscosity (ηo) values of samples from the various stages
of the kneading process of toast bread dough formation as they were obtained from the
creep–recovery curves. It can be seen (Figure 3) that the ηo values of the last three stages of
the kneading process are higher than those of the first four samples, indicating that at these
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three stages, the structure of the dough became more cohesive, resulting in the increase in
the zero shear viscosity.
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Figure 3. Zero shear viscosity values of toast bread dough samples from the various stages of
the kneading process: 1—Mixing; 2—Chunker and molder; 3—Pre-proofing; 4—Plastification 1;
5—Plastification 2; 6—Plastification 3; 7—Proofing.

3.3. Lubricated Squeeze Flow Viscometry

Using the equations for lubricated squeeze flow presented in Section 2, the experimen-
tal data obtained from the measurements carried out, the elongation viscosity flow curves
were constructed. The typical force–distance curves and the curves of the elongational
viscosity of the toast bread dough samples obtained from the various stages of the kneading
process are presented in Figures 4 and 5, respectively. For better understanding, it was
decided to take elongational viscosity values from the plateau region of the curves, where
the flow was stabilized. Graphs of elongational viscosity were then constructed in relation
to the corresponding values of the biaxial strain rates for all of the examined samples. It is
noted that the actual values of elongational viscosity correspond to those observed in the
plateau region. In this section of the curve, the flow was stabilized, whereas in the rising
section, the flow continuously changes (transient flow regime). Based on the above, the
flow curves of elongational viscosity versus the biaxial strain rate of the toast pan bread
dough samples obtained from various stages of the dough formation process are shown in
Figure 6. The flow curves, as shown in Figures 5 and 6, indicate that all samples exhibited
similar pseudoplastic flow behavior under plug flow conditions. Turbin-Orger et al. [10]
reported that during fermentation, elongational viscosity limited the loss of dough stability,
possibly due to the resistance of the dough matrix to bubble growth. Nevertheless, the
stages of proofing, plastification 2, and plastification 3 show a slightly higher viscosity,
and this is in agreement with the results obtained from the creep tests and concern the
zero-shear viscosity. Ktenioudaki et al. [43] found that there is a negative relationship
between the biaxial extensional viscosity and loaf volume.
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samples obtained from various stages of the dough formation process.

4. Conclusions

The results obtained in this work concerned the rheological and structural characteris-
tics of the dough formation that evolved during the various kneading steps of toast bread.
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The dough inside the proofer maintained its elasticity. The zero shear viscosity values of the
doughs from the last three stages (Plastification 2, Plastification 3, Proofing) of the kneading
process were higher than those of the first four samples (Mixing, Chunker and molder,
Pre-proofing, Plastification 1). The doughs from the stages of Proofing, Plastification 2, and
Plastification 3 exhibited a higher elongational viscosity than those from the other stages.
These results indicated that the combined effect of the rheological tests employed helped
to describe in a rather satisfactory manner the changes in the structure of the dough up
to its final form before entering the oven for baking. It appears that these changes were
related to the development of secondary bonding that occurred in the gluten matrix, which
underwent transformations due to mechanical action during the mixing of the ingredients,
lamination, rolling, sheeting, dividing, and proofing.
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