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Summary
The influence of mixing speed (80, 160 and 250 rpm) on dough microstructure and
dough rheology has been investigated using epifluorescence light microscopy and Mixolab
device. Principal component analysis was used to highlight the association between some
analytical characteristics of wheat flour and Mixolab parameters during the initial kneading process (1st stage) at different mixing speeds. Significant correlations were found between the gluten deformation index and some Mixolab parameters (dough development
time, work input at maximum consistency during stage 1) at all used mixing speeds. For
each of the mixing speeds used, a mathematical model was developed using dough consistency and work input at different processing times (1, 2, 3, 4 and 5 min) as variables.
The dough consistency and time point parameters give the best explanation of the variation of the work input, at the same mixing speeds and times.
Key words: Mixolab, work input, mixing speed, wheat flour, epifluorescence light microscopy (EFLM)

Introduction
The rheological properties of wheat flour dough are
essential for the quality of the finished bakery products.
Dough has a unique viscoelastic behaviour which is obtained by combining flour, water and mixing energy (1).
The mixing conditions and mixing intensity, the amount
of induced energy and mixing time significantly influence the dough rheological properties, leading to an optimum dough development, incomplete development or
overmixed dough (2,3). The effect of mixing conditions
on the rheological properties of wheat flour dough has
been widely studied (3–6) and traditional instruments
(e.g. farinograph, mixograph) (2–4,7–11) or empirical ones
(1,5,12–19) have been used. Recent studies are very useful but limited, as they are focused only on the influence
of mixing conditions on the dough rheological properties at a certain moment during bread making and they
do not provide us with an overview. The launching on
the market in 2005 of Mixolab, a new apparatus for de-

termining the dough rheological properties, has led to
new information regarding the rheological behaviour of
dough during bread making as this device makes a complex analysis of rheological properties of the wheat flour
dough (20–24). It allows in one single test to determine
the hydration capacity of flour, dough behaviour during
mixing (development time, stability or softening), heating-up behaviour at enzyme activity intensification, protein coagulation, and starch gelatinization and retrogradation during final cooling. Therefore, the possibility of
changing the mixing speed of the Mixolab device allows
an extremely complex evaluation of the changes of the
dough rheological properties during mixing and its behaviour during bread making. To our knowledge, the
application of Mixolab device has not been evaluated yet
for wheat dough systems, targeting rheological changes
caused by different mixing speeds.
The changes of the rheological behaviour of dough
induced by the mixing speed have a very high influence
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on dough microstructure. The wheat flour dough network
has been studied using light microscopy (LM) (25,26),
atomic force microscopy (AFM) (27), scanning electron
microscopy (SEM) (28–30), transmission electron microscopy (TEM) (31,32), confocal scanning laser microscopy
(CSLM) (33–39) and epifluorescence light microscopy
(EFLM) (35). EFLM is the newest method used for the
evaluation of dough microstructure and to our knowledge, its application to evaluate the wheat dough has
been done only by Peighambardoust et al. (35). The objective of the present study is to investigate the effect of
various mixing speeds on dough microstructure at the
same mixing time, effect that to our knowledge has not
yet been evaluated by using epifluorescence light microscopy by any other authors.
Therefore, we consider that a study of the effect of
different mixing speeds on wheat flour dough by epifluorescence light microscopy and rheological measurements using a Mixolab device is very useful for a better
understanding of the changes that occur during the mixing of dough and its behaviour during bread making. In
order to reduce the time of the bread making technological process, more and more bakers are using mechanical mixers with high mixing speeds. Usually the mixing
speed of the common laboratory device used to analyse
the dough rheological properties during mixing is lower
than the mixing speed used on the industrial scale, which
from the industrial point of view may create difficulties
in managing the process of dough development. Earlier
studies (2–4,7–11) have been based on the effect of dough
mixing speed, using the farinograph or the mixograph,
for example. In this report, we used the Mixolab at three
different mixing speeds on a range of Romanian wheat
flour samples, of which mean values were measured and
then EFLM was applied to get a better understanding of
dough microstructure during its processing.

Materials and Methods
Flour samples
The research was carried out on ten samples of different commercial wheat flour (harvest 2010) milled on
an experimental Bühler mill (no. MDDO 1250) from S.C.
MOPAN S.A. (Suceava, Romania). The chemical composition of the flour was determined according to the Romanian or international standard methods: moisture (ICC
Standard Method No. 110/1, 1982) (40), protein content
(ICC Standard Method No. 202) (40), wet gluten content
(ICC Standard Method No. 106/1, 1984) (40), gluten deformation index (SR Romanian Standard Method No.
90, 2007) (41), ash content (ICC Standard Method No.
104/1, 1990) (40) and falling number index (ICC Standard Method No. 107/1, 1995) (40).
Protein and wet gluten content, gluten deformation
index, water absorption and moisture content were in the
range of 11.9–16.1 %, 23.6–30 %, 2–8 mm, 56.3–60 % and
12.8–14.9 % respectively. These parameters correspond
to different types of flour which cover a wide range of
bread making quality, from strong to good, in order to
use multivariate analyses (principal component analysis,
PCA, and multiple regression analysis) for evaluating the
effect of some Mixolab parameters at different mixing

speeds on dough properties. The wheat flour ash content varied from 0.63 to 0.67, with an average value of
0.65, which is a typical ash content of bread flour in Romania. The falling number index value was in the range
of 200–518 s, which corresponded to the flour with the
a-amylase content ranging from high to low (42).

Physical characteristics of dough measured by
Mixolab
Mixing and pasting behaviour of wheat flour dough
was studied using the Mixolab device (Chopin, Tripette
et Renaud, Paris, France) according to the standard method (ICC Standard Method No. 173) (40). The instrument
analyses the protein quality and strength, amylolytic activity and starch gelling. The settings used in the study
were: mixing temperature 30 °C for 8 min, then heating
until 90 °C at a rate of 4 °C/min, holding at 90 °C for 7
min, cooling down to 50 °C for 10 min and finally holding at 50 °C for 5 min. During a Mixolab sample analysis, five different stages can be noticed. First the standard
dough behaviour during mixing at 30 °C is recorded.
When the dough temperature increases up to approx. 60
°C, the protein structure begins to destabilize, causing
weakening of the protein stability. Then, when the dough
temperature exceeds 60 °C, starch gelatinization takes
place, leading to an increase of dough consistency. In the
fourth stage, temperature is held at 90 °C and dough
viscosity decreases due to the physical breakdown of the
starch granules. In the last stage (the fifth stage), starch
gelling occurs during the dough cooling, leading to starch
gelatinization and retrogradation.
The Mixolab curves were registered at 80, 160 and
250 rpm at constant hydration. The amount of water added to the dough was determined on the basis of a known
moisture content of the sample in order to achieve a dough
consistency of 1.1 N·m.
Flour samples were evaluated for the following Mixolab parameters: dough stability (ST), i.e. time until the
loss of consistency is less than 11 % of the maximum
consistency reached during mixing, expressed in min;
dough development time (DT), i.e. the time required to
reach the maximum consistency during stage 1 (min);
dough temperature during stage 1 (T_C1), i.e. dough
temperature at maximum consistency during stage 1 (C1),
expressed in °C; work input when mixing the dough to
C1 torque (WI), i.e. the energy required to develop the
dough until it reaches the maximum consistency during
stage 1 (C1), expressed in (W·h)/kg; work input at the
end of stage 1 (WIF), i.e. the energy required to develop
the dough until the end of stage 1, expressed in (W·h)/kg;
maximum consistency during stage 1 (C1), i.e. the maximum torque during mixing, expressed in N·m; minimum
consistency during stage 2 (C2), i.e. the minimum value
of torque representing the protein weakening based on
the mechanical work and the increasing temperature, expressed in N·m; maximum consistency during stage 3
(C3), i.e. the maximum torque produced during the heating stage expressing the starch gelatinization, in N·m;
minimum consistency during stage 4 (C4), i.e. the stability of the starch gel formed, expressed in N·m; maximum consistency during stage 5 (C5), i.e. starch retrogradation during the cooling stage, expressed in N·m; differ-
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ence between points C1 and C2 (C1-2), i.e. the protein
network strength under increased heating, in N·m; difference between points C3 and C2 (C3-2), i.e. the gelatinization rate, expressed in N·m; and difference between
points C5 and C4 (C5-4), i.e. the indicator of bread shelf
life, expressed in N·m.

Epifluorescence light microscopy
Dough samples obtained at various speeds of mixing (80, 160 and 250 rpm) during 3 and 5 min were used
for EFLM observations. When applied for 3 min, these
mixing speeds resulted in mechanical energy inputs of
5.01, 10.78, 19.96 (W·h)/kg and when used for 5 min of
8.70, 18.73 and 34.81 (W·h)/kg, respectively. The maximum value of dough development time for the wheat
flour used in this study was 5.52, 3.62 and 2.48 min obtained at 80, 160 and 250 rpm, respectively. The collected
samples were prepared according to Peighambardoust et
al. (35) by staining them with 1 % rhodamine B and 0.5
% fluorescein in 2-methoxyethanol for at least 1 h. The
dough samples were observed with Motic® AE 31 (Motic, Optic Industrial Group Co. Ltd., Xiamen, PR China)
inverted epifluorescence microscope operated by catadioptric objectives LWD PH 20× (N.A. 0.4). The externally
mounted 6V/30W halogen Koehler illumination system
provides optimum illumination at any magnification. Raw
images were acquired using Moticam 2300 digital colour
camera. Digital images were taken in JPG format using
RGB mode (12 bits per each channel) with a resolution
of 1280×1024 pixels (300 dpi).

Image analysis
All samples were studied at high magnifications (image
size of 1×1 mm), allowing better characterization of the
sample microstructure. To quantify EFLM images with
respect to the amount of protein matrix within the dough
samples mixed at different speeds, ImageJ (v. 1.45, National Institutes of Health, Bethesda, MD, USA) image
processing program was used. EFLM images were loaded into the software and RGB (red–green–blue) colour
split was made. In some cases, the images were not sharp
as a result of unwanted deviations or variations in the
background light. To decrease these drawbacks, the unsharp mask filter at the moderate range (Gaussian blur,
radius of 5 mm and Mask weight of 0.5) was applied to
all EFLM images. The image properties: brightness, contrast, level and colour were also adjusted.

Statistical analysis
All results obtained from three replications were analysed using the Statistical Package for Social Sciences (v.
16, SPSS Inc., Chicago, IL, USA). The correlation analyses were performed at the probability levels of 95 and 99
%. The data showing the variation in the mixing speed
according to the Mixolab parameters were plotted using
the STATISTICA® statistical package (v. 6.0, StatSoft, Tulsa, OK, USA).
The selected method to analyse the interdependence
among all the variables is the principal component analysis (PCA). PCA is a multivariate analysis technique that
is intended to reduce the number of variables by preserving as much as possible the variance of the original
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data, resulting in a smaller set of variables. In this way,
the new variables are uncorrelated, namely principal components are determined, expressed as a linear combination of the original variables and characterized by a maximum variability. The loading plot shows how much each
variable contributes to each PC and is used for identification of trends, relations between variables, exploration
of similarities, while allowing the detection of possible
groups of variables. Multivariate analysis takes into account different mixing speeds (80, 160 and 250 rpm) in
order to show all the interactions between the parameters of the samples and to highlight their combined effects.
The multiple regression analysis, a multivariate procedure of predicting the values of criteria based on several predictors (43), was used in order to highlight the
linear combination of the time points and torque parameters at different mixing speeds and thus evaluate the
wheat flour dough consistency when correlated with the
work input.
The 'simultaneous' method (which SPSS calls the Enter method) was used to determine whether the work
input at different mixing speeds of 80 (WI_80), 160 (WI_
160) and 250 rpm (WI_250) was functionally related to
wheat flour dough consistency for each time point during mixing in the first stage of the Mixolab curve (1, 2, 3,
4 and 5 min).
For multiple regression, the following equation was
used:
Y'=b0+b1·X1+b2·X2

/1/

where Y' represents the estimated value for the criterion
variable, b0 is the constant value, b1 and b2 are regression coefficients of the predictive model, X1 and X2 are
the values of the predictor variables: X1 represents time
points at 80, 160 or 250 rpm, and X2 represents torque at
80, 160 or 250 rpm. Eq. 1 contains predictor values (time
in minutes during mixing speed at 80, 160 and 250 rpm:
T_80, T_160 and T_250, and dough consistency in N·m
for each time point: C_80, C_160 and C_250) and the coefficient bi (i=0, 1, 2), which are calculated based on the
correlation coefficient between each predictor and criterion (WI_80, WI_160 and WI_250), their value expressing
the contribution of each predictor in estimating the criterion.
All the regression models were well correlated with
the measured data and significant at p<0.01. Student's
t-test was used to determine the significance of each coefficient in the regression model. Fisher's test for the analysis of variance was performed on experimental data in
order to evaluate the statistical significance of the predictive models.

Results and Discussion
The effect of mixing speed on the EFLM analysis of
dough
The microstructure of wheat dough mixed for 3 and
5 min at different speeds is shown in Fig. 1. We can
clearly see from the obtained images how the amount of
the protein matrix increased with energy addition and
therefore with mixing time and speed. At lower mixing
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Fig. 1. Images of dough microstructure taken by EFLM: a) at 80
rpm for 3 min (5.01 (W·h)/kg), b) at 80 rpm for 5 min (8.70
(W·h)/kg), c) at 160 rpm for 3 min (10.78 (W·h)/kg), d) at 160
rpm for 5 min (18.73 (W·h)/kg), e) at 250 rpm for 3 min (19.96
(W·h)/kg), and f) at 250 rpm for 5 min (34.81 (W·h)/kg). Green
are starch granules, while red is protein

time and speed, the swollen proteins just start to become
interconnected. As dough is progressively developed by
increasing mechanical energy input, the protein masses

are stretched into a continuous network and surround
most of the starch granules. Images show that the mixing of wheat flour dough at 80 (Figs. 1a and b) and 160
rpm (Fig. 1c) leads to the formation of distinct areas of
starch granules which are the most visible, demonstrating structural inhomogeneity of the dough. In this image, discontinuous protein phases are distributed among
starch granules, which predominate. With minimum mixing time and speed, even naked starch granules are seen,
probably due to the incomplete hydration of the flour.
The protein matrix formation is minimal in wheat flour
dough mixed for 3 min at 80 rpm as compared to that in
wheat flour dough mixed for 5 min at 80 rpm and wheat
flour dough mixed for 3 min at 160 rpm. At 5.01 (W·h)/kg
(Fig. 1a), it can be seen how gluten proteins are not yet
distributed among the starch granules because the dough
is partially developed. Various sizes of starch granules
can also be seen covered with the protein network film,
which increases with the addition of energy (33). Increasing the mixing time (5 min) and speed to 160 rpm
and, therefore, dough mechanical energy input to 18.73
(W·h)/kg (Fig. 1d) transformed the discontinuous protein phase into a homogeneous one. The protein matrix
became more and more evenly structured, being more
evenly distributed around the starch granules. Mixing
dough at higher speed (250 rpm) led to the formation of
a very finely homogenous gluten structure with starch
granules highly embedded in the protein matrix. The
formed gluten fibres completely surrounded starch particles and other dough components, having extremely
fine gluten strands and high resistance to breakage.

The effect of mixing speed on the dough physical
characteristics obtained with a Mixolab
The results obtained for all the samples with the mean
values and standard deviations are given in Table 1.

Table 1. Mixolab parameters of flour samples at different mixing speeds
v(mixing)/rpm
80

Mixolab
parameters
Mean
ST/min
DT/min
C1/(N·m)
T_C1/oC
C2/(N·m)
C1-2/(N·m)
C3/(N·m)
C3-2/(N·m)
C4/(N·m)
C5/(N·m)
C5-4/(N·m)
WI/((W·h)/kg)
WIf/((W·h)/kg)

8.3
2.4
1.1
30.3
0.4
0.7
1.7
1.2
1.5
2.2
0.7
2.1
13.4

160

Range
min.

max.

4.2
1.2
1.1
28.5
0.4
0.6
1.4
1.0
0.7
0.9
0.2
1.4
7.2

9.6
5.5
1.1
31.8
0.5
0.8
2.1
1.5
2.0
3.2
1.5
2.8
18.1

S.D.

Mean

1.1
1.4
0.01
1.1
0.05
0.05
0.2
0.2
0.4
0.7
0.4
0.5
4.2

5.1
2.0
1.4
31.7
0.6
0.9
2.4
1.8
1.8
2.6
0.7
14.5
24.0

250

Range
min.

max.

3.0
1.2
1.1
29.2
0.4
0.6
1.8
1.4
1.0
1.4
0.4
12.1
16.0

8.5
3.6
1.9
33.6
0.9
1.1
2.9
2.1
2.9
4.7
1.9
19.6
32.6

S.D.

Mean

1.7
1.1
0.2
1.4
0.1
0.1
0.3
0.2
0.6
1.0
0.5
2.3
5.2

3.4
1.4
1.6
33.0
0.6
1.0
2.8
2.2
1.9
3.7
1.8
16.7
28.9

Range
min.

max.

1.9
1.1
1.2
29.9
0.5
0.7
2.2
1.7
1.2
1.8
0.6
13.4
25.4

4.7
2.5
2.0
34.8
0.9
1.3
3.2
2.6
2.9
5.4
3.4
20.0
33.5

S.D.
1.0
0.6
0.2
1.6
0.1
0.1
0.3
0.2
0.5
1.2
0.9
2.3
2.7

min. and max. represent the mean values, minimum and maximum obtained for all the 10 flour samples analysed
Mixolab parameters: ST=stability; DT=development time; C1, C3, C5=maximum consistency during stages 1, 3 and 5; C2, C4=minimum consistency during stages 2 and 4; T_C1=temperature during stage 1; C1-2=difference between points C1 and C2; C3-2=difference between points C3 and C2; C5-4=difference between points C5 and C4; WI=work input when mixing the dough to C1 torque;
WIf=work input at the end of the stage 1
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A plot of good quality baking flour recorded by the
Mixolab device at different mixing speeds (80, 160 and
250 rpm) is shown in Fig. 2.
The patterns obtained during mixing, pasting and gelling greatly varied with the mixing speeds used. Therefore, the variation in mixing speed modifies all the parameters registered on the curve by the Mixolab. It must
be mentioned that the first stage of the Mixolab curve is
the only one that provides information about the wheat
flour dough rheological behaviour during the kneading
stage comparable with those determined by other rheological devices like Brabender farinograph. The rest of
the curve shows dough behaviour during heating and
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offers information about protein weakening, starch properties and flour enzyme activity, simulating its behaviour during baking process, thus reducing the labour
requirements for testing. The correct level of a-amylase
activity in wheat flour according to Codinah et al. (44) can
be established by Mixolab device. The stability of the
starch gel (C4) and the difference between points C5 and
C4 (C5-4) are the best indicators of falling number index
assessment.
The graphical representation of the stability values
in relation to the mixing speeds and the C1 values registered in the first stage of the Mixolab curve is shown
in Fig. 3.

Fig. 2. Mixolab curves recorded at different mixing speeds (80, 160 and 250 rpm) for good quality baking flour
S1=initial mixing, S2=protein weakening, S3=starch gelatinization, S4=stability during baking, and S5=retrogradation are the stages
of Mixolab curves; pink curves indicate dough temperature

Fig. 3. Mixing speed (v) as a function of the torque (C1) and stability (ST): a) spatial representation, and b) representation by contour curves
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The stability of the dough decreases (6,9,45) and C1
increases (6,9,12) simultaneously with the increase of the
mixing speed. This can be attributed to the increase of
the mixing speed, which leads to a higher depolymerisation of the gluten network, accompanied by a higher
exposure to the surface of the reactive groups, capable of
forming links with those of neighbouring molecules and,
therefore, form a greater number of new interchain cross-links at new positions, including interchain disulphide
bonds. The number of interchain disulphide bonds and
the speed with which they are broken (from the disulphide (S-S) in sulphydril (S-H) bonds) also increase due
to the energy input resulting from dough deformation
(46).
Fig. 4 shows the values of the development time parameter according to the various mixing speeds and the
temperature value in the first stage of the Mixolab
curve. Increasing the mixing speed of the Mixolab had
the effect of decreasing the dough development time
(8,9) and increasing dough temperature. The temperature growth, depending on the mixing speed (11), is due
to the conversion during kneading of a part of the mechanical energy into heat.
The second stage of the Mixolab curve corresponds
to the initial heating of the dough. By increasing the

dough temperature, its consistency decreases (16) to a
minimum value (torque C2), which could be related to
the beginning of the protein destabilization or weakening (47). Fig. 5 shows the variation of the difference between the points C1 and C2 (C1-2) according to the mixing speed change and the torque C2 value.
An increase in the value of C2 peak torque and the
difference between the points C1 and C2 (C1-2) together
with the increase of the mixing speed are due to the protein network structure. This is probably due to the fact
that at low mixing speed, the protein network has a more
compact structure as a consequence of a lower mechanical shear stress followed by an increase in dough temperature, involving the exposure to a low surface on which
the proteolytic enzymes can act comparatively to a more
developed structure, and so to a high surface exposure
in the case of higher mixing intensity.
When dough is heated above 60 °C (third stage of the
Mixolab curve), these wheat proteins are denatured, releasing some quantity of free water in the system. A higher mixing speed increases the amount of free water in the dough
due to a more intense protein denaturation. This water,
which the starch molecules take up and swell (1,48), leads
to higher values of C3 torque and differences between the
points C3 and C2 (C3-2) with the increase of the mixing
intensity, as it is shown in Fig. 6.

Fig. 4. Mixing speed (v) as a function of the temperature during dough development (T_C1) and development time (DT) in the first
stage of the curve: a) spatial representation, and b) representation by contour curves

Fig. 5. Mixing speed (v) as a function of torque for the minimum consistency in the second stage of the curve (C2), and difference
between points C1 and C2 (C1-2): a) spatial representation, and b) representation by contour curves
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As the temperature increases, the role of proteins becomes secondary, the starch gelatinization being responsible for further torque variations (forth and fifth stage of
the Mixolab curve) (49). With continued heating, starch
granules become distorted, and soluble starch is released
into the system. Soluble starch and the continued uptake
of water (more available in the case of high mixing speed)

515

by the remnants of the starch granules (1) are responsible for the increase in the C4 and C5 torque values and
the difference between the points C5 and C4 (C5-4) with
the increase of the mixing speed. In Figs. 7 and 8 the
values of C4 and C5 parameters are reported as functions of the mixing speeds and the C5-4 value.

Fig. 6. Mixing speed (v) as a function of torque for the maximum consistency in the third stage of the curve (C3), and difference between points C3 and C2 (C3-2): a) spatial representation, and b) representation by contour curves

Fig. 7. Mixing speed (v) as a function of torque for the minimum consistency in the fourth stage of the curve (C4), and difference
between points C5 and C4 (C5-4): a) spatial representation, and b) representation by contour curves

Fig. 8. Mixing speed (v) as a function of torque for the maximum consistency in the fifth stage of the curve (C5), and difference between points C5 and C4 (C5-4): a) spatial representation, and b) representation by contour curves
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Relationship between the wheat flour and Mixolab
curve parameters in the first stage at different mixing
speeds
In order to identify the type of association between
the flour parameters and its characteristics in the first
stage of Mixolab curve at mixing speeds of 80, 160 and
250 rpm, the principal component analysis (PCA) was
used. The obtained data showed that the first two principal components are responsible for 73.3 % of the variance, while the dispersion of the rest of the data could
be considered as random. The first principal component
(PC1) explained 55.5 % of the total variance and the second principal component (PC2) accounted for 18.9 % of
the total sample variation (Fig. 9).

Fig. 9. PCA loadings of the Mixolab rheological parameters in
the first segment of the curve at different mixing speeds and
analytical characteristics of the wheat flour: C1_80, C1_160 and
C1_250=maximum consistency during stage 1; C1-2_80, C1-2_
160 and C1-2_250=difference between points C1 and C2; DT_80,
DT_160 and DT_250=development time; ST_80, ST_160 and ST_250=
dough stability; T_80, T_160 and T_250=time of mixing; WI_80,
WI_160 and WI_250=work input when mixing the dough to C1
torque; WIf_80, WIf_160 and WIf_250=work input at the end of
stage 1; where 80, 160 and 250 denote mixing speed in rpm;
CH=water absorption and WG=wet gluten

The PC1 is mainly influenced by the dough stability
and the work input shown at the end of the first stage
(WIf) at various mixing speeds, whereas the PC2 is mainly influenced by the wheat gluten, gluten deformation
index and dough development time at all the mixing
speeds studied. The bi-plot of the loadings shows a very
high influence of protein 'quality' (in our study given by
wet gluten content and deformation index) on dough mixing properties and on its final consistency (2,9–12,18,25,
50). Work input at maximum consistency in the first stage
of the curve (WI) and dough development time (DT) are
higher as the flour is stronger (18). Along the PC2 loading component, DT_250 and WI_250 are closely associated with gluten deformation index, and inversely correlated with C1_250.
Therefore, between gluten deformation index (GDI)
and work input at maximum consistency in the first stage
of the curve (WI), higher positive correlations were obtained with the increase of the mixing speed. Significant
direct correlations (p<0.05) were obtained between the
GDI and the work input at 160 rpm (R=0.761) and between the GDI and the work input at 250 rpm (R=0.774).
The dough development time was significantly positive-

ly correlated with gluten deformation index at all the
mixing speeds used: at a level of p<0.01, between the
dough development time at 80 rpm and GDI, R=0.878,
and between development time at 160 rpm and GDI,
R=0.825, at a level of p<0.05, between dough development time at 250 rpm and GDI, R=0.675. This fact is explained by dough consistency of higher viscosity, which
leads to an increase in the dough resistance to mixing
(12). Therefore, in less time it absorbs more energy than
the dough of low consistency, which requires longer mixing time to consume the same amount of energy. So, positive correlations between the dough development time
and work input at maximum consistency as can be seen
in the first stage of the curve were obtained. These correlations improved dramatically when the speed of the
Mixolab was increased to 160 or 250 rpm. The development time at 80 rpm had insignificant correlation with
WI_80 at the probability level of 95 %, whereas DT_160
and DT_250 showed significant correlation with WI_160
(R=0.750) and WI_250 (R=0.711) respectively, at a level
of 0.05. However, DT_80 is inversely correlated with
C1_80 and closely correlated with GDI.
Along the PC1 component, the dough stability and
work input parameters at the end of the first stage show
a close association and are inversely correlated with C1
torque and the difference between points C1 and C2
(C1-2) at the used mixing speeds. Higher correlations
were obtained between the stability at 80 rpm and work
input at the end of the first stage at 80 rpm (R=0.711,
p=0.05), and between the stability at 160 rpm and work
input at the end of the first stage at 160 rpm (R=0.826,
p=0.01). Regarding the dough stability at 250 rpm, this
variable shows low correlation with work input at the
end of the first stage at 250 rpm (R=0.254).
Significantly negative correlations were obtained between the stability at 80 rpm and the difference between
points C1 and C2 at 80 rpm (R=–0.789, p<0.05), between
the stability at 160 rpm and the difference between the
points C1 and C2 at 160 rpm (R=–0.841, p<0.01). Regarding the correlations obtained between the work input at
the end of the first stage and the difference between
points C1 and C2, significant correlations were obtained
only between the work input at the end of the first stage
at 160 rpm and the difference between points C1 and C2
at 160 rpm (R=–0.678, p<0.05).
The second component (PC2) makes the distinction
between the wet gluten and work input at 80 rpm, which
are opposed. Wet gluten was heavily weighed on the second PC. Along the PC2 component, the parameters obtained at the speed of 160 rpm: maximum consistency
during stage 1, difference between points C1 and C2,
stability and work input at the end of stage 1 are inversely correlated with development time and work input when mixing the dough to C1 torque. Regarding
PC2, the parameters: water absorption (CH), maximum
consistency in the first stage of the curve (C1) and the
difference between the points C1 and C2 at all the mixing speeds placed on the left of Fig. 9 show that they
contribute to a larger extent to the evaluation of the association between some analytical wheat flour characteristics and the Mixolab parameters, at different mixing
speeds, in comparison with the variables on the right.
PC2 distinguishes C1 torque from the stability at all the
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mixing speeds used. Significant correlations were obtained between the stability at 160 rpm and C1 torque at
160 rpm (R=–0.766, p<0.05), and between the stability at
250 rpm and C1 torque at 250 rpm (R=–0.815, p<0.01).
The dough stability decreases and C1 torque increases
simultaneously with the mixing speed increase, which is
in agreement with the results obtained by Zounis and
Quail (9) and Hwang and Gunasekaran (45), on other
rheological devices. From the point of view of C1 torque,
significant direct correlations with the difference between
the points C1 and C2 were obtained: C1_160 and C12_160
(R=0.804, p<0.01), and C1_250 and C12_250 (R=0.688,
p<0.05).
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deviations for each variable included in the construction
of the linear multivariate regression model are shown in
Table 2.
The accuracy of each regression model was evaluated by the determination coefficient (R2), by the value
of the adjusted coefficient of determination and by the
standard errors of the estimate (Table 3).
The value of the determination coefficient (R2=0.87)
for model 1 (at 80 rpm) shows that 87 % of the variance
of the work input at 80 rpm is applied to the linear combination of dough consistency during kneading at 80 rpm
and time points at 80 rpm variables. This model explains 86 % (R2adj=0.86) of the variation of the work input at the speed of 80 rpm parameter, the global effect
having a high level (50). The value of the determination
coefficient for model 2 (at 160 rpm; R2=0.92) and 3 (at
250 rpm; R2=0.91) shows that 92 % of the variance of the
work input at 160 rpm and 91 % of the variance of the
work input at 250 rpm is applied to the linear combination of the variables dough consistency and mixing time
at the speed of 160 rpm, and dough consistency and
mixing time at the speed of 250 rpm respectively. The
values of the adjusted determination coefficients (R2adj=
0.92 and 0.90) show that model 2 explains 92 % of the

The multivariate prediction models
In this study, the effect of mixing speed at 80, 160
and 250 rpm was analysed at comparable levels of work
input. The mixing speed experiments were performed at
different processing times (1, 2, 3, 4 and 5 min) leading
to different dough consistency and work inputs into the
dough. The variables inserted in the regression model
were the dough consistency and work input at different
mixing speeds (80, 160 and 250 rpm) for each time point
(at 1, 2, 3, 4 and 5 min). The mean values and standard

Table 2. The variables considered in the multiple regression analysis
Regression model variables

Mean value±S.D.

WI_80

WI_160

WI_250

C_80

C_160

C_250

T_80, T_160,

(W·h)/kg

(W·h)/kg

(W·h)/kg

N·m

N·m

N·m

T_250/min

4.8±2.8

14.5±7.6

23.9±1.2

1.04±0.04

1.4±0.2

1.4±0.2

3.0±1.4

Variables of the regression model: WI_80, WI_160 and WI_250=work input; C_80, C_160 and C_250=dough consistency for each time
point; T_80, T_160 and T_250=time of mixing at the speed of 80, 160 and 250 rpm

Table 3. Significant coefficients (95 % confidence interval) of the commercial wheat flour of the 'simultaneous' regression fitting
model for work input at different mixing speeds of Mixolab on wheat flour dough consistency for each time point using the 'Chopin
S' protocol
Work input at different mixing speeds
Factors

WI_80/((W·h)/kg)

WI_160/((W·h)/kg)

WI_250/((W·h)/kg)

Model 1

Model 2

Model 3

Value

SE

Value

SE

Value

SE

10.25

3.30

–17.40

2.21

–21.40

3.54

T_80/min

1.75

0.10

T_160/min

–

–

4.99

T_250/min

–

–

–

C_80/(N·m)

–10.23

3.12

–

–

–

C_160/(N·m)

–

–

12.40

1.46

–

–

C_250/(N·m)

–

–

–

–

15.43

2.11

CTE

–

–

–

–

0.22

–

–

–

7.66

0.37
–

R

0.93

0.96

0.95

R2

0.87

0.92

0.91

R2adj

0.86

0.92

0.90

SE of estimate

1.00

2.13

3.44

Independent variables were time points at 80 rpm (T_80), 160 rpm (T_160) and 250 rpm (T_250), and dough consistency during
kneading at the mixing speed of 80 rpm (C_80), 160 rpm (C_160) and 250 rpm (C_250); CTE=constant of the fitted equation, R=correlation coefficient, R2=coefficient of determination, R2adj=adjusted square coefficient of the fitting model, SE=standard error
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variation of the work input at 160 rpm, and model 3 explains 90 % of the variation of the work input at 250
rpm, the global effect having a very high level (51). The
ANOVA results showed the efficiency of each of the
three regression models. Since the value of the statistical
significance of F test is small (p<0.0001), it can be concluded that the models presented in Table 3 are significant, the dough consistency and time points (at 1, 2, 3, 4
and 5 min) at different mixing speeds (80, 160 and 250
rpm) give the best explanation of the variation of the
work input, at the same mixing speed and time.
The values of the regression coefficients bi of the regression equations for the three models and the corresponding standard errors are given in Table 3. All regression coefficients are statistically significant at the level of
0.01.
For all three models, at all mixing speeds used, the
work input when mixing the dough increased with the
increase of the mixing time. These results are in agreement
with those of Cuq et al. (3) (measured by the farinograph). The increase of the mixing time and thus of the
dough work input led to an exponential increase of the
resistance of the dough consistency to deformation (11)
until the optimal mixing time was achieved, corresponding to the maximum consistency in the first stage of the
curve, followed by a decrease in these values, almost simultaneously with the Mixolab curves. This fact is due
to the depolymerisation of the gluten network and it is
characterized by a partial solubilisation of the insoluble
gluten proteins (52). Maximal consistency point during
the first stage was reached faster when the dough was
mixed more intensively, which is in agreement with the
results obtained in the studies by Zheng et al. (5) and
Muchová and @itný (6) on other rheological devices.

Conclusions
This paper highlights for the first time the effect of
various mixing speeds on the dough microstructure during
the same mixing time using a fluorescence technique. Regarding dough microstructure studied by epifluorescence
light microscopy (EFLM), the images taken at various mixing speeds differed clearly. At 250 rpm, the protein network looked more compact and continuous than at 160
and 80 rpm. The amount of starch granules decreased to
a certain extent in wheat flour dough with the increase
of the mixing speed.
Varying the mixing speed of the Mixolab device allowed us to obtain information about the dough behaviour at different stages of bread making, which were
more comparable than those used by the industrial mixers. Increasing the mixing speed of the Mixolab had a
high impact on most of the tested rheological parameters. Therefore, the dough development time and its stability decreased, whereas the parameters related to protein weakening (C2 and C1-2), starch gelatinization (C3
and C3-2), amylolytic activity (C4) and starch gelling
(C5 and C5-4) increased as a consequence of the increase
of the mechanical shear stress of wheat flour dough induced by the increase of the mixing speed.
The principal component analysis of the data set
shows a high correlation between gluten deformation

index and development time. The dough stability was
also positively correlated with the work input at the end
of stage 1, but negatively associated with the C1 torque
at all the mixing speeds used.
The obtained regression models indicate that the
wheat flour dough consistency at each time point (1, 2,
3, 4 and 5 min) can be used to predict the dough work
input at all the Mixolab mixing speeds of 80, 160 and
250 rpm, at the 0.01 level of significance.
By using the Mixolab, this study gave more insight
into the dough rheology during mixing as well as its
weakening under high-temperature regimes that mimic
the baking conditions to some extent. Although this
study was performed with ten flour samples with highly
variable baking potential, more assays are needed with
more samples having either high or low baking potential.
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