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In-Line Dynamic Acoustic Behavior of a Viscoelastic Complex Media:

Dough Application
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Abstract: The main objective of this study was to understand the physical law characterizing dough during kneading.
Throughout the process, dough is subjected to extensional deformation resulting from the mechanical component and the
development of holes in the matrix. For that, we developed a very low frequency acoustic device (< 100 Hz) to follow the
mechanical evolution of the dough through an in-line acoustic sensor with part of the mixer playing the role of an acoustic
receiver (ear-phone), which exploits the background noise of the process. Depending on the physical state of the product,
acoustic amplitude of sound was chosen to represent the evolution of the matter. Via a signal processing modulus this
sensor shows the mechanical progress of the dough by means of a curve with critical points. The results show that the
acoustic component is able to follow the evolution of the physical properties of the matter in situ. The results using
various technological parameters indicate that a high degree of sensitivity can be reached with non-destructive acoustic

techniques in highly absorbing media.
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1. INTRODUCTION

With the progress in technology, complex media have
become more and more present in research and industry.
Such physical properties cover a wide variety of areas as in
medical or bio-medical domain (osteopathy) or in agro-
industrial product and process (e.g. pharmaceutics,
cosmetic,...). Some work has contributed to the
understanding of specific scientific problems, which in the
majority of cases are based on mathematical or numerical
models.

It is important to note that the propagation of sound in a
heterogeneous and porous environment is often very
difficult. This complexity becomes a characteristic when the
matter has some viscoelastic properties.

By using the acoustics experimental way, this work
focuses mainly on the development of a viscoelastic
evolving matter according to several technological
parameters. For that, the dough-making process was chosen
due to the complexity of such product like a heterogeneous
and aggregate medium produced by mixing the raw material
at the beginning of process.

Quantitative understanding of the physical mechanisms is
still very limited for such matter. One of the possible reasons
for this is that several fundamental complex physical
processes are involved. As the texture changes and the
volume increases, the dough is subjected to both shear and
extensional deformations. It can be noted that the underlying
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processes involved in modern technologies such as
continuous processes and the chemical or biological
mechanism improves used can only be determined from
detailed knowledge of the mechanical phenomena occurring
through an understanding of the dynamic viscoelastic and
physical structure of the matter.

In addition, the complexity of dough is not restricted to
its chemical composition, but also includes physical
properties [1-4]. Despite considerable changes in the
physical properties during kneading, there are few studies in
the literature concerning the transition step [5]. From a
structural point of view, evolving dough can be considered
as a porous material consisting of gas cells embedded in a
viscoelastic matrix. Generally, rheological tests have been
used to follow the changes in the fundamental mechanical
properties [6-8]. Some other works [9-11] describe the
ability of the viscoelastic nature of the matrix to retain gas.
In order to obtain some information on the physical changes
during the formation of this type of product, models have
been studied and showed that dynamic methods are useful
for understanding viscoelastic changes [12].

In addition, some works have been published that deal
with different techniques, chemical or physical. Ultrasonic
techniques are widely used for the characterization of
materials. With their non-destructive nature, the interest lies
in their great sensitivity to the physical properties of the
evolving medium studied [13], which is an important
advantage. The only disadvantage is that when the structure
of the medium studied is complex and heterogeneous, like
dough for example, the propagation of the ultrasonic wave
becomes very difficult due to attenuation and scattering
phenomena.
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Many authors have used ultrasound to characterize dough
[14-19]. However, in the majority of these studies, the
measurements were carried out on static matter (dough
without yeast) or on samples of small thicknesses due to the
complexity of this medium and the strong wave absorption it
induces.

At present, it is difficult to measure this phenomenon
directly. So, with the aim of understanding this complex
phenomenon, the acoustic noises generated by the process
were taken as relevant information to define the critical steps
of evolving matter.

In this paper, we present two acoustic techniques to
follow the physical state of such evolving matter according
to several technological parameters. With this aim in mind,
for the structural phase (mixing phase) we propose a passive
measurement based on the use of the amplitude variation
given by the background noise generated by the process.

2. STRUCTURAL PHASE: FROM A GRANULAR
MIXTURE TO A VISCO-ELASTO-PLASTIC MATTER

2.1. The Function of Mixing

In the bread-making process, time, shape and work
during the mixing phase play a major role in the formation
and the development of the gluten network in the dough and
the incorporation of gas bubbles.

The key stages taking place during kneading can be
summarized as follows:

1. The uniform dispersion of the raw material.

2. Dissolution and hydration of that material, in
particular the flour proteins and the damaged starch.

3. The development of a gluten (hydrated flour protein)
structure in the dough arising from the input of
mechanical energy from the mixing action.

4. The incorporation of air bubbles within the dough to
provide the gas bubble nuclei for the carbon dioxide
will be generated by yeast fermentation and oxygen
for oxidation and yeast activity.

5. The formation of dough with suitable rheological
properties for subsequent processing.

It can be noted that the size and number of gas bubbles in
the dough at the end of mixing are strongly influenced by the
mechanism of dough formation and the mixing conditions.

We know that gluten is formed by bonds between
glutenin and gliadin.

In the formation of dough, these bonds are formed
mechanically by kneading, then chemically with mixtures of
oxidants or reductants, or by fermentation.

2.2. Effect of Work on the Mechanical Properties of the
Matter

Under the mechanical action during kneading, the flour is
transformed into a viscoelastic substance composed of two
non-miscible continuous aqueous phases: an elastic phase
represented by the gluten network which encloses a liquid
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phase containing suspended starch granules (~ 10 pm in
size) and other hydro-soluble compounds [20].

This action also forms an ordered cohesive mass.
Kneading leads to a very uniform mass in which very
extensive gluten formation (extensive, homogenous cross-
linking) produces a strong substance which will rise
spectacularly and have good mechanical strength (Fig. 1).

Excess kneading can damage the gluten network,
increase protein solubility and decrease the extractability of
the lipids [21], thus resulting in sticky dough [22]. This
phenomenon is due to the fact that the mechanical forces
applied to the matter decrease, by mechanically breaking, the
length of the chains and thus the molecular weight of the
proteins.

3. MATERIALS AND METHODS

The use of acoustic measurements was tested to monitor
the aggregation phenomenon during the dough mixing
process. This approach exploits the noise produced by the
process to monitor the progress of the formation of the
dough.

The advantage of this technique is the possibility to exploit a
broad frequency spectrum of a given acoustic source
generated by the process itself; background noise. This noise
previously considered detrimental for acoustic applications,
is of the greatest importance for our application.

The components of this "useful" acoustic noise will
depend on the evolution of physical properties of the
product.

However, the physical choice (size, nature, ...) of the
sensor and its integration will act as a filter for some
frequency components. In the kneading phase, this choice
favors low frequencies that reflect, after analysis, the
evolution of mechanical properties of the dough.

The composition of the samples used in the basic
formulation is presented in Table 1.

Using the Alveograph NG Chopin technique in first time,
the formation of the dough matrix was analyzed in-line with
a piezoelectric sensor, favoring the shear component,
embedded in the planar zone of the kneading tank (Fig. 2).
This sensor is 20 mm in diameter and 2 mm thick. It is used
as a microphone which captures the noise from the
movement of the dough that is continuously turned by the
blade. Each time the blade passes in front of the sensor, an
electric signal reflecting the structural state of the dough at
that moment is sent. After digitalization, the signals are
processed on a computer for a better understanding of the
noise emanating from the mixer. The acoustic signal is
routed by a GPIB (National Instrument) protocol to our
prototype to be collected and analyzed.

It can be noted that the electrical management of the
measuring system, the signal acquisition and the signal
processing are controlled by LabView software with a signal
acquisition frequency of 2s.

The mixer blends the dough using a rotating flat blade
with a previously controlled torque and temperature
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Fig. (1). A model for glutenin hyper-aggregation; Molecular interpretation of gluten development: (a) start of mixing, (b) optimum

formation, (¢) over-mixing (Létang et al., 1999).

(2540.5°C). Using this technique, the kneading time to reach
the maturation of the matter is about 15 minutes. The sample
preparation protocol consists of mixing the dry ingredients in
the mixer for one minute, then adding the water without
stopping the rotation of the blade.

Table1. Composition Ratio of Dough Components
(Reference)
Component Baker Flour (T55) Water Salt
% of Flour mass 100 % 60 % 2%
Mass (g) 200 g 120 g 4g

3.1. Preliminary Results

In order to understand the phenomena governing dough
formation in the kneading phase, two types of flour were

used: soft and strong flour versus the moisture and salt
content.

Wheat flour contains different particle fractions. In our
case, we allocated the name “soft flour” to the product
containing carbohydrates (72 %), protein (13 %), lipids (1.5
%), moisture (14 %) and non starch polysaccharides (2-3%),
all expressed as percentage dry weight.

“Strong flour” differs from the weak one by the protein
content which can reach 18-20%. Fig. (3) shows, through the
variation in amplitude of the acoustic vibration, the progress
of the formation inside the cell of two standard composition
dough samples at constant temperature (25°C); soft and
strong flour.

Fig. (3) shows the evolution of the maximum amplitude
of the signal received by the sensor embedded in the wall of
the mixer. It can be noted that the curves start at a specific
value and reach a maximum value; these values vary
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Fig. (2). Position of measurement device in mixer cell using the Alveograph NG Chopin.

according to the type of flour used. In the experiment
considered, the strong flour starts with an amplitude level
higher than that of the soft flour. This phenomenon reflects a
medium having a greater mechanical resistance at the start.
This mixture reaches optimum maturity with a lead about 3
minutes compared to that made by soft flour. These results,
which are in agreement with the literature [23, 24], indicate a
critical transition phase (the max index) defining the optimal
formation of the dough.
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Fig. (3). Evolution in acoustic properties for two kinds of flour
tested.

The results indicated that the increase in the power drawn
by the mixer motor is due to the increase in both apparent
shear and extensional viscosities.

By using the acoustic measurement technique for
samples with different water content, we can see that from
the “Max” value (maximum on the curves) and the position
of the ‘Max” (Index) there is an optimal relationship
between the various components of dough. A variation in
one of these components gives underdeveloped dough in the
case of lack of water or a very sticky product in the case of
excess water (Fig. 4).

3.2. Opinion

This application shows the potential of an acoustic
method to characterize the dough-making process. This
technique used an embedded acoustic sensor in the kneading
cell, working in a passive position and exploiting the
mechanical noise emitted by the mixer. The measurements
can be used to determine one critical point of dough
formation in the kneading phase. We have shown that the
signals received using this technique evolves differently
according to the properties of the product used: soft and

strong flour. The results have shown that this technique can
be used as an effective in-line control method in the
kneading process.
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Fig. (4). Acoustical properties evolution of kneading phenomenon
showing the optimal ratio of raw leading to an optimal maturation.

However, the lack of precision on the curve obtained
(Fig. 3) and consequently the lack of detailed analysis of the
process led us to rely on another technique of which the
sensor is an integral part of the mixer.

4. IN-LINE MEASUREMENT: SPI 10 VMI MIXER
4.1. Acoustic Device

Until now, problems encountered with fundamental tests
include: sample preparation; instrumentation, which requires
a delicate set up in a humid or dusty atmosphere and is
difficult to maintain in an industrial environment as well as
requiring high levels of technical skill; often inappropriate
deformation conditions; difficulty in interpreting the results
and slip and edge effects during testing, hence the interest in
direct measurement without any special precautions.

Using the SPI 10 (VMI, Montaigu, France) mixer
technique, the formation of the dough matrix was analyzed
in-line with an acoustic sensor made of a piezoelectric plate
element embedded in the central mixer rod (Fig. 5). The
dimension of the PZT active element was optimized for a
plate mode resonance according to the frequency band
resonance of the rod whose fundamental (1%) mode is about
30Hz.

This rod, which plays the role of a very low frequency
ear-phone, is used as a microphone that captures the noise
from the movement of the dough that is continuously turned
in the mixer. Each time the rod is solicited, its vibratory
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properties are converted into an electric signal reflecting
instantaneously the structural state of the matter being tested
(Fig. 6). After digitalization, the signals are processed on a
computer for a better understanding of the noise emanating
from the mixer.
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Fig. (5). Fundamental mode of rod vibration: a very low frequency
acoustic sensor (30 Hz).
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Fig. (6). Position of measurement device in mixer cell using an SPI
10 VMI mixer.

4.1.1. Operating Process

The kneading was performed using an SPI 10 mixer
equipped with a rotating bowl, a central rod and an oblique
shaft which was used for mixing the dough (Fig. 6).
Experiments were performed at two constant mixing rates
and two mixing times; 3min at 100 rpm for homogenization
and 15 min kneading at 200 rpm as maturation step.

The standard formulation (Table 1) was used as a
reference with respect to the thermal coefficient of 54°C for
all components (ambient temperature + flour temperature +
water temperature = 54°C).

The principal ingredients were incorporated in a specific
order (flour, yeast and water). The addition of salt depended
on the application. For some, salt was added to the standard
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mixture at the beginning and for others it was added after 5
minutes to estimate the change in texture on the acoustic
properties.

4.1.2. Results

In order to understand the phenomena governing this part
of the process (kneading phase), Fig. (7) illustrates the
evolution of the acoustic amplitude of the signal response of
the vibratory state of the rod (sensor). According to Kaddour
[24], the curve shows the different steps before reaching a
maximum value.
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Fig. (7). Different steps govern the evolution of the physical state of
the matter showing the critical points in the kneading phenomenon
and the formation of the dough using the acoustic magnitudes.

The process can be divided into 6 steps:

(1) Homogenization: mixing of the raw materials at 100
rpm. Phase transition from a granular medium to an
evolving bonded network.

(2] Gluten network development phase: starting at 200
rpm when the first phase reaches a constant value.

(3] Addition of salt affecting the equilibrium of matrix
constitution. This phase is sullied by a brief decrease
in the elasticity component of the matter. This
decrease can be attributed to the decreases in inter-
protein hydrophobic interactions, which fall as a
result of their effects on the water structure; these
decreases reduce the tendency of proteins to
aggregate, reducing momentarily elasticity before a
new tendency for a matter relatively more consistent

[6].
(4] Re-organization of the network and increase in the

elasticity component resulting from the water
pumping by the salt added.

(5] Process optimum: physical equilibrium of the
network and the matrix components.

(6] Excess of mechanical energy leads to the destruction
of the network followed by a decrease in the elasticity
of the product.

The salt is then added at the same time as the other raw
materials. The aim was to reduce the number of parameters
varying during the process, as the curves in Fig. (8)
particularly show that the two applications converge towards
the same results.
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Fig. (8). Curves showing the same convergence of the physical
state of two matters with varied salt addition:

. Dashed line: salt added at the beginning of process.

. Continuous line: salt added 9 min after the beginning.

By using the acoustic measurement technique for
samples with different water content, from the “Max” and
the shapes of the evolution curves in Fig. (9), it can be seen
that there is a difference in the viscoelastic component
according to the technological parameter applied. We can
conclude that the extended shape of the “water less than 5%”
sample curve reflects higher mechanical resistance, and then
more elastic in comparison with the others and the excess
water gives a more viscous matter supporting the links in the
gluten network. It is known that, the process gives
underdeveloped dough in the case of lack of water or a very
sticky product in the case of excess water.
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Fig. (9). Curves showing the difference in the viscoelastic
behaviour of three samples with different water content.

According to the work of Farahnaky [25], the curves
show the effect of added water on consistency. Added water
softens the dough and decreases the hydration time and the
energy required for mixing.

To quantify this evolution, we considered that stability
was attained when this relative delay reached 95% of its
maximum value (Fig. 10). An equilibrium phase 7} resulting
from the mechanical properties of the matrix was also
defined during which the amplitude variation reached its
maximum and remained stable.

Table 2 quantifies the acoustics parameters for the three
samples having a difference in the water content.

The water content as a parameter in the process induces
significant variation in the viscoelastic properties of the
matter, especially in the stability phase. The higher elasticity
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of the “water less than 5%” sample in the kneading phase,
shown by the extension of the higher part of the curve, leads
to a brittle matrix in the final product in comparison with the
“water plus 5%” sample. The latter definitely has greater
extensible properties under the effect of the pressure of the
gas produced in the matter. This phenomenon is marked by
an early decrease (collapse step) on the curve after the max
(internal mechanical equilibrium).
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Fig. (10). Characteristic acoustic parameters defining some critical
points in the evolution process.

Table2. Quantification of the Maturity Component According

to the Stability Time 7, and the Amplitude Value A4,

of the Samples
T« AA
Water less 5% 106 3,6
Standard 50 39
Water plus 5% 43 v 33

Fig. (11) shows the differences between the mechanical
parameters of three samples in comparison with a reference.
In fact, by measuring the amplitude (flexion of the steam
sensor) the effect of salt and olive oil on the elasticity
component of the samples can be observed.
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Fig. (11). Profile of the mechanical evolution of 4 dough samples
according to the variation in acoustical amplitude; Reference: water
+ flour + salt; S1: Reference + olive oil (10%); S2: water + flour;
S3: water + flour + olive oil (10%).

Table 3 provides an indicator, extrapolated from
Fig. (11), of the consistency of the four samples (Reference,
S1, S2, S3) at maturation (Max & index).
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Table3. Impact of the Additives on the Quality of the Final
Product: Dough at Maturation
Max Index (sec)
Reference 39 362
S1 3.47 440
S2 1.97 380
S3 0,96 426

The addition of salt at the start affects the global moisture
component of the dough by water absorption, thus making the
final product (dough) more elastic. The addition of oil affects
the texture and consistency and makes the matter more
“granular” while reducing elasticity. These results are in
agreement with the literature [25,26].

5. CONCLUSION

This work has examined the potential of two non-destructive
acoustic methods to characterize the development of a complex
matrix (dough kneading process). This technique based on
passive acoustic sensors exploits the mechanical noise emitted
by the process. The measurements characterize the phase-
transition and define the critical points that govern the
phenomenon. Following the development of the sensor
technologies, it was shown that the signals received with this
technique evolve differently according to the properties of the
product used. The results from this technique appear to be
sensitive to the different technological parameters in a complex
process. Nevertheless, it appears that acoustic measurement
through acoustic amplitude variation can potentially be used as
an effective in-line quality control technique in viscoelastic
complex media processes.
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