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A

pre-exponential factor

aT

shift factor

c

concentration
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confocal laser scanning microscopy
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carbon dioxide

e

Euler’s number
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activation energy
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shear modulus / Young’s modulus
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storage modulus
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loss modulus
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linear viscoelastic region
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sodium chloride
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microscale shear mixing
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pressure sensitive adhesive
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universal gas constant
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time
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temperature
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glass transition temperature
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reference temperature
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temperature increase

TTS

time-temperature superposition
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γ

strain

γ̇

strain rate

δ

phase shift

η

viscosity

η0

zero shear viscosity

λ

relaxation time

ν

reaction rate

σ

stress / stress tensor

σij

shear stress component

σ0

initial stress

τii

normal stress component

ω

frequency
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Summary

1. Summary
Wheat dough is the basis for a variety of products. During its production the
ingredients are exposed to different kinds of strains. For the formation but also the
degradation of dough, these strains can be grouped into chemical and physical
factors. During industrial dough formation, the dominating strains are temperature,
ingredient composition, mixing time and mixing energy. Based on time and
intensity of the strain, different stress states in dough are achieved. These
determine different dough properties which affect the properties of the final
product. During dough formation a gluten network is developed. Its quality
determines the dough’s capability to retain gas during proofing or to withstand
other physical strains during further bread production. The quality of gluten and
thus the quality of dough can be assessed by rheological measurements. In this
work, the two strains mixing temperature and mechanical mixing energy were
examined and how they influence the rheological properties of wheat dough.
The temperatures during mixing were lower than the usual 25 - 30 °C final dough
temperature, as it could be beneficial to have cool dough ready for long-term
fermentation. It showed that cool mixed dough exhibits a higher dough
development time but also that it is more extensible. However, cool mixed dough
exhibits an increased stickiness and detaching it from surfaces will induce further
strains. By that the rheological properties can be altered which makes an exact
dough characterization sophisticated. Then the prognosis of future bread
properties will also remain vague.
In order to allow for a sensible rheological characterization without altering the
properties of sticky dough, a technique was introduced that produces dough and
enables to examine the dough in one apparatus. Therefore, dough was developed
by the sole application of shearing as the source of mechanical energy – the
second strain that was examined and which represented by a constant shear rate.
This produces dough with comparable rheological and morphological properties to
dough that was produced in a standard process. However, the exposure to a
constant shear rate leads to a separation of gluten and starch. This led to the
application of a constant deformation. Dough was developed by applying
consecutive stress relaxation tests with alternating shear directions. The relaxation
spectrum of each relaxation step was extracted which allowed for the computation
of the rheological properties of dough at each single mixing step. The developed
mixing technique and hereby the application of constant deformations produces
8
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dough that is comparable to standard dough, delivers rheological insight in dough
while mixing and allows predicting the rheological properties of standard dough.
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Zusammenfassung

2. Zusammenfassung
Weizenteig ist die Grundlage für eine Vielzahl an Produkten. Er entsteht dadurch,
dass Belastungen unterschiedlicher Art auf ihn bzw. seine Zutaten einwirken. Im
Rahmen der Teigherstellung lassen sich diese in chemische und physikalische
Belastungen einteilen. In der industriellen Teigfertigung sind die Temperatur, die
Zutaten, die Knetzeit und die Knetenergie ausschlaggebend. Durch Ändern der
Intensität der Belastung lassen sich unterschiedliche Stresszustände im Teig
definieren. Der Stresszustand des Teigs entscheidet jedoch letztendlich über die
Eigenschaften des Endprodukts. Während der Weizenteigherstellung wird das
Glutennetzwerk entwickelt. Seine Beschaffenheit bestimmt darüber, wie stark Gase
im Teig gehalten werden können und der Teig anderen Kräften standhalten kann.
Die physikalischen Eigenschaften des Glutens werden zumeist rheologisch
ermittelt.

In

mechanischer

dieser

Arbeit

wurden

Knetenergieeintrag

im

die

Belastungen

Hinblick

auf

Knettemperatur

ihren

Einfluss

auf

und
die

rheologischen Eigenschaften von Weizenteig untersucht.
Es wurde der Einfluss niedriger Knettemperaturen wie sie bei Langzeitführung von
Teig zum Einsatz kommen untersucht. Kalt gekneteter Teig bedurfte einer längeren
Knetzeit, erwies sich aber als dehnbarer im Vergleich zu Teig, der bei 25 - 30 °C
geknetet wurde. Aufgrund seiner erhöhten Adhäsion erfährt der Teig zusätzliche
mechanische Belastung beim Versuch, ihn von Oberflächen zu lösen. Dies kann
dazu führen, dass im Anschluss gemessene rheologische Eigenschaften verfälscht
wiedergegeben und Vorhersagen über

die zukünftigen Backeigenschaften

erschwert werden.
Um die Eigenschaften adhäsiven Teigs dennoch erfassen zu können, wurde eine
Methode entwickelt, bei der die Teigherstellung und -charakterisierung in einem
Gerät stattfinden. Ausschließlich reines Scheren als Form der mechanischen
Energie wird hierbei zur Teigherstellung aufgewendet. Es wurde die Auswirkung
von kontinuierlichem Scheren als eine Form der mechanischen Beanspruchung
untersucht. Der entstandene Teig wies signifikante Übereinstimmungen in seiner
rheologischen Beschaffenheit mit normal geknetetem Teig auf. Zu starkes Scheren
führt zur Auftrennung der Stärke-Glutenmatrix des Teigs. Schrittweises Scheren mit
alternierender Deformationsrichtung zeigte diese Separation nicht. Aus den
Relaxationsspektren der zum Kneten angewendeten Stress-Relaxationsschritte
ließen sich in diesem Verfahren die rheologischen Eigenschaften berechnen. Diese
Methode des Scher-Knetens erwies sich als geeignet, da sich der Teig noch
10

Influence of stress on the rheological behavior of food

Zusammenfassung

während der Herstellung charakterisieren lässt. Auch lassen sich weitere
Teigkennzahlen aus den rheologischen Daten ableiten.
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3. Introduction
With the beginning of the industrialization more technical equipment like kneaders
or mixers spread in bakeries. The constant incorporation of mechanical energy by a
kneader allowed producing dough with uniform properties instead of adding an
unstable manual mixing action. These are prerequisite for the main focus in modern
baking technology: saving time in the downstream steps and to keep the bread
making process constant in order to achieve a high dough and baking quality. The
quality depends directly on steady rheological dough properties. The factors that
support dough with uniform properties are a stable mixing temperature,
unchanging flour properties, a consistent ingredient composition, a stationary
mixing time and the same level of mixing energy. Figure 1 illustrates the factors
influencing the dough properties.

Dough Properties

Temperature

Ingredients

Mixing Time

Mixing Energy

Figure 1: Stress factors that influence the properties of the forming dough.

The shown factors influence the dough properties directly but also each other. In
industrial dough processing, short mixing times and a steady composition of the
ingredients are favored as it is a key factor for productivity. Assuming these both
factors are kept constant, the remaining variables are the mixing temperature and
the mixing energy. These two physical parameters are the impact factors during
dough development which need to be balanced out.

The temperature, as the first factor that causes stress to dough, has influence on
the mixing process and on the later fermentation. The effects during fermentation
or storage are well understood but during mixing the influence of the temperature is
only scarcely examined. The effect of warmer mixing temperatures than 30 °C on
fundamental dough rheological properties is known. The resulting dough is softer
when mixed at temperatures above 30 °C. Mixing at higher temperatures shortens
the mixing time. When the dough temperature gets too high during mixing serious
12
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handling problems occur. An increase in mixing temperature results from an input
of mechanical energy of the mixing hooks. At higher temperatures chemical
reactions but also deterioration occur faster. There are numerous studies that
focused on dough properties at different temperatures. In turn, the influence of cool
mixing temperatures is mostly excluded from scientific research. Except for
Başaran and Göçmen (2003), there are no previous studies that investigated the
dough development or

the after mixing-treatment after

mixing at cool

temperatures. It is possible that the mixing time would increase when mixing at low
temperatures. The energy input during mixing could be needed to be more efficient
in order to prevent the mixing time from exceeding the allowed maximum. The
benefit of having ready cool dough would be advantageous for pastry production.
Cooling of the fat and sugar containing dough is essential for further processing as
sugar increases adhesiveness of dough (Tan et al. 2016) and dough shaping is
dependent on the melting point of the contained fats and oils (Devi and Khatkar
2018).

The mechanical or mixing energy represents the second factor that causes stress
to dough during formation. The mechanical energy during mixing comprises the
amount of energy for a continuous deformation of dough and the formation of flow
fields in the mixing vessel. The amount of mechanical energy is crucial for the
dough development. A low energy will not lead to dough with a fully developed
gluten network. Water is not homogenously distributed and thus water poor areas
lack in elasticity (Zheng et al. 2000). As a result, the capacity to retain fermentation
gases is reduced and gas nuclei are less distributed in the dough matrix. But both
are the prerequisite for a soft, sponge-like crumb texture of the baked wheat bread
(Romano et al. 2013; Zghal et al. 2002). A too high input of mechanical energy will
result in overmixed dough in which the formerly developed gluten network is
partially disrupted. This will lead to an extremely inhomogeneous distribution in the
gas cell size of the final bread crumb.
Both factors, mixing temperature and mechanical energy, are related reciprocally.
In order to achieve fully developed dough, mixing at higher temperatures will
demand for less mechanical energy input and vice versa. The relationship between
these both factors is only predictable and balanced out when the other stress
factors (temperature and ingredient composition) are kept constant. Otherwise,
they also need to be regarded in modelling the dough development and bread
baking process. In case of long-term fermentation ready dough is cooled and low
13
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temperatures are applied in the proofing stage. Since the process of cooling dough
is time consuming it can be advantageous to produce cool dough already while
mixing. But as the mixing temperature is lowered it is possible that more
mechanical energy needs to be incorporated in order to still develop dough in
adequate time.
The following chapters give an overview about wheat dough, its rheology and the
stress that develops during dough making. It will be shown how certain stress
states can be achieved by dough production with regard to mixing temperature and
mixing energy.

3.1. Wheat dough – the unicum
In the western hemisphere starch containing food matrices appear in different
forms. They appear as raw material like cereals, legumes or roots and they appear
as processed food like pasta, bread or dumplings. In processed foods the starch is
converted in a more digestible form due to a thermal treatment like baking,
cooking, frying or steaming. A pre-stage of the processed starch containing food
can be dough. Dough in its simplest form consists of a certain ratio of flour and
water. By the application of mechanical energy flour and water are thoroughly
mixed to form sponge-like dough. Special attention is paid on wheat dough since it
has the unique capability to retain gas and thus to result in leavened products.
Besides the effect of the dough components, the properties of the final product are
established during dough mixing – a gas holding matrix is formed and gas nuclei
are distributed (Baardseth et al. 2000; Contamine et al. 1995; Gan et al. 1990;
Osella et al. 2008; Struyf et al. 2017). This makes the mixing stage crucial for the
quality criteria of products deriving from dough. The dominating influence on dough
properties comes from gluten (Anjum et al. 2007; Barak et al. 2013). Gluten is not
contained in cereals like rice, corn or pseudocereals. It is contained for example in
wheat, rye, barley or oat whereas wheat flour has the highest technological
importance.
Gluten is made up from the glutelin and prolamin Osborne protein fraction of the
cereal proteins. In case of wheat these are the polymeric glutenin and the
monomeric gliadin. Both can be separated into sulfur-rich and sulfur-poor types.
Glutenin can be additionally grouped into different high molecular weight proteins
(Figure 2). The contribution to the gluten properties of gliadin and glutenin depends
on their sulfur content which derives from the amount of cysteine amino acids.
14
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During mixing, the incorporation of mechanical energy together with the input of
oxygen promotes cysteine to form intra- and intermolecular disulfide bonds
(Auvergne et al. 2007; Don et al. 2005). The intermolecular bonds and hydrogen
bonds are responsible for the elastic and viscous behavior and the extensibility of
wheat dough. Changing the protein content but also the ratio of gliadin and
glutenin influences the dough rheological properties drastically. Increasing the
protein content in dough results in an increased overall consistency and an
increased resistance towards rupture (Færgestad et al. 2000; Gan et al. 1995).
Increasing the glutenin content affects the consistency positively and the resistance
towards rupture negatively. Adding gliadin produces softer dough. The same effect
is caused by the addition of the glutathione (Chen and Schofield 1996; Mair and
Grosch 1979). It is a tripeptide and like gliadin which consists of 200+ amino acids
it is able to form disulphide bonds. Additionally, it is able to cleave existing
disulphide bonds, e.g. those between gliadin and glutenin. It occupies them and
hinders the formation of a stronger gluten network with more possible
intermolecular interactions (Verheyen et al. 2016).

Figure 2: Schematic summary of the classification of gluten proteins (Shewry and Tatham
2016).

During mixing the protein molecules of both fractions interact by forming disulphide
bonds between the cysteine amino acids. When reaching the highest degree in
interaction a fully developed three-dimensional gluten network has formed. It is
characterized by viscoelastic stretching properties and the ability to retain gases.
Both can be modified by adding chemical agents. The most widely-used additive in
dough is sodium chloride. By altering the hydrate shell and settling between the
protein molecules it increases the strength of ionic and hydrogen bonds (Beck et al.
2011). The application of glutathione breaks the disulfide bonds reacting in a thiol
exchange by binding to the free sulfur atoms. The former inter- and intramolecular
15

Influence of stress on the rheological behavior of food

Introduction

bonds are partially degraded and the capability of gluten to retain gas is
diminished. Oxidizing agents like ascorbic acid scavenge gluten softening
molecules like glutathione. They strengthen the gluten network (Grosch and Wieser
1999). Other oxidizing agents like glucose oxidase are added up to a critical
amount in order to strengthen gluten (Bonet et al. 2006; Vemulapalli et al. 1998).
A high amount of retainable gases in the dough during mixing or proofing is a
prerequisite for appealing baked goods as is the texture of the frame that
surrounds the air – the actual bread crumb. During fermentation the loaf gains
volume due to the CO2 produced by the contained yeast or leavening agents. The
temperature increase during baking leads to the denaturing of the proteins by
which they solidify. The starch which makes up to 80 % of the components in flour
gelatinizes and builds up films along the protein frame. The sponginess of the
bread crumb as well as the freshness preservation and bread staling kinetics can
be influenced by adjusting the water content or the amount of water storing
hydrocolloids (Biliaderis et al. 1995; de la Hera et al. 2014; Gil et al. 1997; Kurek et
al. 2017; Zeleznak and Hoseney 1986).
In wheat flour starch makes up to 80 % of the dry matter. It consists of the two
polysaccharides amylose and amylopectin. The ratio between both depends on the
botanical origin of the starch but ranges between 2:10 and 3:10. Both polymers
consist of glucose molecules. In the unbranched amylose the glucose molecules
are connected by α(14) glycosidic bonds. In contrast to amylose, amylopectin
has branches that derive from additional α(16) glycosidic bonds. These branches
allow for an easier access to the starch by other chemicals. In this native state
starch is present as granules of different size – the larger A and the smaller B
granules. Their volume ratio depends on the cultivar and harvesting time but ranges
around 9:1 (Zhang et al. 2016). Due to their higher surface-to-volume ratio the B
granules can take up more water which result in a higher farinograph water
absorption but also a lower baking volume (Soh et al. 2006; Stoddard 2000). The
same effect of decreased bread volume can be observed when increasing the
content of damaged starch granules in the flour. It retains more water than
undamaged starch granules (Barrera et al. 2007).
During dough making the starch granules undergo little to no physical or chemical
changes. The granules can be regarded as inert fillers in the gluten network. During
the baking process, the temperature rises above the gelatinization temperature of
starch. From this point on, the starch granules do not remain inert but begin to
gelatinize and to change their shape irreversibly.
16
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3.2. Stresses developed in dough – the chemical side
In the same manner as starch is exposed to strains that change its physical or
morphological state, strains also act in different forms on the whole dough. They
can be of physical or chemical nature. Depending on the food they can be harmful
or harmless or they can be hindering or helpful in achieving a wanted food
behavior. It is also possible that only one stress factor acts separately or that
multiple stress factors act at the same time. In the end, stress factors can have
direct effect on dough or they can have an effect on another stress factor for dough
and therefore act indirectly (see Figure 3). During mixing, flour and water form
dough. Stress due to chemical arises when oxygen promotes the formation of
disulphide bonds between certain amino acids. This contributes to form a stable
protein network in the dough which is essential for leavened bread. The sole
presence of oxygen does not promote flour and water to form dough. Mechanical
strain develops during stretching, compressing and shearing of dough while
mixing. It causes changes in the constitution of the formed protein network
whereas thermal strain also causes changes in other flour constituents next to the
proteins. Thermal strain may cause changes in color, surface structure or
stickiness.
Depending on their origin or their acting target, the stress factors that act during
dough formation can be assigned to three categories: chemical and/or physical,
and influencing the dough properties directly or indirectly (see Figure 3). The stress
induced by chemicals during dough formation derives from the dough ingredient
composition and flour constitution. The ratio of proteins and carbohydrates and the
content of other components are crucial. Further stress can derive from the ratio of
flour in the dough but also from the ratio of gliadin and glutenin in the protein
fraction.

17
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Chemical Stress Factors

Physical Stress Factors

Concentration
Composition
...

Temperature
Deformation
...

Introduction

Single / Combined
Stress Factors

Dough and Dough Development

Figure 3: Alternative composition of stress factors acting on dough during or after dough
formation.

Chemical strain arises as soon as the ingredients are brought in contact. The water
dissolves the proteins, soluble carbohydrates and minor components. Unlike
undamaged starch granules the damaged ones begin to take up some water and
begin to swell.
Changing the amount of single ingredients can have drastic effects on the dough
rheological properties. Water is the plasticizer for several dough constituents.
Decreasing the amount of water reduces the mobility of both harmful and helpful
enzymes that act during dough formation. Water is also the plasticizer for the
gluten network forming protein fractions. Experiments with different water contents
in dough showed that the consistency of dough is changed whereas the ratio of
elastic to viscous properties (G’ and G’’) remains constant (Berland and Launay
1995). The general effect of water during mixing is it supports the transportation of
molecules, sets the molecules in a reactive state and thus promotes the dough
formation positively (Farahnaky and Hill 2007). Gliadin and glutenin are more
hydrated and as a result are more mobile. Thus an increased amount of water
decreases the necessary mixing energy and mixing time. Starch is another main
component in flour. During dough formation the starch is in an inert state and only
water accessible parts like semi-crystalline layers or the B granules will be
dissolved (Tang et al. 2000). The main part of the starch granules is water insoluble
at room temperature. Changes in the rheological behavior of starch and thus in the
dough will only occur when exceeding the denaturation temperature of the proteins
and the gelatinization temperature of the starch (Dreese et al. 1988; Eliasson 1986;
Xue et al. 2008). The starch loses its native crystalline state and will be transformed
into a network-like structure. The granules start to soak up water and begin to
18
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swell. Simultaneously, amylose is leached out of the granules which is a
prerequisite for the starch network (Lii et al. 1995; Palav and Seetharaman 2006).
Decreasing the temperature afterwards will lead to a viscoelastic gel. Petrofsky
(1995) but also Miller and Hoseney (1999) showed that the botanical origin of starch
in dough has a significant influence on the dynamic moduli and consistency of
dough which can be attributed to the starch granule size distribution. Delcour et al.
(2000) concluded that the interaction phenomena do not base on starch granule
surface properties but on physical inclusion of starch granules. This was also
confirmed by studies from Jekle et al. (Jekle et al. 2016). Starch and protein are
major constituents in flour. Changing their ratio has an immediate result on the
dough properties. The effects of increasing the protein content are known and
widely examined especially for the protein fractions that contribute to gluten
development. Yang et al. (2011) analyzed the mechanical spectra of dough
samples with different starch-gluten ratios. They demonstrated that starch
contributes positively to the plateau modulus and zero shear viscosity which
indicates a higher dough consistency. But they also observed that starch
decreases the linear viscoelastic region as stated earlier by Khatkar and Schofield
(2002) which will make it more sophisticated to build dough rheological models.
Proteins in dough have direct impact on the rheological behavior whereas
prolamins (gliadin) and glutelins (glutenin) dominate the dough rheological
properties of wheat dough. Increasing the content of gliadin increases the
consistency of developed dough, decreases the dough development time but also
decreases the final bread volume and the dough stability (Barak et al. 2013;
Khatkar et al. 2013). Glutenin affects the rheological properties in quite the opposite
way. An increased level of glutenin increases the dough shear viscosity or
consistency but reduces the stretchability (Uthayakumaran et al. 2000). Overall,
glutenin contributes to dough elastic properties whereas gliadin contributes to the
flow properties of dough (Shewry et al. 2000). Improving the properties of the
proteins is often needed but also wanted. It is achieved by the addition of salt or
other additives. This way, it is possible to partially design gluten proteins and
doughs with desired attributes. Salt or NaCl stabilizes the fermentation rate of
added yeast and fortifies the gluten proteins. These will exhibit higher extensibility
but also will increase the dough durability which is recognized as a prolonged
dough mixing time (Miller and Hoseney 2008). Beck et al. (2012) showed that NaCl
is responsible for an increase in dough stickiness as it affects the protein charges –
the proteins contract and displace water. Significant rheological changes of gluten
19
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due to salt addition were also reported by Farahnaky and Hill (2007), McCann and
Day (2013) and by Tuhumury et al. (2014). Others showed that the fortifying effect
of NaCl is reduced when the total protein content in flour is increased. Thus, there
appears to be a natural limit for salt induced changes. Another widely used additive
for dough is ascorbic acid. It lowers the pH which leads to changes in the
distribution of charges of the protein amino acids. Adding to much ascorbic acid
will lower the pH too drastically. Proteins lose their tertiary structure and enzymes
lose their functionality – they denature. The loss of functionality of enzymes has no
sudden effect on dough. It is rather a continuous process since enzymes are
involved in the dough development and dough proofing. Added yeast releases αamylases which liquefy starch into more accessible disaccharides. Depending on
the microbial origin of the amylase, the pH stability varies between 2 and 12 (Gupta
et al. 2003). Infused with foreign genes from Bacillus subtilis, the bakery relevant
yeast Saccharomyces cerevisiae is able to produce an α-amylase that has its
optimum at pH 5 (de Moraes et al. 1999). Leaving the optimum conditions of the
enzyme inhibits its functionality. The starch granules would stay untouched and no
digestible carbohydrates would be released. The metabolism of the yeast is
suppressed and the softening effect of the produced CO2 on the developing or
proofing dough is missing (Akdoǧan and Özilgen 1992; Turbin-Orger et al. 2015).
From the rheological perspective, a too low CO2 production during proofing
prevents or limits the rising of dough and the rheological properties of dough
containing gas nuclei remain unchanged during proofing. After proofing, dough
would still exhibit the rheological properties of ready dough. Yet, leaving dough to
rest still affects the gluten. As described by Weegels et al. (1996) gluten and GMP
(glutenin macropolymer), respectively, are partially disrupted after mixing. When left
to rest they begin to re-aggregate. This will lead to changes in the rheological
properties of dough that experiences no gas formation during proofing. The lack of
CO2 during proofing and baking has influences on the amylases but also on the
gluten proteins and other enzymes like glutathione dehydrogenase which
strengthen the gluten network. During mixing glutathione is the antagonist to gluten
interlinking reactions. Glutathione cleaves the inter- and intramolecular disulphide
bonds in gluten and occupies the free thiol groups so that a reformation of
disulphide bonds in gluten is hindered (Belton 2012; Grosch and Wieser 1999).
These sulphhydryl/disulphide interchange reactions with gluten proteins weaken
the dough and the gluten network. Adding ascorbic acid promotes the formation of
disulphide bonds during dough formation (Elkassabany and Hoseney 1980) but the
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degrading effect of glutathione is not prevented. But adding glutathione
dehydrogenase scavenges glutathione and drives it to form glutathione disulphide
which leaves the disulphide bonds of the gluten proteins unharmed. Operating at
low pH below 2 reduces the effect of dehydroascorbic acid (Wechtersbach and
Cigić 2007) and the scavenging potential is gone. It is complicated to evade the
effects of glutathione as it is present in flour by nature. Another source for
glutathione can be also yeast, especially the dead cells (Verheyen et al. 2015). The
effect becomes more dominant when aiming for long-term proofed doughs as they
can soften unwantedly.
Another dough softener released from yeast cells is CO2. In contrast to glutathione
is does not alter the gluten network. The rheological properties of dough are
changed significantly under the influence of CO2 or other artificially injected gases.
During mixing inclusions of gas in the dough matrix form nuclei which are the
precursors for the pores in the later bread crumb. During proofing the yeast
produces CO2. It migrates through the dough matrix and accumulates in the nuclei
which will then expand. As the dough gains volume, the gluten filaments are
extended and even disrupted. At a high fermentation rate of the yeast, the stress
increases faster than the strain due to volume increases. The gluten filaments are
extended rapidly and thus strain hardening of dough proteins can occur. Thinned
dough filaments increase in resistance towards strain compared to thicker dough
parts (Van Vliet et al. 1992). Based on strain hardening effects, Dobraszczyk and
Roberts (1994) developed a criterion to estimate the stability of gas cell walls during
proofing. They also showed that the extension of dough during proofing exhibits
both, softening and hardening effects. The hardening effects contribute positively
to the gas cell wall stability and gas retention capacity. The increase in gas volume
fraction contributes to the softening of dough. But it is not only the gas fraction in
dough that determines the rheological properties. The rheological properties of the
gluten network itself determine how much gas can be incorporated during mixing.
With an initial gas free density of app. 1.25 g/cm³ leavened dough will have
densities of around 0.7 g/cm³ (Bellido et al. 2009; Chin and Campbell 2005b).
Bellido et al. (2006) showed that it is possible to entrain more air into softer dough.
At the same time, there would be a higher risk in producing dough that is less
resistant towards mechanical influences like extension. Chin et al. (2005) revealed
that mixing with additional aeration produces dough that is even more susceptible
to extension since the strain hardening index and the failure stress to gas wall
rupture decrease. On the other hand, enriching the additional atmosphere with
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oxygen will produce more resistant dough. Other experiments with different gas
fractions in dough demonstrated that the elastic modulus derived from ultrasound
measurements is inversely proportional to the gas fraction in dough (Elmehdi et al.
2004). The more gas is entrained in dough the less elastic it appears. Gluten
dominates the rheological properties of the whole dough more dominantly when
the gas fraction of dough is low. The ratio of the major constituents in dough
affects the final dough rheological properties directly. The amount of minor
constituents can exhibit side effects on other constituents – they can act indirectly
on the dough rheological properties. The same applies for physical stress factors.

3.3. Stresses developed in dough – the physical side
Rheology is the science of deformation of matter. It describes the flow of materials
when being exposed to a physical strain. During dough formation the strain is
applied as mechanical force. Thermal strain can be applied separately or
additionally or thermal strain can derive by the dissipation of mechanical energy.
For a better understanding of the mechanical dough formation, rheological test
methods are applied. These methods can be separated into empirical and
fundamental rheological methods. Empirical rheological methods comprise
measurements of the dough mixing characteristics with a recording mixer like the
Farinograph (or comparable) or comprise the examination of the starch
gelatinization characteristics with a heated stirrer like the Amylograph. Other
measurements use a texture analyzer or an Extensograph in order to determine
properties for rupture, sponginess or stretchability of dough. The empirical
methods have a strong relationship to the everyday dough and flour evaluation
tests in bakeries. They are helpful in the estimation of the future baking
performance. But they work with arbitrary units which makes comparisons to other
methods and measurements difficult or even impossible. The fundamental
rheological methods work with SI units which makes the results comparable.
In fundamental rheological methods the stress in a material is caused by a
deformation deriving from tension, compression, torsion, bending or shearing. The
relative deformation is expressed as the strain γ. For small strains in the direction of
deformation, γ is defined as:
𝛾=

𝐿 − 𝐿0
𝐿0

3.1
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in which L0 is the initial length of the material and L the length of the material after
being deformed. For a shear flow as it would be typical in a rheometer layers of the
material are shifted (see Figure 4).
L
L0

h
γ
Figure 4: Schematic shift of layers in a body when exposed to a deformation.

Then for sufficiently small strains γ is defined as:
𝛾=

𝐿 − 𝐿0
ℎ

3.2

where h is the height of the sheared material.
The nine components of the second order stress tensor σ describe whether a
material is stretched, compressed or sheared (see Figure 5).
τ22
σ21
σ23

σ12

σ32

τ11
σ31

σ13

τ33

Figure 5: Geometric illustration and mathematic representation of stresses in a three
dimensional body.

𝜏11
𝝈 = [𝜎21
𝜎31

𝜎12
𝜏22
𝜎32

𝜎13
𝜎23 ]
𝜏33

3.3

If only three normal stress components τii are unequal to zero then the material is
stretched or compressed. The stress tensor is reduced to:
𝜏11
𝝈=[ 0
0

0
𝜏22
0

0
0 ]
𝜏33

3.4

Being stretched or compressed depends on whether the τii are acting outward or
inward the plane to which they are perpendicular to.
Under equilibrium conditions where σij=σji the original stress tensor reduces to:
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0
0 ]
𝜏33

3.5

with six remaining independent components.
The relations between strain and stress are illustrated by constitutive equations.
Specific equations can be derived for any type of material and how it responds to
strain. The response of wheat dough towards mechanical strain is governed by
elastic and viscous flow behavior. In case of shear the elastic flow is described by
the Hooke’s law:
𝜎 =𝐺∙𝛾

3.6

The stress depends on its elastic modulus G and the strain γ. When releasing the
strain the material recovers completely by which elastic flow is reversible. In a
mechanical model, elasticity is illustrated by a spring:

G

Figure 6: Spring as the representation of a Hookean body.

Viscous flow is described by Newton’s law:
𝜎 = 𝜂 ∙ 𝛾̇

3.7

The development of stress in viscous flow is time-dependent and depends on the
viscosity η and the strain rate γ̇ . Opposed to elastic flow, this process is not
reversible. In a mechanical model, viscous flow is displayed as a damper:

η

Figure 7: Damper as the representation of a Newtonian body.

Rubber can be regarded as purely elastic whereas water is purely viscous. Wheat
dough instead is neither purely elastic nor purely viscous. It exhibits both properties
and is therefore viscoelastic. Two different basic models exist for viscoelasticity,
the Kelvin-Voigt model, and the Maxwell model. The difference between both lies in
the reversibility of the modelled material when being strained.
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Time

Time

Figure 8: Viscoelastic solids and fluids represented by the Kelvin-Voigt and the Maxwell
model (top). Development of strain and stress when material is exposed to a sudden stress
and strain, respectively (bottom).

Depending on its overall consistency, dough can be subjectively regarded as a
solid or a liquid. The solid can be represented by the Kelvin-Voigt model. Here, a
spring and a damper are arranged in parallel (see Figure 8). Due to the nature of the
elastic spring the deformation of the damper becomes also reversible but the
forward and backward motion becomes delayed. When the specimen is exposed
to a strain, the stress will develop as follows:
𝜎 = 𝐺𝛾 + 𝜂𝛾̇

3.8

Due to the nature of the damper element, the material cannot be exposed to a
sudden strain. In suitable test setups a respective specimen is exposed to a strain
rate that will guarantee that the resulting stress is constant. The material is then
driven to creep which gives the test its name – Creep(-Recovery) Test. Solving the
above differential equation will result in:
𝛾(𝑡) =

𝐺
𝜎
− 𝑡
∙ (1 − 𝑒 𝜂 )
𝐺

3.9

Introducing the relaxation time
𝜆=

𝜂
𝐺

3.10

which results in
𝛾(𝑡) =

𝑡
𝜎
−
∙ (1 − 𝑒 𝜆 )
𝐺

3.11

allows a more direct comparison between different materials and their rheological
properties. Opposed to dough regarded as a solid, the Maxwell model describes
the flow of dough when it is regarded as a liquid. Here, spring and damper are
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arranged in serial. In the consequence, the deformation of the material is only
partially reversible which is due to the irreversible damper. The Maxwell model is
applied when the material is exposed to a sudden and constant strain during a
Stress(-Relaxation) test. The resulting stress follows the equation:
𝜎(𝑡) = 𝜎0 ∙ 𝑒

−

𝑡
𝜆

3.12

Both tests will reveal that dough exhibits both solid and liquid like behavior. In
order to allow for that and for a better fit of the equations the models can be
extended by integrating additional dampers and springs. An often used model for
wheat dough is the Burgers model which comprises a Maxwell and a Kelvin-Voigt
model in serial.

G1
η2

G2
η1

Figure 9: Maxwell and Kelvin-Voigt model in series as the representation of the Burgers
model.

The Burgers model is used when the rheological behavior is more complex and
cannot be described accurately by a single or double element model. This
composed model is favored for dough as it includes both, the sudden deformation
response of dough towards an initial stress at the beginning, the exponential
response in the middle section and the linear deformation in a long term
measurement. Another approach in achieving the different response states is the
arrangement of multiple Maxwell or Kelvin-Voigt models in parallel or serial. In the
consequence, the modelling of the respective material becomes more accurate but
also more complex. The resulting models are referred to as generalized models.

η1

G1

η2

G2

η3

G3

ηi

Gi

Figure 10: Mechanical representation of the Generalized Maxwell model.

Expanding equation 3.12 and using equation 3.6 leads to the equation for the
Generalized Maxwell model as it is shown in Figure 10:
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+∞

𝑡
𝜎(𝑡)
−
= 𝐺(𝑡) = ∫ 𝐻(λ) 𝑒 𝜆 𝑑𝜆
𝛾

3.13

−∞

The Generalized Maxwell model is crucial for the examination of the influence of
mechanical strain on dough. It enables to visualize the relaxation spectrum (Figure
11).

Figure 11: Relaxation spectra for flour-water dough at four different water concentrations
(Phan-Thien and Safari-Ardi 1998).

The relaxation spectrum is unique for every material and therefore unique for each
dough. For approximation and easier mathematical access, equation 3.13 has been
simplified to:
𝑛

𝑡
𝜎(𝑡)
−
= 𝐺(𝑡) = ∑ 𝐺𝑖 ∙ 𝑒 𝜆𝑖
𝛾

3.14

𝑖=1

The integral of the continuous relaxation spectrum H(λ)dλ has been replaced by the
sum of the relaxation moduli Gi. For the visualization of the resulting discrete
relaxation spectrum, the Gi instead of H(λ) are plotted over the respective relaxation
times λi. The prerequisite for the computation of the relaxation spectrum are the
static stress-relaxation tests. From creep tests, it is possible to compute the related
retardation spectrum which is interconvertible with the relaxation spectrum.
But the relaxation spectra can also be obtained from dynamical tests instead of
static tests. In dynamic tests the strain is not constant. It oscillates and is applied
sinusoidally by which the strain becomes a function of time:
𝛾 = 𝛾0 ∙ sin(𝜔𝑡)

3.15

Since the sample is viscoelastic and is deformed sinusoidally the resulting
oscillating stress will exhibit a phase shift of the angle δ:
𝜎 = 𝜎0 ∙ sin(𝜔𝑡 + 𝛿)

3.16
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The total stress can be decomposed into a stress component that is absolutely in
phase with the strain and another stress component that is out of phase:
𝜎 = 𝜎0′ ∙ sin(𝜔𝑡) + 𝜎0′′ ∙ sin(𝜔𝑡)

3.17

The quotient of both components will then lead to the loss factor tanδ:
𝜎0′′
tan 𝛿 = ′
𝜎0

3.18

With the replacement of σ by equation 3.6 the loss factor can be rewritten to:
tan 𝛿 =

𝐺′′𝛾0 𝐺′′
=
𝐺′𝛾0
𝐺′

3.19

G’ represents the storage modulus and G’’ the loss modulus whereby G’
represents the elastic part that is in-phase with the oscillating strain. G’’ represents
the viscous part that is out-of-phase with the strain and which is dissipated during
oscillation. For fully developed wheat dough the loss factor tanδ is between 0.3 and
0.5 (Weipert 1990). Combining equation 3.6 and 3.17 leads to:
𝜎 = 𝐺′𝛾0 ∙ sin(𝜔𝑡) + 𝐺′′𝛾0 ∙ cos(𝜔𝑡)

3.20

With the definition of a complex number by
𝑒 𝑖𝜔𝑡 = cos 𝜔𝑡 + 𝑖 ∙ sin 𝜔𝑡

3.21

and following Euler’s formula will ultimately lead to the complex modulus G*
defined by:
𝐺 ∗ = √(𝐺 ′ )2 + (𝐺 ′′ )2

3.22

G* can be defined as the consistency of dough whereby fully developed wheat
dough shows G* values of the order 103 to 104 Pa (Meerts et al. 2017; Petrofsky
1995).
From dynamic tests, the relaxation spectrum H(λ) can be extracted when solving
the following two equations:
∞

𝐺

′ (𝜔)

= 𝐺𝑒 + ∫ 𝐻(𝜏)
0
∞

𝐺 ′′ (𝜔) = ∫ 𝐻(𝜏)
0

𝜔2 𝜏 2
𝑑𝜏
1 + 𝜔2𝜏2

𝜔𝜏
𝑑𝜏
1 + 𝜔2𝜏2

3.23

3.24

with the equilibrium modulus Ge at zero frequency. The equations show frequency
dependent G’ and G’’ which can be obtained from frequency sweep tests. The
dough specimen is exposed to a frequency sweep test with a sinusoidal excitation
with a varying frequency ω and a constant amplitude γ0. For this test γ0 needs to be
in the linear viscoelastic region of the material (LVR). This region is determined with
an amplitude sweep test before the actual frequency sweep tests is conducted. In
that region, G’ and G’’ are independent on the applied strain (see Figure 12).
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G‘
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Figure 12: Illustration of the development of storage and loss modulus (G’ and G’’) during
an amplitude sweep test. LVR indicates the linear viscoelastic region of the material.

Tests with a constant stress can cause irreversible changes to the sample during
the measurement. Setting γ0 to an order that is in the linear viscoelastic region
prevents from unwanted changes or even destruction during simple and sinusoidal
deformation tests. It was shown that for wheat dough γ0 should not exceed 10-3
(Phan-Thien and Safari-Ardi 1998; Uthayakumaran et al. 2002). The limitation for a
strain is due to strain hardening effects that occur when exceeding a material
dependent strain too fast (Van Vliet et al. 1992). This results in a higher dough
consistency. Like the protein composition it is a prerequisite for the gas retaining
capability of dough. It is consensus that gliadin increases the viscous ratio and
glutenin increases the elastic ratio of gluten. The ratio in the elastic part is related
positively to the overall dough consistency. But it is also related negatively to the
possible loaf volume which can be attributed to the recoiling forces that reverse the
stretching process of the expanding gas in the dough. In order to avoid strain
hardening during sinusoidal rheological testing, high frequencies should be
avoided.
Different kinds of strains act during dough formation. The kneading hooks or mixing
blades extend, compress and shear the dough. There is no single kind of strain –
they all occur simultaneously during dough production and they all provoke stress
in the dough matrix. The equations 3.9 to 3.24 are valid when shearing is the kind
of deformation that is applied to dough. Using extension or compression, the
equations can be generally applied but need to be modified. The conclusion
remains similar but the order of values will be different.
When dough is exposed to a strain, a part of the applied energy can be restored.
This is related to dough elasticity but another part is dissipated due to viscosity.
The amount of dissipated energy can be derived from tanδ. Besides an active
heating, it is responsible for the increase of the dough temperature during mixing.
The rise in dough temperature can be regarded as a separate kind of strain for the
forming dough (compare Figure 1).
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3.4. Empirical rheology
The dough rheological properties are assessed by empirical fundamental methods
but similar conclusions can also be drawn from fundamental rheological
measurements. These are related to dough processing and try to imitate the
respective processes or handling steps. All methods follow international standards.
They assess data about stickiness, resistance to rupture, gas holding capacity,
gelatinization behavior and many more.
In order to determine mixing related flour properties laboratory scale mixers are
widely used as there are the Farinograph™, the DoughLAB™ or the Mixolab™. The
mixing elements of these tempered mixers are connected to torque recorders. The
course of torque during dough mixing allows to estimate the baking performance of
the examined flour but also the water absorption capacity (Greer and Stewart 1959;
Hlynka 1962). These recording mixers are suitable for the characterization of wheat
(Hadnađev et al. 2011; Munteanu et al. 2015; Shurpalekar and Venkatesh 1975).
Figure 13 shows a Farinograph™ mixing curve for wheat dough and the assessable
characteristic numbers: Stability, Development Time, Quality Number and
Softening.

Figure 13: Typical mixing curve for wheat flour and water and the characteristic numbers
that can be read from the curve (Source: www.brabender.com).

For other cereals and their doughs, the proportion of the characteristic numbers
needs to be adjusted to fit the respective material (wheat, rye, corn etc. and blends)
(Haridas Rao et al. 1986; Oh et al. 1986). Also the conclusion needs to be corrected
when the examined material is intended for the different purposes (bread, cake,
pasta) (Bahnassey and Khan 1986; Sai Manohar and Haridas Rao 1999). Another
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way of assessing different characteristics is the use of specialized empirical
measuring devices. In addition to the dough mixing behavior there is interest in
dough extensibility, stickiness and expansion, starch gelatinization, gluten content
any many more. They all support in evaluating the dough and bread quality and
they can be used to relate to future properties but despite of the chemical
components the other properties are more or less derivatives of the fundamental
rheological properties. Orth et al. (1972) showed how to predict the future baking
quality by correlating it with the protein content, the Zeleny sedimentation value
and the dough development time. Preston et al. (1982) found that a correlation to
baking volume is only possible when the protein content of flour was lower than
14 %. Wikström and Bohlin (1996) as well as Banu et al. (2011) extracted sensible
relations between several Mixolab™ characteristic numbers and the baking quality.
Multivariate modelling enabled Kurtanjek et al. (2008) to successfully relate to
baking quality and to different mixing characteristics. This shows that for the right
choice of assessed dough examination variables it is possible to derive aspects
that contribute to the final baking quality. However, any of these empirical methods
deliver information about the actual strains that are applied during measurement.
The empirical rheological methods record the torque or the force in order to
indicate resulting stresses. The stress as a physical number is not directly
accessible and the discrimination between different simultaneously acting kinds of
strains is impossible.

3.5. Thermal stress
In the course of dough production the deformation of the forming dough affects an
incorporation of mechanical energy in the dough matrix. In dependence on the
dough development stage, different rheological states are passed. In the final
stage, the stress response of dough follows the equations above. During dough
mixing, one part of the energy of the motion of the mixing hooks is spent for the
development of the gluten network, another part is spent for simple geometrical
deformation of the dough (shearing, stretching, distorting) and a last part of the
energy is dissipated. The dissipation results in a warming of dough. The influence
of this warming has different facets. Chemistry wise, the speed of the gluten
development is related positively with an increase in temperature. This concerns
both, wanted and unwanted reactions towards the temperature change –
development and degradation of gluten.
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A convenient way to modify the rheological properties of a material at a given time
is to change the temperature. With an increase in temperature the dough becomes
softer and its elastic modulus decreases. Williams, Landel and Ferry established a
widely used equation to describe the temperature dependent changes in the
rheological properties of polymers (Williams et al. 1955). The viscosity-temperature
relationship is described by their Williams-Landel-Ferry equation (WLF):
𝜂(𝑇) = 𝜂0 𝑒

−𝑘 (𝑇−𝑇𝑟 )
( 1
)
𝑘2 +𝑇−𝑇𝑟

3.25

in which the ki are empirical constants and Tr is a reference temperature. It was
established for amorphous polymers and is appropriate for any glass forming
polymers like in dough and yet, it is an empirical equation. For diluted systems, it
was shown that the temperature effects on the viscosity can be well described by
the Arrhenius equation:
𝑙𝑛(𝜂0 ) =

𝐸𝑎
+ 𝑙𝑛(𝑘𝑐 )
𝑅∙𝑇

3.26

In this equation η0 is the zero shear viscosity, Ea is the activation energy, R the
universal gas constant, T the temperature and kc is a characteristic constant of the
polymer (Lu et al. 2015). Applied to dough, an increased temperature will soften
and reduce its consistency. Others demonstrated that with a xanthan solution the
relaxation time λ of the polymer solution was decreased (Choppe et al. 2010). This
arises from a shift from elastic towards a more viscous behavior (compare
equation 3.10). The same conclusion can be drawn from experiments with psyllium
(Farahnaky et al. 2010). Due to the increasing temperature the phase angle
increased. This shows that the viscous component of polymers will then be
intensified.
Furthermore, the WLF and Arrhenius equation are used to compute the shift factor
for time-temperature superposition (TTS). Therefore, rheological measurements are
performed at different temperatures including the glass transition temperature Tg
which is often used as reference temperature Tr. The shift factor aT is introduced in
order to relate from one temperature curve to another:
log 𝑎𝑇 =

−𝑘1 (𝑇 − 𝑇𝑟 )
𝑘2 + 𝑇 − 𝑇𝑟

3.27

At Tr the decadic logarithm of aT is zero. The shift factor indicates to what extent
the measured data needs to be shifted to the left or right at other temperatures in
order to fit best to the master curve within the reference time tr,:
𝑡
𝐺(𝑡, 𝑇) = 𝐺( , 𝑇𝑟 )
𝑎𝑇

3.28
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The graphic below illustrates the construction of the master curve for one material
from fictitious relaxation measurements at different temperatures. Thus, if the
master curve and aT are known, it is possible to relate to data from the master
curve at inaccessible measurement times by shifting the dataset of another
measured temperature by aT (see Figure 14).

Master Curve at Tr
Relaxation Modulus, G

T4
T3

T1 > Tr > T2 > T3 > T4

T2
Tr
G @ t/aT4=10-12 at Tr
=
G @ t=0.5*100 at T4

T1
tr
10-2 100 102

tr

10-14 10-12 10-10 10-8 10-6 10-4 10-2 100 102 104 Time

Figure 14: Schematic illustration of the construction of the master curve for timetemperature superposition and determination of the shift factor aT at the reference
temperature Tr.

Abraham et al. (2008) applied the TTS principle which enable them to examine and
describe

the

thermal

and

dynamic

mechanical

dependent

behavior

of

polypropylene foams at non-accessible relaxation times. In analogy to TTS, Masi et
al. (1998) applied a double superposition. They shifted the data along the x- and
y-axis and showed that the amount of water in dough is bifunctional. Water
influences the rheological properties of the dough matrix itself and also acts as
lubricant between the dough compounds. The results of similar experiments were
published earlier by Lefebvre and Mahmoudi (2007) who also used the principle of
TTS to examine the influence of water on wheat dough. Instead, Yang et al. (2011)
involuntarily showed that the application of TTS to dough has an upper
temperature limit. They recommended that the increase in temperature during the
production and examination of wheat dough should be limited to around 55 °C.
Dreese et al. (1988) demonstrated that starch is the limiting factor for heating
dough. Starch will begin to swell and to gelatinize and to reverse the changes in the
rheological properties of dough which were developed during mixing. After further
heating and reaching the denaturation temperature, the proteins in dough first lose
their native quaternary, later the tertiary and secondary structure and finally they
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can even lose their primary structure. These losses involve the loss of the protein’s
functionality. It comprises the activity of enzymes and concerns enzymes like
dough relevant amylases. The gluten proteins gliadin and glutenin are susceptible
towards modest heat as well (León et al. 2003). In a fully developed gluten network
their susceptibility towards heat is lower compared to a un-crosslinked state in
native flour. Falcão-Rodrigues et al. (2005) found that the endurance of crosslinked
gluten networks towards heat is mainly dependent on the additional energy that is
exerted on changing the conformation of the respective proteins and on breaking
the disulphide bonds. This becomes more important since heat develops during
dough making. Schofield et al. (1983) showed that temperatures above 55 °C will
initiate the denaturation of the gluten denaturation and that the complete unfolding
process of the gluten protein is finished above 75 °C. In some cases, active cooling
of dough during mixing can become necessary. For developed dough this
temperature region is harmless. For water as the standard plasticizer for dough, the
lower temperature limit for mixing is the point of ice formation of water. Thus, there
is only a narrow temperature window for the preparation of dough and moreover a
narrow window where to assess reasonable measurements. Nevertheless, the
development of the rheological properties of dough during mixing is primarily
examined for temperatures above 25 °C. The properties of dough at low
temperatures are known. But it is unknown, how the rheological properties will
develop when dough is initially mixed at low temperatures.

3.6. Combined Stress Factors
Stressors that act on dough are either of chemical or of mechanical nature and
both contribute to dough development and the final dough properties. Like waves,
it is possible that the stressors interfere constructively or destructively or that they
have no interference. The effects of single stressors are well described but
interferences of two or more stressors are hardly documented. It is difficult to
describe the separate effects in a combined system. Besides water, Berland and
Launay (1995) used several different dough additives and examined their effect on
dough rheology. They observed the effect of the addition of ascorbic acid alone or
with other emulsifiers on the dough rheological properties. They were able to show
that in the presence of ascorbic acid emulsifiers like lecithin had no additional
effect on dough rheology or dough. The full potential in strengthening gluten has
been tapped by ascorbic acid. Similar conclusions were drawn from experiments
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with varying salt levels in dough made from flours that result in different dough
strengths (Casutt 1984). They revealed that the dough strengthening effect of salt
decreases as the initial gluten strength increases. In a series of publications, Chin
and co-workers examined the influence of several factors affecting dough rheology
(Chin and Campbell 2005a; b; Chin et al. 2005). They performed experiments while
varying the mixing speed, the total mixing energy, the gas pressure and the flour
type. From their results can be concluded that a higher mixing time at a lower
mixing speed cannot compensate for a higher mixing speed at a shorter mixing
time in order to achieve similar dough rheological properties like the strain
hardening index. They demonstrated that the time history in dough processing
cannot be neglected. Dayang et al. (2009) examined the influence of water level,
salt level and mixing time on gluten development during dough mixing. In their
tests, the salt level had an overall influence but water level and mixing time were
negatively interrelated in their influence on the gluten extensibility.
Although the actual effect of each single stressor on the later dough properties is
known, it is difficult to quantify the combined contribution. The influences of
chemical strains can be easily estimated. A constant mixing procedure would make
the influence of chemical stressors more exactly predictable. Vice versa, a constant
recipe with raw materials with constant properties would make the influence of
physical stressors directly predictable. However, flour is a nature grown material
and it will always have variations in its composition. This results in a higher
deviation in the accuracy of the prediction of the ready dough properties.
Stressors that act on dough are either of chemical or mechanical nature. It is
difficult to differentiate between the exact influences of a single stressor as it can
affect another one. Examining the influence of temperature on dough, the
temperature induces a thermal strain to the specimen (see equation 3.29 and
Figure 15).
𝛼𝐿0 =

Δ𝐿 𝑇
∆𝑇

3.29

The coefficient α describes the relative increase in length ΔLT of the body
compared to its initial length L0 in dependence on the change in temperature ΔT.

35

Influence of stress on the rheological behavior of food

L0

Introduction

ΔLT

T0

T0 + ΔT

Figure 15: Illustration of a thermally induced uniaxial elongation.

The rheological measurements have to account for that otherwise the data from
rheological measurements is biased. Generally, rheometers are equipped with
tempering units to supply a constant temperature during the measurements.
However, several empirical rheological measurements lack of tempering for
instance the measurement of extensibility or stickiness. Although it is tempered
before the actual measurement, the sample develops a temperature dependent
history that can affect the results of the following measurement.
The same occurs when mechanical energy is incorporated into dough. The input
provokes a temperature rise which will result in additional thermal expansion. In
science, the dough mixing process is performed at a constant temperature but
local warming of dough will still occur. It is difficult to even impossible to quantify
the exact contribution of thermal and mechanical energy to dough development
separately. The influence of dough warming due to mechanical energy input can be
overcome if the dough specimen is very small.
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4. Methodology
The general aim of this thesis is to investigate the stress response of wheat dough
being exposed to different kinds of strains. Stress in materials is assessed with
rheometric methods. In the field of cereal science, these methods comprise
empirical and fundamental methods often acknowledged by the American
Association of Cereal Chemists (AACC) and widely spread in cereal science and
industry.
The test object throughout the thesis was wheat dough – depending on the test, it
could have contained additional yeast or salt.
Within the design of experiment (DoE), there was only one factor that was changed
in each publication. In the first one, the mixing temperature was the parameter that
was changed. The second publication was a review article for which no tests were
performed. In the third publication, it was the mixing time that was changed for
each kind of mixing geometry. In the fourth publication, two kinds of dough
processing scale were compared by which the influence of one parameter was
observed.
Since one parameter was changed in each study, the DoE resulted in simple test
designs following:
𝑘

𝑛 = ∑(𝑛𝑖 − 1)

4.1

𝑖=1

with n the number of experiments, k the number of different parameters that were
changed and ni the number of levels per parameter. In order to describe the
rheological properties of the dough samples different research methods were used
within each study. Unless otherwise stated each test was done at least in triplicate.
Table 1 lists the procedures for dough production and dough or bread evaluation.
All tests were conducted by preventing the dough sample from drying. Therefore,
dough surfaces exposed to air were covered with silicone oil. It includes the
preparation of dough strings for the Chen-Hoseney rig test or the edges of dough
between the bottom and the top geometry in the plate-plate-rheometer.
For fundamental rheological tests, frequency or time sweeps were performed in the
linear viscoelastic region of dough. The relaxation spectra were extracted from
stress-relaxation data by applying the Matlab routine contspec which is part if the
open source ReSpect package (Shanbhag 2013).
Statistical relations were computed using the software GraphPad Prism 5.
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Table 1: Procedures for dough production and evaluation

Purpose

Procedure

Determination of bread volume

AACC Method 10-16.01

Production of dough on lab scale

AACC Method 54-70.01

Determination of dough elasticity

Kieffer Dough & Gluten Extensibility
Rig

Determination of dough stickiness

Chen-Hoseney Dough Stickiness Rig

Determination of dynamic rheological

Frequency and time sweep tests

properties
Determination of steady rheological

Stress relaxation or creep recovery

properties

tests

Determination of protein network

DoMiQ procedure (Jekle and Becker

structure

2011)
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5. Motivation
During dough production, different kinds of physical stress factors act
simultaneously on the forming dough. They all have impact on the later baking
properties to a different extent. The temperature and the mechanical energy input
are the kinds of strain during dough production that can be changed in order to
keep the dough composition and the dough production time constant. The
mechanical mixing power and the mixing temperature are both reciprocally related
to the resulting mixing time. The effect of the dough mixing temperature on the
dough rheological properties is well investigated. But the investigations only aimed
on increasing the mixing temperatures. Generally, ready (warm) dough is exposed
to a low fermentation temperature when aiming for long term fermentation.
Although the impact of low fermentation temperatures is well described in terms of
the development of the aroma profile and the rheological properties, the influence
of low mixing temperatures as a kind of stress factor for the development of the
dough rheology is hardly examined.
A lower mixing temperature and less thermal energy input demand for a longer
mixing time and more input of mechanical energy in order to produce fully
developed dough. Keeping the dough mixing time constant, changes in the kind of
mechanical energy input ultimately lead to either underdeveloped or overmixed
gluten. This may occur when the kind of mechanical energy is changed as the
consequence of the introduction of a new kneader. The efficacy of mechanical
energy transmission can be different afterwards. During dough mixing, the
kneading elements of a mixer apply mechanical energy by extension, compression,
and shear. The studies of Peighambardoust et al. (2004; 2006) give rise to the
assumption that shearing as the single source of mechanical energy can be an
efficient way in order to develop dough. Shearing the dough ingredients has the
potential to decrease the dough mixing time. However, the input of shearing energy
can be applied in different ways as there are various sorts of shearing geometries
available. But their effect on the dough development characteristics and later
dough properties is not examined.
The condition and the properties of dough are crucial for the final product quality.
In industrial processes it is important that each batch results in a product with
equal properties and equally high quality. From the scientific point of view, it is
essential to understand the process of dough formation. Exact knowledge about
the stress evolution of dough towards physical strains during dough mixing enables
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to model the complete process and to understand wheat dough. It enables to
predict the final dough properties and to develop more efficient mixing techniques.
The knowledge about origin and modification of dough behavior is crucial for both,
industry and science, in order to maintain or enhance dough properties.
This thesis aims on showing the influence of low dough mixing temperatures as the
first physical stress factor on the dough development and the dough rheological
properties. Cool dough exhibits a longer dough development time. A more efficient
dough development technique will be introduced in order to account for that. This
technique uses laboratory equipment in order to develop wheat dough only by
shearing – this is the second physical stress factor. Cone and plate shearing
geometries are used in order to transfer the mechanical energy into the forming
dough. The efficacy of the shearing geometry and the rheological changes in the
forming dough are discussed. Not only the shear mixing geometry but also the kind
of shearing is examined. Therefore, continuous and stepwise shearing is compared.
This thesis will show whether the new dough development technique is capable of
delivering the information that can be retrieved from standard laboratory mixers. In
the end, a new mixing technique will be delivered that is capable of handling small
dough amounts and could unify dough mixing and dough examination in one step.
It is therefore suitable for breeders and laboratories.
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Rheological Properties of Wheat Dough upon Varying Mixing Temperature
Wheat dough behaves like a pressure sensitive adhesive (PSA) and its stickiness is
a serious problem for dough handling and machinability. On the basis of its
adhesiveness dough residues remain on machines and equipment and can spoil.
Stress is provoked by the application of low mixing temperatures. This will have an
influence on the dough development and could influence the rheological properties
of the final wheat dough. Besides, lower mixing temperatures could possibly lead
to less stickiness as it is the case for other PSAs.
Therefore, wheat flour and a constant amount of water were mixed at temperatures
between 15 and 35 °C followed by rheological characterization at the respective
temperatures. Dough was examined in terms of baking relevant properties like
dough development time, extensibility and stickiness. Confocal laser scanning
microscopy (CLSM) was used to visualize the constitution of the protein network.
Producing dough at low temperatures resulted in extended dough development
times that were attributed to the decrease in the kinetics of chemical reactions. The
extensibility until rupture increased since the temperature dependent elastic
modulus decreased. The measured stickiness was unaffected by lower mixing
temperatures but the subjectively experienced stickiness increased drastically.
Dough stickiness showed to be highly dependent on the surface to which it
adheres. Due to the selectivity in adhesion it was concluded that the thermal stress
factor needs special attention in terms of dough handling and processing. The
selective dough adhesion possibly altered the measured rheological properties. It
was supposed that the measured values did not reflect the true stress state.
For this publication, the main author conceived the idea, developed the test setups
and conducted all experiments. The author evaluated the results, wrote the
publication, submitted it and was the active part in the reviewing and publication
process.
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Possibilities to derive empirical dough characteristics from fundamental
rheology
Thermal strain strongly influences the rheological properties of wheat dough.
Simultaneously, the stickiness or adhesiveness can become an obstacle for
alteration-free measurements of dough rheological properties. The transfer of
dough specimens from the kneader to the measuring device already induces small
amounts of mechanical strain into the specimen. In the result, the measurements
deliver slightly altered values. Very sticky dough will be altered more during transfer
and the evaluation of rheological measurements can lead to misinterpretations of
the results. Since most rheological methods base on shearing the specimen, it
would be straightforward to produce the dough in the rheometer. This can help to
evade the disadvantages that come along with sticky dough.
The article describes the possibilities of dough production, proofing and baking in a
rotational rheometer. Based on the physical and mathematical relations,
computations of dough rheological properties are presented. The rheological test
setups are described that are necessary to produce wheat dough by shearing and
to have it examined in the direct sequence in the same device.
For this publication, the main author conceived the idea and developed the frame
work. The author wrote the publication, submitted it and was the active part in the
reviewing and publication process.
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Development of wheat dough by means of shearing
During the transfer from the kneader to the measurement device the dough
specimen is exposed to additional mechanical strain. Wheat dough which is
produced at low temperatures is characterized by high adhesiveness and the
transfer becomes more complicated. These circumstances increase the probability
to alter the dough structure and dough rheological properties during the transfer.
The measurements will deliver values that do not reflect the state of dough
development. Dough will be developed in the measuring device in order to avoid
alterations during transfer.
Wheat flour and water are subjected to a constant strain rate in a rotational
rheometer in order to develop dough. The components are exposed to shear
strains for different mixing times. The dough development is evaluated by CLSM
and small amplitude oscillatory shear tests. The frequency dependent rheological
values were used to compute the relaxation spectra of the dough specimen. All
tests were performed with a plate and with a cone geometry and the results were
compared to standard dough that was mixed in z-blade mixer.
The increase in dough consistency indicated that shear mixed and standard dough
have the same dough development time. But evaluation of the CLSM micrographs
proved that dough development of shear mixed dough sets in later. The CLSM
showed that the gluten aligns and that gluten and starch separate during shear
mixing. This occurred for both tested shearing geometries. The peaks in the
relaxation spectra confirmed the differences in dough development that were
visualized by the CLSM. The spectra were helpful to discriminate between
developed and under- or overdeveloped dough.
It was shown that it is possible to produce dough in a rotational rheometer. The
exposure of flour and water to continuous shear strain led to dough development.
Excessive shearing led to the separation of gluten and starch. The plate geometry
proved to be more advantageous for shear mixing as the variation in the measured
values is lower than for the cone geometry. Dough development and subsequent
dough characterization can be performed in one device but the application of
continuous shear strain cannot be recommended.
The main author conceived the idea, developed the test setups and conducted
80 % of the experiments. The author evaluated the results, wrote and submitted
the publication and was the active part in the reviewing and publication process.
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Advances in the development of wheat dough and bread by means of shearing
The application of simple shear to flour and water in a conventional rheometer
produces dough that is comparable to conventionally kneaded dough. Besides
dough formation, continuous shearing leads to unwanted separation of starch and
flour. In an enhanced shear process flour and water are produced by applying
consecutive stress relaxation steps with alternating shear direction. Here, the
mechanical mixing energy is applied stepwise. Again, the shear mixing process
was conducted in a small shearing device that was attached to conventional
rheometer. Each step was examined in terms of the fundamental rheological data.
For each shearing step the dynamic rheological data was used to compute the
relaxation spectrum. The overview of all stress relaxation spectra over the shear
mixing time revealed that there is a point after which the rheological properties of
shear mixed dough did not change. With additional support of confocal laser
microscopy this point could be identified as the dough development time in shear
mixing. It is in good agreement with the one of standard dough. Comparing the
rheological data of developed shear mixed and conventionally mixed dough both
resemble up to 94 % with a repeatability of up to 96 %. Thus, the settings for the
advanced shear mixing process led to dough that has comparable rheological
properties. Given that information, the resulting bread from shear mixed dough
should have comparable properties to standard bread. Further tests, with six
different flours confirmed the efficacy of the shear mixing method. Performing
proofing and baking tests in the shearing device led to invalid information. The
unpredictable behavior of the added yeast resulted in dough and bread with
unsteady rheological properties. However, it was shown that the application of
mechanical energy in the form of shearing is highly potent in developing wheat
dough with a high quality gluten network and in a short time.
For this publication, the main author conceived the idea, developed the test setups,
conducted app. 2/3 of the experiments and supervised the standard baking trails.
The author evaluated the results, wrote the publication, submitted it and was the
active part in the reviewing and publication process.
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6.1. Rheological properties of wheat dough upon varying mixing
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6.2. temperature
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6.3. Possibilities to derive empirical dough characteristics from
fundamental rheology
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6.5. Advances in the development of wheat dough and bread by
means of shearing
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7. Discussion
This work showed the influence of two different physical stress factors on the
rheological properties of dough. On the one hand, low mixing temperatures were
examined. On the other hand there was pure shear as the only deformation and
only source of mechanical energy during dough mixing. The measured rheological
properties were obtained by empirical and fundamental rheological methods since
both are widely used in bakery and cereal science.

7.1. Thermal stress
Exposing to thermal strain showed that the rheological properties depend strongly
on the dough mixing temperature. Lowering the mixing temperature led to a
reciprocal decrease in the mixing time and dough development time. At 15 °C, the
mixing time was doubled compared to 35 °C. It is known that the reaction kinetics
at lower temperatures are decreased which becomes more evident when following
the equation for second-order chemical kinetics:
𝑣 = 𝑘 ∙ 𝑐(𝑔𝑙𝑢𝑡𝑒𝑛𝑖𝑛) ∙ 𝑐(𝑔𝑙𝑖𝑎𝑑𝑖𝑛)

7.1

with the concentration c of glutenin and gliadin and the reaction rate constant k
which in turn is given by the Arrhenius equation
𝐸𝑎

𝑘 = 𝐴 ∙ 𝑒 −𝑅∙𝑇

7.2

Here, Ea is the activation energy, R the gas constant, T the temperature and A the
pre-exponential factor from chemical kinetics. The reaction rate constant k will
decrease with lower temperatures as will the reaction kinetics. Following the rules
of thermal expansion, the volume of a material is decreased. The material is
contracted while its density and consistency are increased which is in contrast to
the experiments performed by Rosell and Collar (2009). They set the dough
consistency to a constant level by adjusting the added amount of water. In the
present work, the water-flour ratio and the dough recipe were constant over the
time. Although Rosell and Collar (2009) measured a decreased elasticity of dough
at low temperatures, the constant amount of water in the present work resulted in a
higher elasticity, indicated as tensile strain to rupture. When exposed to low
temperatures material contracts and extension becomes more restricted as can be
seen by a higher Young’s Modulus. The rise in the strain until rupture can be
attributed to the molecular motion. Small molecules change their position within a
certain area around it. When the temperature is increased, the motion of the
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molecule is faster and the area of mobility is expanded. Following the course of
Young’s Modulus with temperature implies a decreased extensibility at low
temperatures. But wheat dough exhibits the opposite behavior. Lowering the
mixing and dough temperature resulted in an increased extensibility. Figure 16
illustrates the possible mechanism.

Extension

α

β

Figure 16: Simplified illustration of the extension of gluten molecules and their Brownian
motion with α the possible maximum extensibility before collision with other molecules and
β the temperature dependent space of the Brownian motion.

During extension of dough, the gluten macropolymers are dragged along each
other. On the molecular basis and at low temperatures, the dimension of the
Brownian motion of the molecules is smaller and thus the entangled protein strands
can slide easier along each other at 15 °C compared to 35 °C. The course of
Young’s Modulus is in accordance with Sadd (2009) and Schiavi et al. (2016) who
showed that it is negatively correlated with temperature. The same correlation is
valid for the viscosity of fluids and thus the viscosity of dough which is expressed
by the Williams-Landel-Ferry model:
𝜂(𝑇) = 𝜂0 𝑒𝑥𝑝 (

−𝑘1 (𝑇 − 𝑇𝑔 )
)
𝑘2 + 𝑇 − 𝑇𝑔

7.3

In this equation Tg is the glass transition temperature of the polymer melt and k1
and k2 are constants that will be determined empirically from the experimental data.
A rough estimation leads to the following: according to Wang et al. (2016) k1 and k2
can be set to 17.44 and 51.6, respectively. Extrapolating the measured zero shear
viscosity η0 to app. 2.0 MPas will result in a computed viscosity of 826 Pas at
15 °C. This exceeds the values from the experiments as the discrepancy between
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measured and computed viscosity is more than 70.000 %. But wheat dough is
neither purely viscous nor purely elastic – it is viscoelastic which derives from
gluten (Belton 2012). In order to fulfill the equation, η0 of dough must be of the
order 109 which comes close to materials like glass or asphalt concrete. This leads
to the conclusion that the viscoelastic stress response of dough to temperature
cannot be simply computed with the WLF equation. Moreover, the calculation of k1
and k2 needs to be adapted to fit the properties of viscoelastic wheat dough.
Besides differences in the fundamental rheological properties, dough mixed at low
temperature exhibited differences in the handling properties. The stickiness
measured with a Chen-Hoseney stickiness cell indicated no temperature
dependence but the actual handling properties and the machinability of the dough
samples from low and warm mixing temperatures were different. Cool dough
exhibited a subjectively higher stickiness towards human skin, the steel mixing
bowl and other surfaces compared to warm dough. This phenomenon was neither
described by Başaran and Göçmen (2003) nor by Rosell and Collar (2009) who also
experimented with cool dough. The difference is that they adapted the water in the
recipe to reach a fixed dough consistency after mixing at the respective low
temperatures. In the present experiments, the water content and the recipe were
kept constant. The surplus in free water in the dough provoked water extractable
pentosans to take up more water as described by Wang et al. (2002) and thus
resulted in stickier dough. According to Chen and Hoseney (1995) and Labat et al.
(2000), these pentosans and especially their bound ferulic acid are responsible for
dough stickiness. Heddleson et al. (1993; 1994) developed the Dahlquist criterion
which gives information about the possible adhesiveness or stickiness of dough.
The authors stated that the storage modulus G’ needs to be larger than 105 Pa so
that dough won’t exhibit stickiness or failure in cohesiveness. In fact, G’ of cool
dough was 3.59·104 ± 0.13·104 Pa and non-stickiness was not given by the
Dahlquist criterion. As expected, the course of the G’-curve indicates an increase in
G’ with lower temperature. Following the trend line for G’ and following the
Dahlquist criterion, implied that dough will exhibit no stickiness below -34.1 °C.
Despite of the mathematical point of view, this is also reasonable from the
thermodynamic point of view since the glass transition temperature of dough is at
app. -30 °C as reported by Räsänen et al. (1998). They also reported that the water
in dough freezes at -10 °C which affects the stickiness causing ferulic acid. As it is
not dissolved at these temperatures, dough will probably exhibit no stickiness
irrespective of the Dahlquist criterion.
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From the CLSM micrographs of the cold mixed dough can be seen that the gluten
was fully developed. The dough stickiness suggests that excess water is present in
dough which was not taken up completely by the flour components. From native
starch granules is known that their water retention capacity is reduced with
decreasing temperature (Li and Yeh 2001) although the rate of hydration of starch
is higher than for protein (Larsen 1964). Independent on the competition for water
by the flour components, the overall viscosity of dough is also reduced. This leads
to the conclusion that the decreased viscosity at low temperatures is based on
both, a general decrease due to the temperature itself as expressed by the
Arrhenius equation (eq. 7.2) and based on still unbound water in dough. At the end,
the stickiness problem could be solved by replacing the starch in flour with
damaged starch as it is capable of taking up five times more water than native
starch as proposed by Hébrard et al. (2003). Although pentosans are able to take
up even more water, it is likely that the content of the accompanying and stickiness
causing ferulic acid will rise. Irrespective of that, it can be assumed that the dough
volume after proofing is higher than for mixing at normal temperature. Incorporating
more mixing energy into dough due to longer necessary mixing times will increase
its gas volume fraction right after mixing (Chin and Campbell 2005b). The gain in
volume can increased when dough is mixed at 15 °C and proofed at 30 °C. The
thermal expansion of gas will contribute to 5 % more dough volume.
Wheat dough exposed to low mixing temperatures as the thermal strain exhibits an
increased consistency while its degree in viscoelasticity is unaffected. On one side,
cool mixed dough proves to be more resistant towards physical load which is
expressed in an increased extensibility until rupture. On the other side, it exhibits a
higher adhesiveness that is likely to affect its machinability. The demand for a
longer dough development time can be balanced out by chances of a higher dough
volume after proofing.

It was shown that cool mixing temperatures have strong effects on the rheological
properties but also on the texture of dough. Both, the dough development time and
the stickiness increased. To counteract longer mixing times, the mixing power
needs to be increased. This in turn, will increase the dissipated amount of energy
and the necessity for active cooling during mixing arises since the dough
temperature after mixing could be too high and proteins could be damaged. Thus,
a more efficient way of incorporating mechanical energy into dough is necessary in
order to produce cool dough in acceptable time.
86

Influence of stress on the rheological behavior of food

Discussion

7.2. Shear stress
In standard dough kneaders, different kinds of mechanical energy are applied to
the forming dough of which extension, compression and shear are the dominating
forces. Pure shearing was chosen as the only source of mechanical energy in order
to examine the influence of the mechanical strain on dough. Shear forces can be
applied in a continuous form, the necessary effort for equipment is low and the
evaluation methods for shear are well established. As shown by Peighambardoust
et al. (2004) it is possible to produce dough by shearing. They used a specially
designed shearing device in which the actual dough mixing occurred in the gap
between two coni. Opposed to that, in this work a commercially available
rheometer was used for conducting the shear and dough mixing experiments.
With respect to shear energy, the first objective was to identify which kind of
shearing lead will lead to dough with properties that are comparable to dough that
is mixed in a standard z-blade kneader. For that purpose, two different geometries
were used on the rheometer. The resulting mixing zone in the rheometer consisted
of a plate or cone geometry both in combination with a flat bottom. The plate
geometry enabled to observe the influence of a constant mixing gap and the
influence of a radially increasing strain rate. With the cone geometry it was possible
to observe the influence of the opposite: a radially constant strain rate which
derives from the radially increasing gap.
Both geometries qualified for the production of wheat dough and the development
of a gluten network which is comparable to dough that was produced in a standard
z-blade kneader. Moreover, it was demonstrated that it is possible to produce very
small amounts of dough which permits the developed method to be also applicable
for analytical purposes. The examination of the produced dough samples showed
that the dough development times for both geometries were in close agreement
with that of dough that was mixed in recording z-blade mixer at 30 °C. This dough
will further be referred to as standard dough. The investigation of the gluten
network with a CLSM showed that the developed gluten network of both shearing
geometries resembles that of standard dough. This shear mixing process was
observed for several minutes and samples were taken every minute. Discrepancies
were detected between the course of the dough consistency curve during shear
mixing and the structure of the gluten network at distinct points in time. The
consistency-over-time curve indicated a fully developed gluten network after two
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minutes of shearing. Opposed to that, the micrographs from the CLSM indicated
loosely connected protein filaments which had no similarity to the protein network
of standard wheat dough. Further shearing beyond the point of indicated dough
development from the consistency curve led to an observable increase in protein
network aggregation and connectivity. Opposed to standard kneading, this
concludes that the consistency curve cannot be used for the determination of the
dough development time. The rheological characterization showed that shear
mixed dough had the properties of standard dough after five minutes of constant
shearing. These findings were independent on the used shearing geometry.
Irrespective of that, Peighambardoust et al. (2010) found that shearing may damage
gluten more than standard kneading where both extensive and shearing forces act
simultaneously. According to the CLSM micrographs and the measured rheological
properties, this could not be confirmed. Their reported damages can be possibly
attributed to their applied shear mixing times of 25 minutes. As a similarity, the
CLSM micrographs indicated that an alignment of the shear mixed dough
occurred. The continuous shearing led to a radial orientation of dough and a
separation of dough into a starch enriched inner and a starch depleted outer zone
as it was already observed by Peighambardoust et al. (2008). This shows that
starch granules tend to migrate to areas with high shear rates and that the
migration is independent on the shear geometry.
A serrated bottom or top geometry can be used in order to prevent gluten and
starch from segregation and to prevent dough from alignment. But in that case not
only shear forces would be applied. Instead also compressive and extensive forces
will be applied to material that is in the grooves. The kneading process would then
be more related to standard process. Compressive forces will exert at the front
faces and extension act at the back faces of the grooves. Shear forces will only be
exerted on the top and side faces of the bumps. On the one hand, with these
assumptions and the geometric dimensions of the serrations it is possible to
determine the ratio of shear of the total amount of shear mixing energy. On the
other hand, compression and extension are also applied which makes it difficult to
determine the contribution of each force to dough development. The same is valid
for standard z-blade mixing where there is not only single compression, tension or
shear (compare Figure 17). Each of these kinds of deformation contributes to
another extent.
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Figure 17: Simplification of the dominating acting deformations compression, extension and
shear on the material in a mixer equipped with a rotating z-blade mixing hook (original
image by santhosh (2015)).

At first sight due to the rotational motion of the mixing blades, compression forces
are exerted to those parts of the dough specimen that are orientated perpendicular
to the mixing plane and in the direction of the rotation of the mixing blades. Shear
forces are exerted in the gap between the mixing bowl and the mixing blades – but
also on the mixing blades when dough is forced to the sides of the mixing plane.
On second sight, although the blue faces in figure 17 exert normal forces, they also
cause movement of dough in- and outwards by which shear forces are exerted.
Actually, each force acts on every plane of the mixing blade in each direction. The
resulting stresses are expressed in the stress tensor (compare equation 3.3). As
mixed dough may also contain air nuclei it is a compressible material. The overall
stress tensor is then composed of both a hydrostatic and the deviatoric tensor σh
and σd where σh only contains the normal stresses:
𝜎ℎ
𝝈 = 𝝈ℎ + 𝝈𝑑 = [ 0
0

0
𝜎ℎ
0

𝜎11
0
0 ] + [𝜎21
𝜎31
𝜎ℎ

𝜎12
𝜎22
𝜎32

𝜎13
𝜎23 ]
𝜎33

7.4

Extensional forces may act when dough adheres to the surfaces of the mixing
blades. As for most dough the adhesive forces dominate over the cohesive forces.
The dough is stretched until rupture may occur. The Poisson’s ratio of wheat dough
is 0.46 (Charalambides et al. 2002). It shows that dough increases its volume when
exposed to extension and decreases its volume when exposed to compression. In
the mixing bowl, the effect of both deformations will balance out. Applying
empirical methods for the determination of the elastic modulus may arise problems.
Using the common procedure for the determination of the extensibility, a dough
string is simply stretched at constant speed and the resulting force-time graph is
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evaluated. Not only the volume of the dough string increases but the extension of
the dough string is a biaxial deformation by which the string will show nonlinear
thinning as demonstrated by Chakrabarti-Bell et al. (2010). In case the development
of the stretching profile would be known the problem could be compensated.
However, the fact that dough tends to strain hardening undermines the evaluation.
Thinner dough parts will exhibit higher stresses when being extended and the
resulting stress information of the whole sample is falsified, as there is no
homogenous stress distribution in the sample. Instead, using the given information
of a rheometer from shear tests, it is possible to derive information that is usually
assessed by extension tests. Another important feature of shear mixing dough is
that it is possible to extract the relaxation spectra. These can be used successfully
to relate from shear mixed dough to the rheological data of standard dough and
possibly further to bakery relevant properties. Some might be directly obtained
during shear mixing and others would need additional tests. Although the empirical
methods are closely related to real processes in the industry, it is difficult to derive
scientifically based conclusions from them. The measuring units are arbitrary and
can only be approximated to SI units. In addition, it is sophisticated to relate from a
test with one kind of deformation (shear mixing) to a test where different kinds of
deformation (z-blade mixing) are acting simultaneously.
However, exposing flour and water to shear leads to dough properties that are
comparable to standard dough. Shear mixing is an efficient way of incorporating
mechanical energy into dough and to develop a functional gluten network.
However, the efficiency of shear mixing suffers from dough alignment in the
direction of shear and from gluten-starch separation. The dough development in
shear mixing is independent on the used plate or cone geometry. There is no
measurable influence of gradients in the shear rate or gradients in the rheometer
gap on the rheological properties of shear mixed dough. However, the plate
geometry is preferred as it is likely that the mobility of flour particles is less
restricted compared to the cone geometry.

Shear mixing flour and water by applying a constant shear rate leads to the
formation of dough. However, the resulting dough is aligned in the direction of
shear. Thus, the rheological characterization can be altered. In order to overcome
the alignment of dough, another shear technique was introduced. Instead of
applying a constant shear rate to the forming dough, consecutive stress relaxation
tests with alternating shear direction were used. The alternating shear direction
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prevents the dough from aligning and supports the actual mixing action in the
rheometer gap. For the new technique which is referred to as microscale shear
mixing (MSSM), there was no mixing curve directly accessible. Instead, since each
mixing step consisted of a relaxation step, the relaxation spectrum of each step
was computed and compared with the spectrum of fully developed standard
dough. When the positions of the maxima and minima are in closest agreement, the
shear mixed dough is considered fully developed. Since each relaxation step lasted
2 s, a series of several hundred spectra were combined in one overview. The
shifting of the respective peaks could be followed easily. The spectrum of fully
developed wheat dough is well known and has four distinct peaks at certain
relaxation times as it was also shown by Kontogiorgos and Dahunsi (2014). With
the equations presented by Tietze et al. (2016), it was possible to compute the
rheological data out of the relaxation spectra. It was demonstrated that the MSSM
process leads to dough that has similar rheological data like the standard dough.
Depending on the respective rheological value, the accuracy between MSSM and
standard dough was up to 93 % and the precision was up to 96 %. This shows that
the evaluation of the relaxation spectra delivers rheological values which are very
close to that from the standard rheometer software. However, the rheological
spectra were evaluated and the rheological data was computed under the
assumption that the relaxation process was performed with small strains which
consider the linear viscoelastic region of wheat dough. In fact, the strain in the
relaxation steps was 12 and -24 or 0.75 and -1.5 rad, respectively. The linear
viscoelastic region is at strains smaller than 0.1. The spectra of relaxations with
large strains can show peaks at slightly shorter relaxation times as demonstrated
by Mckenna and Zapas (1986). However the accuracy of the computed rheological
data would be less but the precision will still be high. A correction factor could be
introduced to compensate for the differences. Although the intention of applying
large strains was primarily to develop wheat dough the computation of rheological
data from the spectra is of major importance, as well. Ng et al. (2011) conducted
large strain oscillation experiments with gluten dough. They generated the dynamic
rheological data by Fourier decomposition of the obtained stress data since part of
the information (~12 %) lies within the harmonics of higher order and accounts for
the nonlinear viscoelastic behavior at large strains. With Fourier decomposition
equation 3.20 will then develop to
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𝜎 = ∑ 𝐺𝑛 ′𝛾0 ∙ sin(𝑛𝜔𝑡) + 𝐺𝑛 ′′𝛾0 ∙ cos(𝑛𝜔𝑡)

7.5

𝑛=1

for which experiments at several different strains have to be conducted. But there
is no necessity for additional experiments or mathematical efforts. First, in the
MSSM procedure relaxation experiments were performed instead of oscillation
experiments. Second, the summation of residual stress after each relaxation step
was considered and third, the additional information of the higher harmonics is
included in the spectra. Thus, the computation of an overall G’ or G’’ from the
spectra already considers the contribution of each Fourier harmonic. However, the
degree in the contribution of the harmonics will remain unknown.
The computation of the relaxation spectra is of high importance. All deviations in
the goodness of fit between the standard and MSSM procedure rely on it. Greater
deviations in the computed data will result in misleading information and
misinterpretation. Other scientist conducted long term experiments with several
hours of relaxation. For developing dough, this procedure is counterproductive. No
real time information about the dough development would be gathered. If it is of
interest, relaxation tests at higher temperatures can be performed as done by
Kontogiorgos

and

Dahunsi

(2014).

By

application

of

time-temperature

superposition, a more accurate insight in the long term relaxation process and the
decrease in stress during alternating shear directions can be obtained. However,
the necessary increase in temperature is limited since the dough protein would
denature at too high temperatures. Thus, also the insight into long term behavior
will be limited.
Extracting the rheological data from the spectra enabled to compare the data with
those of standard dough. After the MSSM procedure the shear mixed dough
exhibited stress on a similar scale. Precision and accuracy between standard and
MSSM dough were over 90 %. Therefore, it is straightforward to also apply the
MSSM procedure to other flour types or to relate to future baking properties.
Changing the flour type resulted in rheological data that came close to the data of
the respective standard dough. However, the extraction of the relaxation spectra
and the computation of the respective rheological data showed that the extraction
method of the spectra is not universally applicable. The congruence of data was
lower as it was for data gained with all-purpose flour, in the first. The error-% for
the rheological values was between 17.72 and 103.55 % when evaluating each
flour type on its own. Combining all examined flour types in one model resulted in
overall coefficients of determination between 0.62 and 0.89 (excluding work of
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adhesion). This demonstrates that the method of computing the rheological data
out of relaxation spectra is close in representing the actual rheological data of real
dough. The bandwidth in flour types and their different rheological data account for
a scaling of data and for an increase in predictability. However, the predictability
from MSSM dough to real leavened dough and baked bread is decreased. The
difference in the examined subjects is too high and the rheological properties are
too different from each other. The same is for “shear baked” bread and the low
predictability to real bread. It can be attributed to the fact that during proofing the
softest and thus largest gas bubbles with the thinnest cell walls accumulate at the
top of the specimen. During baking in the rheometer these walls solidify but they
cannot withstand the shear forces that act during measurement. The real bread
instead when measured in the rheometer is not exposed to possibly destructive
shear actions. The pores of the bread crumb are ideally developed and stable.
However, during “shear baking” the surface of the specimen consists of solid
dough. This accounts for local increases in the consistency but the predictability on
the other hand is strongly decreased.

It was demonstrated that thermal strain has influence on the rheological properties
of wheat dough. It has influence when increasing and when decreasing the
temperature. Wheat dough which was processed at low temperatures exhibited a
higher extensibility which can be helpful in achieving higher dough volumes after
proofing. The dough mixing process at low temperatures affected the rheological
properties but also revealed dough alterations that would remain undetected when
cooling dough that was processed at warm temperatures. On the one side, the
stickiness of cool mixed dough has increased as it can lower the machinability. It is
possible to compensate for the increased stickiness but this would mean to apply
additional chemical strain by reducing the water amount in the dough recipe as did
others. But this would also reduce the advantage of the increased extensibility. On
the other side, when mixing at low temperatures there may occur changes on the
molecular basis that have a positive influence on the dough or the resulting
product. However, they cannot be detected rheologically.
In order to compensate for the increased dough development time that comes
along with a reduced mixing temperature it would be necessary to increase the
mixing power. In turn, this will demand for higher cooling efforts. Thus, a more
efficient way of incorporating the necessary energy for dough development was
established. Applying shear strain in a continuous shearing process led to the
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formation of dough that is comparable to dough which is made by common
kneaders. Opposed to the latter one where extension and compression occur to a
high degree, shear strain was the only source for mechanical energy. It was shown
that the necessary mechanical energy for dough development is reduced
compared to the common process. However, continuous shear mixing leads to the
separation of starch and gluten in dough. Instead of continuous shearing, the
stepwise application of stress relaxation tests also led to dough development.
Opposed to common mixing, the specific mechanical energy input for dough
development is reduced to one third and no starch-gluten separation occurs. Since
consecutive stress relaxation tests are applied for dough development a
simultaneous determination of the rheological dough data is possible. This is
achieved by the computation and evaluation of the relaxation spectra of each
mixing step. The computed rheological data from the relaxation spectra correlates
well with the properties of dough that is produced with the common kneading
process. Thus, this shear mixing method is qualified for the examination of small
flour quantities and for laboratory purposes. The shear mixing method is also
qualified for the examination of cool mixed dough since the dough can be
characterized within the shearing device and the increased stickiness has no
hindering effect anymore.
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