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Abstract. Millets are gaining attention due to their many 
advantages in cultivation and overall nutritional benefits. Research has 
been carried out to explore the nutritional properties of various millets. 
However, the use of millets in today’s food processing is minimal as 
compared to wheat. Three minor millets, namely foxtail, proso, and 
pearl millets grown in Iran were used in this study. The water 
absorption characteristics and hardness of these millets have been 

investigated. The effect that millet flours incorporated in dough have on 
its rheology has been studied and compared with the effect of wheat on 
dough rheology. The moisture content of millets increased with an 
increase in the water temperature, and a regular increase in the water 
absorption capacity, too, was observed as the temperature rose. The 
hardness of the millet decreased with an increase in the moisture content 
of the grains. Pearl millet has been found to have the lowest hardness 
irrespective of the steeping time and temperature. Incorporation of 

millet in the dough adversely affected the dough rheology in terms of 
workability and baking quality. Proso millet highly negatively affected 
the dough rheology in terms of dough hardness, stability, and dynamic 
rheological properties. This research highlights the possibility to predict 
the water absorption characteristics of millet grains to be used to 
optimise the conditions under which millets are steeped in various 
bioprocessing operations. It is supposed that on performing proper 
baking trials to compare the properties of composite flours made from 

these millets, the results of the rheological studies will prove beneficial 
and the rheological properties and behaviour will be accurately 
correlated when the food is applied practically. 
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Introduction. Formulation of the problem 
 

Millets and sorghum are the oldest cereals used 

since ancient times. The origins of millets are not 

precisely known, but millets have been consumed as 

food since prehistoric times. Some believe that it is the 

first crop ever cultivated [1]. Millets encompass a 

number of small-grained annual cereal grasses, 

including several different species [2] not considered in 

the western world to have significant importance. 

However, for centuries, millets have been viewed as a 

staple food worldwide [3], especially in African and 

Asian people’s diets [4].  
 

Analysis of recent research and publications 
 

Millets provide a wide range of health benefits and 

are a good source of energy, proteins, minerals, and 

vitamins. Millet proteins are a good source of essential 

amino acids except lysine and threonine, but contain 

higher amounts of methionine. Millets are rich in 
phytochemicals and micronutrients, and due to these 

nutritional benefits, are termed “nutria-cereals” [3]. 

Millets are well known for their dietary benefits. There 

are many research evidences of millets’ health benefits: 

their ability to prevent cardiovascular diseases, cancer, 

lower the blood pressure, reduce the risk of tumour 

incidence, heart disease, improve the cholesterol level and 

fat absorption, and postpone gastric emptying [5,6]. Foods 

based on plants are traditionally considered helpful in 

preventing many diseases such as cardiovascular 

disorders, cancer, diabetes, metabolic disorder, and 

Parkinson’s disease [7,8]. Recent research suggests that 
bioactive compounds abundant in millets such as resistant 

starch, oligosaccharides, lipids, phenolic acids, 

flavonoids, lignans, phytosterols, phytic acid, and tannins 

also have a positive effect on human health [9]. 

Coeliac disease is one of the common disorders 

present worldwide. It is mainly caused by enteropathy 

https://mail.google.com/mail/u/0/h/1w4wglhhs9k32/?&cs=wh&v=b&to=mshafafiz@gmail.com
http://creativecommons.org/licenses/by/4.0
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triggered by ingestion of gluten. Those who are 

affected by coeliac disease should consume gluten-free 

foods such as rice, maize, sorghum, millet, amaranth, 

buckwheat, quinoa, wild rice, and oats [10]. Since 

millets are gluten-free, millet-based diets are suitable 

for people who wish to avoid gluten [11]. 

Nowadays, bakery products account for a major 

part of the processed food market. This industry is 

rapidly changing with advancements in developing 
nutraceuticals and other new products [12]. The 

primary ingredient for the baking industry is refined 

wheat flour, which is an excellent source of energy and 

basic nutrients, but lacks micronutrients, complex 

carbohydrates, and fibre. The protein quality of wheat 

is inferior to that of other cereals, and this is primarily 

attributed to the lower lysine, methionine, and 

threonine content of wheat proteins [13]. This 

significantly tells on people’s health, especially in 

those with diabetes and gastrointestinal and colorectal 

problems [14]. Therefore, it is necessary to find 
alternative ingredients the baking industry could use to 

solve this problem. 

Biscuits were made with a blend of barnyard 

millet flour and refined wheat flour by the method of 

Chakraborty et al., [15].  They found that larger 

amounts of millet flour increased the hardness of the 

biscuits. Finger millet flour and wheat flour were used 

to produce biscuits by Saha et al.’s method [16]. The 

dough characteristics and biscuit qualities were 

evaluated. It was found that the hardness and 

expansion of the biscuits was higher at higher 

combinations. In terms of biscuit quality, the 
composite flour of lower combinations was found to be 

the better ratio [16]. The effect that replacing wheat 

flour with finger millet flour had on the batter 

microscopy, rheology, and quality characteristics of 

muffins was studied by Rajiv et al. The amylograph 

peak viscosity, breakdown and setback values 

decreased with an increase in finger millet flour. 

Combinations of additives improved the quality 

characteristics of muffins as well as their volume [17]. 

Extruded breakfast snack was made from millet flour, 

amaranth, and buckwheat by Brennan et al. [18]. The 
research [19,20] was carried out to study the potential 

use of millets in beer production. It was found that beer 

could be brewed from millet, which would be an 

excellent replacement for barley in beer production. 

Even though gluten formation is a unique 

property of protein in wheat flour, it is possible to 

replace the wheat flour in bakery products to a certain 

degree by using other cereal grains. For example, 

researchers produced bakery products using other 

grains such as soya bean, rye, etc., as well as gluten-

free wheat flour substitutes [21]. 

However, studies carried out to use millets in 
bakery products are very limited. The main objective 

of replacing wheat flour with millets in bakery 

products is to add more functional and nutritional value 

to them. Adding such substitutes will affect the baking 

quality and, in turn, the overall consumer acceptance. 

Establishing the right proportion of such replacement 

products in the baking industry has always been a 

major challenge. Finding the best combination of 

millet and wheat in a mixture for various bakery 

products is impossible without multiple research 

studies. There is, nonetheless, an obvious relationship 

between flour constituents and the final baked product 

quality [22]. However, scientists and researchers have 
not found accurate correlations to determine the 

quantity and composition of millet to be successfully 

used in bakery products. Hence it is imperative to 

better understand, explore, and analyse millets’ 

physicochemical properties in combination with wheat 

and thus facilitate incorporation of millets in the 

bakery industry as a wheat substitute. To produce good 

quality baked products, one must understand the 

behaviour of dough, since its rheology has a direct 

impact on the quality of baked products. To 

successfully incorporate minor millet flours into 
bakery products, one should understand the effect of 

millet flours on dough rheology. 

Millet dough behavious have not been extensively 

studied before.  

The purpose of this research was to study 

whether three millet flours (i.e. Pennisetum typhoides, 

Setaria italic, and Panicum miliaceum) are suitable to 

replace wheat flour in the production of bakery 

products, based on understanding the rheological 

behaviour and physicochemical properties of wheat-

millet composite flours. The objectives of the study: 

1. Characteristics of bread dough made from 
various millet flours. 

2. Dynamic rheological properties of dough. 

3. Physical properties of dough. 
 

Research materials and methods  
 

Sample preparation 

The three types of millet grain, namely pearl millet 

(Pennisetum typhoides), foxtail millet (Setaria italica), 

and proso millet (Panicum miliaceum) were obtained 

from Gonabad City (Khorasan Province, Iran). Prior to 

each test, these grain types were cleaned manually to 

remove dirt and other impurities such as stones, mud, 

etc. to avoid interferences due to these impurities. 

Also, the samples were hand-selected to remove 

broken, cracked, and damaged grains. 

Determination of the water absorption of millet 
Cleaned millets were used in the experiment. Each 

trial involved 100g of the millet grains. The millets 

were kept in a 1 litre container with a certain quantity 

of distilled water (i.e. 900ml). The container was kept 

in a thermostatically controlled water bath to maintain 

the temperature (±1°C) as long as the steeping lasted. 

Throughout the steeping period, the steeping water 

temperature was continuously monitored [23]. Water 

was used in the experiment with three different 

temperatures, namely, 30°C, 40°C, and 50°C. Three 

steeping periods of different duration were considered 
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in the experiment, namely 4, 8, and 12 hours. The 

container was covered to avoid evaporation during 

moisture uptake. According to the pre-set durations of 

steeping periods, the millets were removed from the 

container, and the water remaining in the container was 

measured with a graduated cylinder. The excess water 

which clung to the surface of the millet grains was 

removed by blotting with tissue paper. Then the grains 

were weighed, and the increase in the weight was taken 
as the amount of water absorbed. All experiments were 

conducted in triplicate, and the average result was 

expressed on dry basis (% d.b.). 

Hardness of millets 

The rupture stress (hardness) of the millet grains 

was measured after each steeping period at different 

temperatures using an Instron texture analyser (M 

4502, Instron Corp., Canton, MA) equipped with a 

cylindrical probe with a diameter of 25mm attached to 

a 50N load cell. The crosshead speed in this 

experiment was 2.5mm/min. The hardness of the 
millets was determined by the compression test 

method. The study was performed in quintuplicate, and 

the average values have been reported [23]. 

Millet and wheat flour preparation 

After cleaning, the millets were ground to produce 

flour using a home-scale grinder. The flours were 

sieved to obtain the same-size particles, then tightly 

packed and stored in polyethylene bags to avoid 

changes in the moisture content. Unbleached wheat 

flour was purchased from a local shop and used in the 

experiment.  

Composite flour preparation 
Composite flour was prepared by using different 

proportions of wheat and millet flour. Wheat and millet 

flours were used in the ratios 1:0, 7:3, 1:1, 3:7, 0:1 to 

prepare the composite flour. The flours were put in the 

mixing bowl of a home-scale mixer and mixed for 

30min to produce homogeneous composite flours. 

After mixing, the composite flour was stored in airtight 

containers to prevent changes in the moisture content. 

Preparation of dough 

Composite flours were prepared by using wheat 

flour and millet flour. Dough samples were made by 
mixing 50 g of composite flour with different 

proportions of water (70% and 80%). The room 

temperature of the water was maintained (i.e. 22°C). 

This prevented the water temperature from interfering 

with the dough rheology. The dough samples were 

thoroughly mixed and kneaded by using a lab scale 

dough mixer with a constant kneading speed and 

kneading direction. The duration of dough mixing and 

dough resting also remained unchanged throughout the 

experiment. After mixing, the dough samples were 

allowed to rest for 30 min in covered bowls [24]. 

Dynamic rheological measurements of dough 
A Dynamic Rheometer (AR2000, TA Instruments, 

Texas, USA) was used for dynamic rheological 

measurements of the dough. All the tests were 

conducted using a 40mm parallel plate-plate geometry, 

and the instrument gap was set at 2mm. The dough 

samples were transferred between the parallel plates. To 

prevent moisture loss during testing, a thin layer of low-

viscosity (<0.1% of the test material viscosity) silicone 

lubricant was applied to the exposed dough, and a 

physical solvent trap cover (located over the geometry 

but not touching the sample or geometry) was also used 

during the testing to prevent dehydration. The dough 

samples were loaded in between the plates, and the 
samples were rested for 5 min to attain equilibrium 

conditions and release the stress from the dough induced 

during mixing and sample handling. All the dynamic 

rheological tests were performed in triplicate at 25°C, 

and their averaged results have been reported in this 

study. The results were analysed on the TA rheology 

advantage data analysis software [25]. 

Dough hardness 

The hardness (N) of the prepared dough samples 

was measured using an Instron Universal Testing 

Machine (M 4502, Instron Corp., Canton, MA). The 
dough was compressed with a plunger with the 

diameter 4.5cm to produce a 1cm thick sheet. For this, 

a dough ball was prepared and sheeted by compressing 

it between two parallel plates made of acrylic and 

separated by spacers to obtain a sheet 1.0cm thick [26]. 

When testing the hardness, the dough was compressed 

with the plunger, and the resistance sensed by the 

plunger was recorded.  

Physical measurement of the dough 

The water absorption capacity and the stability of 

dough were measured. A portion of composite flour 

with a certain mass (i.e. 75g) was put in the bowl and 
mixed with an adequate amount of water. The amount 

of water required to achieve the dough consistency was 

recorded as the water absorption of the composite 

flour. The mass of the composite flour was kept 

unchanged for all the samples during the testing. The 

composite flour dough was kept at 30°C till the dough 

achieved the stage of its maximum development [26]. 

Statistical analysis 

The results reported are the averages of the 

replicates for all samples. The Statistical Analysis 

System SAS9.4 (SAS Institute Inc., Cary, NC) was 
used for statistical analysis. Analysis of variance 

(ANOVA) with the confidence level of 95% (P≤0.05) 

and the Duncan’s multiple range test were used to 

determine the significant effect. 
 

Results of the research and their discussion  
 

Water absorption of millet  

The moisture content of the millets was 

determined after each steeping, and the increase in the 
moisture content was calculated and compared with the 

control. The moisture content of the tested millets, as a 

function of the temperature and steeping time, is 

presented in Fig. 1-3.  

The moisture content of millets increased with the 

increase in the water temperature. A regular increase in 

the water absorption was observed as the temperature 
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increased from 30 to 50°C. This confirms that the 

water absorption is directly proportional to the 

temperature. The highest moisture content of the 

millets was found at the highest temperature i.e. 50°C. 

This behaviour of water absorption is determined 

mainly by the increased water diffusion rate at higher 

temperatures. Similar results were observed by Maskan 

in wheat (2002) [27]. The study considered the relation 

between the increase in the temperature of steeping and 
the increase in water absorption, and similar results 

were observed by many researchers [28,29]. 

Fig. 1-3 indicate that the initial water absorption 

rate of millets was rapid (i.e. when compared with the 

later stages) and became minimal as equilibrium 

moisture content was achieved. This behaviour is 

mainly due to the reduction of water transfer driving 

force during the hydration process as the system nears 

the equilibrium condition. It was found that the 

behaviour of the water absorption of millets was 

similar to that of other cereal grains. There are reports 
about similar trends in water absorption observed in 

rice and lupin [30,31]. 

The initial rapid absorption of water is a common 

phenomenon in most cereal grains, and it is attributed 

mainly to the structure and compactness of grains. 

Besides, it is due to the initial filling of the capillaries 

on the surface of the seed coats and the hilum [32]. The 

initial moisture content and physicochemical properties 

of the grain also influence the water absorption 

characteristics. The impact of these properties was 

studied by many researchers [32,33]. The effect of the 

chemical composition of food materials on the 
absorption capacity is still unclear, and the dependence 

is no doubt complex [34]. The proso millet reached the 

moisture content 40.85% (db) at 30°C after 4 hours of 

steeping. The pearl millet and foxtail millet only 

reached the 26.58% (db) moisture content at the same 

temperature and duration. Also, the highest moisture 

content, 61.29% (db), was that of the proso millet. It 

was reached at 50°C after 12 hours of steeping, while 

the pearl millet and foxtail millet at the same 

temperature and steeping duration only reached 

42.85% (db) and 44.92% (db). The proso millet 
exhibited different water absorption characteristics 

when compared with the foxtail millet and pearl millet. 

It absorbed more water and resulted in a higher 

moisture content at any steeping duration and 

temperature compared with the two other millets. At 

this point, it is not clear what causes this difference in 

the water absorption of proso millet, so further 

investigation is required to understand its behaviour. 

The hardness of the millets was tested after each 

trial, the change in the hardness was measured using an 

Instron texture analyser, and the findings have been 

reported in Fig. 4. The hardness of the millets 
decreased with the increase in the moisture content: the 

highest moisture content of millets resulted in the 

lowest hardness. The pearl millet was found to have 

the lowest hardness irrespective of the steeping time 

and temperature, as compared with the foxtail millet 

and proso millet. The highest hardness (45.19N) was 

found in the proso millet samples steeped for 4 hours at 

the temperature of 30°C. All three millets exhibited 

highest hardness at 30°C after 4 hours of steeping. 
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Fig. 1. Water absorption of pearl millet during hydration, 

with steeping periods 

of different duration 
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Fig. 2. Water absorption of foxtail millet during 

hydration, with steeping periods 
of different duration 
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Fig. 3. Water absorption of proso millet during 

hydration, with steeping periods 
of different duration 
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Fig. 4. Hardness of millets, with different steeping times and temperatures 

 

The dynamics of hardness in the proso millet 

differed from that in the pearl millet and foxtail millet. 

This might be due to the different water absorption of 
proso millet (Fig. 3). Besides, the stronger outer shell 

of a proso millet grain resulted in its higher hardness 

while grains of the other two millets have softer outer 

shells. For example, the hardness of the proso millet 

was 16.42N, with the steeping duration 4 hours and the 

temperature 50°C. Increasing the steeping duration to 8 

and 12 hours at the same temperature decreased the 

hardness but slightly: to 16.19N and 16.23N 

respectively. This means that the proso millet hardness 

was not significantly affected by an increase in the 

steeping duration at 50°C. Generally, the millet 
hardness decreased with the increase in the moisture 

content. 

Similar results were obtained by Ituen et al. 

(1986). They found that the rupture stress of grains like 

sorghum and pearl millet decreased with an increase in 

the moisture content. They also established that more 

force was needed to rupture larger grains than those of 

smaller sizes, one should apply more force to rupture a 

larger area of the grains [33]. The proso millet was 

found to have a larger grain surface area as compared 

with the foxtail millet and pearl millet. This accounts 
for the higher hardness exhibited by the proso millet. 

Water absorption of the dough 

The water absorption of millet flours differs 

significantly (P<0.05) as compared with wheat flour 

(Fig. 5). Both the type of millet and its concentration 

were found to be statistically significant. Thus, 

incorporation of millet flours changed the absorption 

characteristics of the composite flours. The foxtail 

millet flour showed the lowest water absorption 

(52.4%), and the water absorption of the proso millet 

was the highest (60.55%). Generally, the water 
absorption of the dough decreased with an increase in 

the millet flour concentration in the dough. However, 

incorporation of the proso millet, due to its high water 

absorption capacity, resulted in quite different water 

absorption dynamics. The water absorption slightly 

increased with the increase of proso millet flour 

concentration in the proso millet composite flour.  

 
Fig. 5. Water absorption (%) of the composite millet flour 
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The reason for this behaviour lies in the fact that proso 

millet flour has almost the same water absorption as 

wheat flour (i.e. about 60%). No significant difference 

was found between the pearl millet and foxtail millet; 

however, the proso millet was found to differ 

significantly from the other two millets. Incorporation 

of the foxtail millet considerably affected the water 

absorption. The water absorption decreased with an 

increase in the pearl millet concentration in the dough. 
Also, the foxtail millet and the pearl millet in the 

concentration 30% had almost the same water 

absorption, and beyond this point, an increase in the 

millet concentration significantly affected both millet 

doughs. Of these two millets, the pearl millet showed 

better water absorption at higher concentrations. Any 

flours used in the baking process should have as good 

water absorption as possible since it may lead to 

greater dough flexibility, thus allowing a baker to 

produce baked products of good quality. 

A similar change in the water absorption was 
observed by Sivaramakrishnan et al. (2004) and Saha 

et al. (2011) [35,16]. However, the changes in the 

water absorption did not follow any particular pattern 

in these studies. Saha et al. conducted a similar study 

of finger millet flour (2011) [16]. The dough resistance 

increased with an increase of wheat flour in the dough, 

but in terms of resistance to extension, only a small 

difference was observed. Sivaramakrishnan et al. 

(2004) studied the rheological properties of rice dough 

for producing rice bread and also found that 

incorporation of rice in wheat flour decreased the water 

absorption in the composite flour [35]. 
Dough stability 

Stability of dough mainly depends on the proteins 

present in wheat flour. These proteins play a vital role 

in dough and in manufacture of bakery products. 

Wheat proteins can be categorised based on their 

functionality: gluten proteins, which generally account 

for 80–85% of total wheat protein, and non-gluten 

proteins, which constitute about 15–20% of total wheat 

protein [36]. Besides, wheat proteins can also be 

classified according to their solubility, first of all it 

relates to albumins, globulins, gliadins, and glutenins. 

Non-gluten proteins play a minimal role in dough 

development [22] and in the baking process. Wheat 

enzymes such as proteases [37] and endoxylanases [38] 

and enzyme inhibitors such as protease inhibitors and 

xylanase inhibitors [39] all have an effect on the bread 

making performance [40]. Dough stability is an 

important function and quality determinant of the 
dough. It determines its rheological behaviour and 

baking quality. Requirements to dough mixing and 

sensitivity to over-mixing depend on the quantity and 

quality of the proteins present in the flour, which also 

determines the rheological behaviour as well as gas the 

retention properties during fermentation [41]. Adding 

millet flour into wheat flour reduces gluten proteins, 

because millet flours lack gluten-forming protein 

fractions, which adversely effects on the dough 

stability. Indeed, the dough stability was affected 

significantly (P<0.05) by adding millet flours (Fig. 6). 
At any given composite flour concentration, the foxtail 

millet and the proso millet had a smaller effect on the 

dough stability than the pearl millet did. For example, 

all the millet flours exhibited lower dough stability 

compared with 100% wheat flour, which showed 

stability exceeding 11.5 minutes. Interestingly, the 

proso millet flour had a dough stability pattern 

different from that of the two other millet flours. With 

the proso millet proportion 3:7, the composite flour 

exhibited the highest dough stability in 12.5 minutes. 

However, an increase in the proso millet concentration 

in the composite flour decreased the dough stability as 
it was with the pearl millet and foxtail millet. The 

lowest dough stability (1.5 minutes) was observed with 

100% of the pearl millet and foxtail millet flour, which 

is because of the inability to withstand the mixing 

process. The ability to withstand processes like mixing 

is mainly due to gluten-forming proteins in the flour. 

Thus, lack of gluten in the millets is a drawback when 

using millet flour in baking. 

 

 
 

Fig. 6. Dough stability (min) of the composite millet flour 
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Dough hardness 

The strength of the dough directly affects the 

baked product quality, and measuring the rheological 

properties provides crucial information about the 

dough strength and its potential to be processed into 

high quality baked products. Dough that is too strong 

does not allow proper development of the bubbles for 

dough rising and results in the formation of dense, 

unpalatable loaves of small volume. On the other hand, 
too weak dough cannot retain the bubbles and results in 

large holes in the loaf or in its collapsing. It is well 

known that in order to optimise the bread quality, 

mixing must be stopped after an appropriate level of 

mechanical input. The dough hardness was tested at 

various moisture levels and at different millet 

concentrations (Fig. 7). Incorporation of millet flour 

significantly affected the dough hardness (P<0.05). It 

increased with an increase in the millet flour content in 

the composite flour. The highest dough hardness was 

observed in 100% proso millet and the least was 
observed in 50% pearl millet composite flour. The 

proso millet was found to be significantly different 

(P<0.05) from the foxtail millet and the pearl millet. 

However, no statistically significant difference was 

found between the foxtail and the pearl millet dough. 

The dough hardness decreased with an increase in the 

water level in the dough. However, for all moisture 

levels, the proso millet showed higher hardness than 

the other two millet composite flours. For example, the 

50 % proso millet composite flour dough resulted in 

31.577N at the 80% moisture level, and the pearl millet 

composite flour dough at the same concentration and 
moisture level had the dough hardness 9.5N. 

Dough hardness mainly depends on the gluten 

strength in the dough, and the gluten strength is basically 

derived from the presence of the gluten proteins’ fractions 

and ratios. Also, the dough hardness depends on the 

carbohydrate composition of the flour. The interactions 

between the millet flour and the wheat flour components 

(such as protein-lipid interactions and protein-

carbohydrate interactions) might be responsible for the 

higher dough hardness in the composite flour. 

Dynamic rheological properties of the dough 

Dynamic oscillation measurements are a 

fundamental methodology helping to study and 

understand the dough rheology. Usually, in 

oscillatory tests, samples undergo a harmonically 

varying stress or strain, which allows studying the 

viscoelastic behaviour. These findings are very 

delicate and sensitive to changes in the chemical 

composition and physical structure of the flour and 
dough [42]. Nowadays, dynamic rheological testing 

has become a powerful and ideal tool for examining 

the structure and understanding the fundamental 

properties and behaviour of wheat flour doughs [43]. 

The dynamic rheological properties of dough made 

from wheat flour are strongly influenced by the water 

and wheat protein content. An increased water 

content decreases the elastic and viscous modulus 

[44,45], but an increase in the protein content has 

been shown to decrease the sensitivity of the storage 

modulus (G′) and loss modulus (G″) to the water 
content [46]. Higher moduli were observed at higher 

protein levels [47], and the protein quality had a 

significant effect on dough properties [46]. 

Dynamic oscillation measurements of pearl 

millet, foxtail millet and proso millet composite 

flours are shown in Fig. 8-13. The protein and water 

contents have significantly influenced the dynamic 

rheological parameters of the dough. Addition of 

millet flour to wheat flour changed the protein 

content and water absorption characteristics. Besides 

the protein content, the protein quality, which is 

generally measured as the gliadin-to-glutenin ratio 
and the quantity of glutenin subunits (high and low 

molecular weight), also has an effect on the 

rheological properties of the dough [48]. However, 

little information is available on the specific effect the 

protein quality has on the dynamic oscillation 

properties of wheat flour dough. The storage modulus 

and loss modulus both increased with an increase in 

the frequency for 100% wheat flour dough as well as 

for all composite flour doughs tested. 

 

 
Fig. 7. Changes in the hardness (N) of millet-incorporating dough depending 

on the millet concentration & the moisture content of the dough 
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The moduli for composite flour doughs have been 

found to be higher than those of 100% wheat flour 

dough. The increased moduli might be due to the 

difference between the interactions of starch and 

gluten fractions in the composite flour. The higher 

modulus is probably a result of the strong bonds in 

the composite flour from the starch granules in the 

dough: the starch granules act as a filler material 

which reinforces the gluten matrix and produces 
stronger bonds. The moduli found in the pure millet 

dough were higher than in the pure wheat dough. 

Also, in the 100% millet dough, the values of the 

moduli changed significantly with changes in the 

frequency. All the wheat flour and composite flour 

doughs have shown the values of G′ higher than those 

of G″, which proved that the dough was rather elastic 

than viscous. Addition of millet flour into the wheat 

flour significantly (P<0.05) increased the storage 

modulus and loss modulus. All the millet flours  

(Fig. 8-13) exhibited similar tendencies in the values 
of G´ and G´´. However, the pearl millet produced a 

less pronounced effect on the dough than the other 

two millets did. For example, the value of G´ for the 

10% pearl millet composite flour was around 605Pa, 

and the G´´ value was 317Pa. The other two millets, 

i.e. the doughs from foxtail millet and proso millet 

composite flours, had higher moduli even at lower 

concentrations of the millet incorporated. For 

example, the G´ and G´´ values of the 10% foxtail 

millet composite flour were around 1610Pa and 

678Pa respectively. There was no significant 
difference between the wheat dough and the pearl 

millet dough in terms of G´. This means that the pearl 

millet flour is more suitable to replace wheat in the 

dough than the foxtail millet or the proso millet is. 

The loss modulus (G´´) values have been found to be 

significant (P<0.05) for all millets and all 

concentrations, and the pearl millet least affected the 

loss modulus values. These values (G´´) are much 

higher than those of 100% wheat dough moduli. This 

proves that even a minor quantity of millet flour can 

potentially change and influence notably the 
rheological properties of dough, especially its 

elasticity and viscosity. 
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Fig. 8. Storage modulus (G´) of foxtail millet-incorporating 

dough 

Fig. 9. Loss modulus (G´´) of foxtail millet-incorporating 

dough 
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Fig. 10. Storage modulus (G´) of pearl millet-incorporating 

dough 

Fig. 11. Loss modulus (G´´) of pearl 

millet-incorporating dough 
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Fig. 12. Storage modulus (G´) of proso 

millet-incorporating dough 

Fig. 13. Loss modulus (G´´) of proso 

millet-incorporating dough 
 

Conclusion  
 

Millets are gaining attention due to their many 

advantages in cultivation and overall nutritional 

benefits.  The primary raw materials of these processed 

products undergo various unit operations which 

involve incorporation or removal of water. 

Understanding the water absorption characteristics of 

millets is an important and first step in the promotion 

of millets in bakery products since the water absorption 

of dough largely depends upon the flour properties. 

This study highlights the possibility to predict the 

water absorption characteristics of millet grains, which 
could be used to optimise the steeping conditions of 

millets in various bioprocessing operations: 

fermentation, germination, malting, etc. The hardness 

of millets decreased with an increase in their moisture 

content. These data will be useful for designing post-

harvest processing equipment intended for dehulling or 

milling. The effect of three minor millet flours in 

dough has been studied to understand their properties 

and behaviour better. All three millets affected the 
dynamic rheological properties of the dough. Among 

the three millets, proso millet flour highly affected the 

rheology of the dough. Proso millet flour significantly 

increased the hardness of the dough as compared to the 

pearl millet and the foxtail millet. The dough stability 

has also been found to be affected by all three millets 

flours. It has been established that the pearl millet has 

the smallest effect on the dough rheology. Dough 

hardness and dough stability were least affected in the 

dough from pearl millet composite flour. It is supposed 

that on performing proper baking trials to compare the 
properties of composite flours made from these millets, 

the results of the rheological studies will prove 

beneficial and the rheological properties and behaviour 

will be accurately correlated when the food is applied 

practically. 
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