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Abstract 

Empirical tests developed for an objective evaluation of noodle texture as well as sensory 

methods provide no information about the rheological parameters responsible for differences in 

the texture of Asian noodles. Therefore, there is a need for a technique to evaluate the rheological 

properties of Asian noodles that is fast, easy and inexpensive. Promising results from ultrasonic 

assessments of the rheological properties of wheat flour doughs and preliminary noodle studies 

were an encouragement to use ultrasound to address such need in this thesis.  

Using ultrasound at a relatively high frequency (1.4 MHz), the rheological properties of 

raw noodles made with three Canadian wheat varieties at various barley β-glucan (BBG) contents, 

sheeting work input levels and salt to kansui ratios (formulas) were evaluated. Conventional 

rheological, i.e., stress relaxation (SR) and uniaxial extension (Kieffer), measurements were 

employed for comparison purposes. The capability of ultrasound for evaluating the effects of BBG 

addition and sheeting work input on the rheological properties of raw wheat noodles of this study 

was confirmed. A greater sensitivity of ultrasound to microscopic changes in noodle dough 

structure, compared to SR and Kieffer tests, was reflected in differences between the results of 

ultrasound and those of the SR and Kieffer tests with respect to the influences of flour variety and 

formula on noodle rheology. Investigations of the density of raw noodles showed that air bubbles 

were present in the noodle dough matrix. 

A simple, fast and low-cost method, based on the measurement of noodle dough 

dimensions during the sheeting process, was proposed for a quick evaluation of noodle dough 

rheology. The results of the proposed method were in agreement with those of conventional 

rheological measurements on the effects of flour variety and sheeting work input on noodle texture. 

The time-dependent effect of kansui on noodle dough structure was confirmed by comparing the 



 

 

results of this new method with those of SR and Kieffer tests with respect to the effect of formula 

on noodle rheology. Further investigations are proposed to establish this method for quick 

assessment of Asian wheat noodle rheology. 
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Asian noodles are one of the most popular foods in the world, produced as various types in 

terms of ingredients, processing and shapes that have been consumed for thousands of years, 

mostly in Southeast Asian countries (Hatcher 2001). The consumption of Asian wheat noodles in 

countries such as China, Indonesia, Japan and Korea is so high that approximately 35-50% of the 

wheat flour in these countries is consumed for Asian wheat noodle production (G. Hou 2001; He, 

Xia, and Zhang 2010). Due to the importance of this high demand food product, Asian noodles 

have been extensively investigated by numerous cereal scientists (Oh et al. 1983; Miskelly and 

Moss 1985; Kruger, Anderson, and Dexter 1994; Edwards et al. 1996; Hatcher and Anderson 2007; 

Izydorczyk et al. 2005; Gatade and Sahoo 2015). Accordingly, the quality aspects of Asian 

noodles, including their visual appeal, flavor and texture, and how they are affected by ingredients 

and processing conditions, have been extensively studied (Kruger, Anderson, and Dexter 1994; 

Oh, Seib, and Chung 1985; Oh et al. 1985; Hatcher and Symons 2000). To produce Asian noodles 

with a desirable quality, a good balance between the various quality aspects must be achieved. 

There is a vast variety of Asian noodles produced throughout the world that are classified 

based on their ingredients, method of manufacture, shape, size and color. Wheat flour, water and 

salt are the main ingredients that are used for Asian wheat noodle production. Most noodle types 

are made with wheat flour, although flours from buckwheat and rice and starches from tapioca, 

sweet potato and mung bean are also used (G. Hou 2001; G.G. Hou et al. 2010). The quality of the 

wheat flour is one of the most important factors affecting the quality of the final product and is 

determined based on the characteristics of its protein, and starch, as well as its ash content (G. Hou 

2001; Fu 2008; Baik 2010). Optimum ranges for protein content of wheat flours used for Asian 

wheat noodles have been recommended based on different noodle types, e.g., 8-11% for white 

salted and 9-13% for yellow alkaline noodles (Fu 2008). 
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An economically significant amount of Canadian wheat is exported every year to Asian 

countries (approximately 8 million tonnes), primarily because of its excellent suitability for bread 

and noodle production (Diep 2014). There are more than 200 registered wheat varieties that can 

be grown in Canada, mostly in the prairie regions (Manitoba, Saskatchewan and Alberta), that are 

classified into ten wheat classes with widely different flour properties. Properties such as protein 

content, wet gluten content, farinograph absorption and dough development time (DDT) as well 

as extensograph Rmax and extensibility define these differences (“Cereal Varieties, 2015 Insured 

Commercial Acres” 2015; Hatcher et al. 2015). Canada Western Red Spring (CWRS) is the 

dominant wheat class in regards to seeded acreage in Canada followed by Canadian Western 

Amber Durum (CWAD) and Canadian Prairie Spring Red (CPSR), occupying approximately 65%, 

23% and 4.5% of the total acreage in Canada (“Cereal Varieties, 2015 Insured Commercial Acres” 

2015). According to the annual Canadian Grain Exports (2014-2015) report released by the 

Canadian Grain Commission (CGC), Indonesia and Japan are the largest importers of the CWRS 

wheat class, and this is mostly used in their noodle industries. The effects of different wheat classes 

and varieties on the quality of Asian noodles have been previously studied and significant 

differences in the quality of noodles made with flours of different characteristics have been 

reported (Kruger, Anderson, and Dexter 1994; Edwards et al. 1996; Diep 2014; Hatcher et al. 

2015; Dexter, Matsuo, and Dronzek 1979; Hatcher et al. 2011; Diep et al. 2014). 

Based on the type of salts used for noodle production, e.g., salt (NaCl) and alkaline salts 

such as sodium carbonate (Na2CO3) and potassium carbonate (K2CO3), white salted noodles 

(WSN) and yellow alkaline noodles (YAN) are manufactured (G. Hou 2001; Hatcher, Bellido, et 

al. 2008). Both NaCl and alkaline salts have been shown to enhance the quality of noodles via 

increasing the gluten strength and extending noodle shelf life (G. Hou 2001; Fu 2008). The choice 



4 

 

of salt, NaCl or alkaline salts, as well as the ratio of different salts cause significant changes in the 

quality of Asian noodles (Edwards et al. 1996; Hatcher and Anderson 2007; Moss, Miskelly, and 

Moss 1986; Miskelly 1996; Wu, Beta, and Corke 2006; Ross and Ohm 2006; Rombouts et al. 

2014). Kansui, which is a mixture of Na2CO3 and K2CO3 (usually 9:1 or 4:6) is one of the most 

commonly used types of alkaline salts for the manufacture of yellow alkaline noodles (YAN) 

(Hatcher 2001; Fu 2008).  

The processes used for the manufacture of Asian wheat noodles are categorized into two 

groups: basic and secondary, of which the former is common for all noodle types. Mixing of 

ingredients, dough resting, dough sheet forming, compounding, sheeting, dough sheet resting and 

cutting are the basic processing steps commonly taken in the production of Asian wheat noodles 

(G.G. Hou et al. 2010). Boiling, drying, steaming and deep frying are examples of secondary 

processing steps used in industry for the production of various noodle types, e.g., dried, cooked 

and fried (Hatcher 2001; G.G. Hou et al. 2010). 

Among the processes involved in the production of raw noodles, sheeting is believed to be 

the most important one, since the network of wheat flour gluten, which is essential for a desired 

texture of the final product, is developed mostly during this stage (G.G. Hou et al. 2010; Fu 2008). 

The effects of different factors, such as water absorption level, addition of NaCl and alkaline 

reagents, as well as wheat flour protein content, on the work input required during the sheeting 

process, have previously been investigated (Edwards et al. 1996; Hatcher and Anderson 2007; 

Hatcher, Kruger, and Anderson 1999). Edwards et al. (1996) reported that the addition of NaCl 

and NaOH led to an increase in sheeting work input and also observed a positive relationship 

between the mixing strength of wheat flours and their sheeting work input values. Hatcher, Kruger, 

and Anderson (1999) reported that the sheeting work input increased with a decrease in water 
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absorption level and an increase in flour protein content. Hatcher and Anderson (2007) also 

demonstrated a significant increase in sheeting work input as a result of NaCl addition to the noodle 

dough formulation. 

To our knowledge, the effect of sheeting work input per se on the development of wheat 

flour gluten, which in turn, governs the rheological properties of Asian wheat noodles has not been 

extensively studied in the literature. Therefore, there is a need for an investigation of the effect of 

sheeting work input on the fundamental rheological properties of Asian wheat noodles. Such an 

investigation can be performed by manipulating work input levels during noodle dough sheeting 

and evaluating the rheological properties of the resulting samples. Also, we can achieve a better 

understanding of how sheeting work input interacts with other factors involved in Asian noodle 

manufacture, such as the type and amount of ingredients used for noodle preparation. 

Due to a high demand for fortified food products, incorporation of micronutrients such as  

zinc (De Romana, Brown, and Guinard 2002), iron (Semba et al. 2010) and iodine (Chavasit and 

Tontisirin 1998) and dietary fibers ( Baik and Czuchajowska 1997; Lee, Baik, and Czuchajowska 

1998; Kruger, Hatcher, and Anderson 1998; Ugarcic-Hardi et al. 2007; Hatcher, You, et al. 2008) 

into Asian noodles has been studied by several researchers. A large amount of research has been 

dedicated to the fortification of Asian noodles with dietary fibers by incorporating wheat bran 

(Sievert, Pomeranz, and Abdelrahman 1990; Chen et al. 2011; Niu, Song et al. 2013; Hou, Lee, et 

al. 2014; Niu, Hou, Wang, et al. 2014), oat bran (Inglett et al. 2005; Reungmaneepaitoon, 

Sikkhamondhol, and Tiangpook 2006), and barley flour (Chang and Lee 1974; Cheigh, Ryu, and 

Kwon 1976; Ryu, Cheigh, and Kwon 1977; Baik and Czuchajowska 1997; Lagassé et al. 2006) 

into noodle dough formulations. Most of the health benefits associated with the addition of oat and 

barley flours to cereal products, e.g., reducing blood cholesterol and glycemic index, are believed 
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to be attributable to their β-glucan component (Brennan and Cleary 2005; Othman, Moghadasian, 

and Jones 2011). However, enrichment of Asian noodles with barley β-glucan (BBG) through 

blending wheat flour with barley flour resulted in noodles with an undesirable appearance and a 

reduced overall quality score (Cheigh, Ryu, and Kwon 1976; Ryu, Cheigh, and Kwon 1977; Baik 

and Czuchajowska 1997). Therefore, noodle manufacturers of high quality noodles are challenged 

to be able to add sufficient amounts of barley flour to satisfy the required BBG levels in their 

noodle formulation as recommended by health organizations, e.g., 3 g/day BBG consumption 

claimed by Health Canada in 2012 (Bureau of Nutritional Sciences, Food Directorate 2012). 

An approach to minimize the detrimental effects of barley flour on noodle quality, while 

enriching noodles with a desired amount of BBG, is the use of highly enriched BBG concentrates, 

such as Glucagel (>75% purity). However, there is still a need to examine how BBG concentrate 

affects the texture of Asian noodles at various addition levels to ensure a desirable quality in the 

final product. Possible interactions between BBG concentrate and other ingredients, such as wheat 

flour and salts, need to be evaluated to allow adjustments in formulation and processing in order 

that the desired texture of the final product can be optimized for different types of noodles. 

As one of the important quality attributes of Asian noodles, texture has mostly been 

evaluated by sensory methods, which are deemed to be subjective (Szczesniak 2002; Fu and 

Malcolmson 2010). A number of instrumental methods have been comprehensively investigated 

by cereal scientists for an objective texture evaluation of Asian noodles (Oh et al. 1983; Kruger, 

Hatcher, and Anderson 1998; Zhao and Seib 2005; Lagassé et al. 2006; Hatcher, Bellido, et al. 

2008; Hatcher et al. 2009; Gatade and Sahoo 2015). Fundamental rheological tests are believed to 

provide useful information to probe biochemical phenomena responsible for changes in the texture 

of Asian noodles (Ross 2006; Hatcher 2010). Rheological methods such as stress relaxation 
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(Hatcher et al. 2009; Bellido and Hatcher 2009; Hatcher et al. 2011) and uniaxial extension (Guan 

and Seib 1994; Seib et al. 2000; Katagiri and Kitabatake 2010) have both been successfully 

employed by cereal scientists to study the rheological properties of Asian noodles.  

New advancements in the use of ultrasound as an inexpensive, fast and non-destructive 

technique to investigate the rheology of wheat flour doughs have led to research studies in the field 

of Asian wheat noodles in recent years (Bellido and Hatcher 2010; Bellido and Hatcher 2011; 

Hatcher et al. 2014; Diep et al. 2014). Using ultrasound at a frequency of 40 kHz, Bellido and 

Hatcher (2010 and 2011) and Diep et al. (2014) studied the rheological properties of fresh YAN. 

The authors reported the sensitivity of ultrasound at this frequency to the changes in mechanical 

properties of YAN arising from the effects of different ingredients, i.e., NaCl, kansui, 

transglutaminase (TG) enzyme and flour variety. The authors also demonstrated significant 

correlations between parameters derived from ultrasonic measurements and those obtained from 

stress relaxation (Bellido and Hatcher 2010) and empirical tests conducted on the cooked noodles 

(Diep et al. 2014).  

Prior to the project covered in this thesis, all ultrasonic studies on Asian wheat noodles 

have been carried out at a low frequency (40 kHz) (Bellido and Hatcher 2010; Bellido and Hatcher 

2011; Diep 2014; Diep et al. 2014). However, as suggested by Diep (2014), employing the 

ultrasound technique at higher frequencies, e.g., 1 MHz, would potentially benefit researchers with 

new insights into the microstructure of Asian noodle dough. Moreover, comparing the results of 

ultrasonic measurements at a relatively high frequency, e.g., >1 MHz, with those of large-strain 

rheological measurements, such as stress relaxation, may well help us interpret the rheological 

behavior of Asian noodles based on both macroscopic (e.g., protein-protein interactions) and 

microscopic (e.g., protein-starch interactions) phenomena. In a preliminary work conducted before 
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the start of this project, Hatcher et al. (2014) used ultrasound waves at 1 MHz coupled with a stress 

relaxation test to evaluate the effect of BBG addition on the rheological properties of raw white 

salted noodles and reported the capability of ultrasound for such a purpose. However, to establish 

the suitability of ultrasound as a reliable means of evaluating the rheological properties of Asian 

noodles prepared under different formulations and processing conditions, more investigations are 

required. 

Therefore, this thesis is a comprehensive study on the use of ultrasound and conventional 

rheological measurements, including stress relaxation and uniaxial extension, to evaluate the 

rheological properties of raw Asian wheat noodles. The specific objectives pursued in this thesis 

are: 

1. To investigate the influence of dietary fiber addition, via incorporation of BBG in 

noodle dough formulations, on the rheological properties of raw Asian wheat noodles 

2. To study the effect of sheeting work input on the mechanical properties of raw Asian 

wheat noodles 

3. To probe the impact of flour characteristics, via employing flours from three diverse 

Canadian wheat varieties on the rheological properties of raw Asian wheat noodles  

4. To evaluate the influence of salt to kansui ratio (formula) on the mechanical properties 

of raw Asian wheat noodles 

5. To investigate the sensitivity of ultrasound at a frequency range of 1-1.4 MHz to 

ascertain how changes in BBG content, flour variety, work input and formula affect the 

texture of raw Asian wheat noodles 
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6. To examine the capability of ultrasound at a relatively high frequency (1-1.4 MHz) for 

evaluating the rheological properties of raw Asian wheat noodles, particularly with 

respect to how these ultrasonic and conventional rheological measurements compare 
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2.1. Asian noodles 

2.1.1. Importance 

Asian noodles are amongst most commonly consumed foods in the world (Hatcher 2008). 

They are believed to originate in China where it still has the largest global consumption rate with 

44.4 billion servings of instant noodles in 2014, with Indonesia and Japan considerably further 

behind with 13.4 and 5.5 billion servings, respectively (G. Hou 2001; Fu 2008; Gulia, Dhaka, and 

Khatkar 2014; WINA 2015). Moreover, according to the World Instant Noodles Association 

(WINA), an annual servings of 102.7 billion for just one type of Asian noodles (instant noodles) 

in the world indicates a huge market for this cereal product (WINA 2015). The importance of this 

product in the southeast Asian diet is such that 20-50% of wheat flour consumption in southeast 

Asian countries is for the production of Asian noodles (G. Hou 2001). 

There are different types of Asian noodles that are classified based on their ingredients, 

e.g., white salted (such as Udon), yellow alkaline (such as Cantonese) and buckwheat (Soba) 

noodles, the processing involved in their production, e.g., raw, instant and fried noodles, and their 

shape, e.g., very thin (Somen), thin (Hiya-mugi) and flat (Hira-men). Hand-made noodles (So-

men) are still served in Asian restaurants around the world, although the majority of noodles are 

produced by noodle manufacturers using advanced noodle making machines. Basic ingredients for 

preparation of Asian wheat noodles include wheat flour, water and salts (NaCl or alkaline salts) 

which will be discussed in subsequent sections. Introductory discussion of the processes involved 

in the manufacture of Asian wheat noodles, such as mixing and sheeting, is the scope of section 

2.1.3. 
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2.1.2. Ingredients 

2.1.2.1. Flour 

2.1.2.1.1. Quality attributes 

Wheat flour is the principal ingredient of the majority types of Asian noodles and it governs 

most of the quality attributes of this product. Carbohydrates, proteins and lipids are the main 

components of wheat flour. Selection criteria for wheat flour used in noodle production depend on 

noodle type, e.g., defined by the processes employed and the ingredients used for noodle 

production. However, some major flour quality attributes, such as gluten strength and extensibility, 

remain important for all noodle types. The main quality characteristics of the wheat flour required 

for noodle preparation relate to the flour protein, starch and ash content (Hatcher 2001; Fu 2008; 

Baik 2010). 

2.1.2.1.2. Effect of flour quality 

Optimum protein range of the noodle flour changes with the type of noodle, e.g., 8-11% 

for white salted and 9-13% for yellow alkaline noodles, although commercial manufacturers may 

prefer different protein contents depending upon flour quality, price and local preferences. Flour 

protein content as well as its quality has significant effects on the textural attributes of Asian wheat 

noodles (Hatcher 2001). Additionally, noodle processing is affected by flour protein content and 

protein quality, e.g., more energy is required during processing of flours with high protein content 

and strong gluten to reach a required noodle thickness (Edwards et al. 1996). Another important 

quality factor of noodle wheat flour is its starch pasting characteristics, which have a significant 

influence on the eating quality of most Asian noodles, especially Japanese and Korean noodles ( 

Nagao 1996; Crosbie 1991; G. Hou 2001). 
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Wheat to be used in noodle production should be sound, clean and dry, since noodle quality 

is negatively affected by any kernel damage caused by sprouting or disease (Fu 2008). For 

instance, increased amylase activity and proteases in wheat kernels damaged by rain lead to 

excessive stickiness and softness of the noodle with an undesirable color (Oh, Seib, and Chung 

1985; Oh, Seib, Ward, et al. 1985). Starch damage caused by sprouting or an inappropriate milling 

process has been shown to significantly affect the color and texture of Asian noodles by 

influencing the noodle’s water absorption level (Hatcher et al. 2002; Hatcher, Bellido, and 

Anderson 2009). Flours containing high swelling starch with a high paste viscosity, i.e., at least 

700 BU, are preferred by Japanese and Korean noodle manufacturers to address their desire for 

soft and elastic texture in their white salted noodles (Fu 2008). Furthermore, ash content, which is 

an indication of bran contamination, plays a significant role in achieving a desirable quality for 

Asian noodles (Okusu, Otsubo, and Dexter 2010). Usually, a maximum ash content of 0.55% is 

acceptable by noodle manufacturers, although ash contents of 0.4% or lower on a 14% moisture 

basis are recommended for high quality noodles (Oh et al. 1986). Therefore, in order to have a 

noodle product with a bright and clean appearance, an extraction rate of 40% or less is 

recommended for the wheat milling process, mostly in Japan (Fu 2008). Also, flour particle size 

is an important factor that affects the hydration of wheat flour components during noodle 

processing and as a result influences the processing and the quality, e.g., firmness, of the final 

product (Oh et al. 1986; Hatcher, Bellido, and Anderson 2009). For example, the hydration rate is 

faster for small flour particles compared to larger ones. Accordingly, a good noodle flour must 

have a uniform size distribution of flour particles, less than 130 μm, to produce a uniformly 

hydrated noodle dough (Hatcher 2001; Fu and Malcolmson 2010). 
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2.1.2.2. Water  

The water absorption level for noodle production is typically in the range of 30-40% (w/w 

flour basis) depending on the noodle type, and could be as much as 55% based on flour weight in 

the case of hand-swung noodles (Hatcher 2001). Moreover, the amount of water required in the 

noodle formulation is affected by other factors such as flour protein content, starch damage and 

particle size. High-protein flours need less water for the formation of a desirable continuous gluten 

phase than low-protein content flours (Oh, Seib, Ward, et al. 1985; Park and Baik 2002). Adding 

an excessive amount of water to a noodle dough formulation increases the dough sheet surface 

stickiness which has negative effects on the process efficiency and the quality of Asian noodles 

(Hatcher 2001; Baik 2010). On the other hand, insufficient amounts of water leads to inadequate 

hydration of flour particles which result in a non-uniform dough structure (Hatcher, Kruger, and 

Anderson 1999). Therefore, an optimum water absorption level is chosen for each type of noodle 

based on the ingredients and processes employed so that a uniform dough sheet is developed (Oh 

et al. 1986). Clean water without any taste or odor and of minimal mineral content is used in the 

noodle industry (G. Hou 2001). For example, hard water, which is rich in minerals, tightens the 

gluten protein too much, resulting in the delayed hydration of flour particles (Fu 2008). In addition, 

the quality of water can affect the processing of the mixed dough, and the texture and color of the 

final product (Hatcher, Kruger, and Anderson 1999; Park and Baik 2002). Usually, water with a 

pH range of 5.5-6 is suitable for noodle making especially when it is used for boiling the finished 

product (G. Hou 2001). Various ingredients can be added to the noodle formulation when 

dissolved in the water prior to mixing (Fu 2008). 
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2.1.2.3. Salt 

Depending upon the noodle type, different salts, such as NaCl and alkaline salts, can be 

dissolved in the water that is mixed with wheat flour for preparation of the noodle dough. For 

example, Udon noodles are made with NaCl whereas Cantonese noodles require alkaline salts. In 

the case of NaCl, 1-3% (w/w of dry flour) is usually added to the noodle formulation and this 

enhances the noodle quality by strengthening the gluten, enhancing noodle flavor and extending 

the noodle shelf life (Fu 2008). On the other hand, alkaline salts, such as sodium hydroxide 

(NaOH) or kansui are usually added at the level of 0.1-1.5% (flour weight basis) to the noodle 

dough formulation and they have a strong influence on noodle color, flavor and texture (Miskelly 

1996; Hatcher and Anderson 2007; Hatcher, Edwards, and Dexter 2008). They cause a yellowish 

noodle color, through affecting endogenous flavonoids in wheat flour, while increasing noodle 

firmness and decrease its extensibility (Fu 2008). The high pH of the noodle dough caused by the 

presence of alkaline salts inhibits enzyme activity in noodles leading to delayed enzymatic 

darkening of the noodle (G. Hou 2001). Alkaline noodles are usually firmer in texture, brighter in 

color and have longer shelf life than noodles made with NaCl (Hatcher 2010). 

2.1.2.4. Additives and preservatives 

The quality of Asian noodles can be improved by including different additives in their 

formulation. The most commonly used additives in the noodle industry are polyphosphates and 

hydrocolloids, while natural or synthetic colors are also employed in noodle making processes. 

The addition rate of polyphosphates and hydrocolloids is usually 0.1% and 0.2-0.5% of flour 

weight, respectively (Fu 2008). In the cases of deep-fried instant noodles and long-life noodles, 

antioxidants and dilute organic acids are used as preservatives to enhance the quality of the end 

product accessible by consumers (G. Hou 2001). 
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2.1.3. Noodle types based on ingredients 

As mentioned earlier, there are several noodle types that can be classified based on their 

ingredients, processes and shapes. Since one of the focuses of this thesis is the effect of NaCl and 

kansui on the rheological properties of raw noodles, criteria for the selection of ingredients for the 

two noodle types, white salted and yellow alkaline noodles, will be mentioned here. 

White salted noodles are mostly consumed in China as the dominant noodle type and Korea 

as the second popular noodle type (G. Hou 2001). Dried, semi-dried and fresh forms of white 

salted noodles are sold in Asian markets, especially China and Korea, but with different textural 

attributes. Also, Japanese Udon noodles are one of the most popular types of white salted noodles 

produced in Asia. The preference for Chinese white salted noodles is firm, elastic and chewy, 

whereas Koreans (and Japanese) desire a texture for white salted noodles that is soft with a smooth 

surface (Fu 2008). The wheat flour which is used for the production of Udon noodles is usually 

soft wheat with a protein content of 8-10% and ash content levels of 0.4% or less (Hatcher 2001). 

Lower protein content of the flour results in poor cooking quality while a higher protein content 

leads to loss of noodle brightness (Baik 2010). Since the water-holding capacity of flour for white 

salted noodles corresponds to its desirable elastic texture, flours with large and highly swollen 

starch granules are preferred for this noodle type (Hatcher 2001). Therefore, lower levels of 

amylose are desired since flours with starches of high amylose content, i.e., lower swelling ability 

compared to flours with waxy starch, will result in cooked noodles with an excessive hardness, 

which is undesirable (Baik 2010). Additionally, sprout damage should be minimal in white salted 

noodle flour to reduce negative effects on noodle color, i.e., falling numbers of 300 sec and above 

are usually recommended (G. Hou 2001). 
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The textural quality of yellow alkaline noodles is predominantly affected by flour protein 

due to the significant effect of protein quantity and quality on noodle firmness and elasticity. A 

protein content of 9-13% is recommended for Chinese yellow alkaline noodles (G. Hou 2001; Fu 

2008). Flour starch quality is still important for yellow alkaline noodles, although to a less extent 

than that for white salted noodles (Baik, Czuchajowska, and Pomeranz 1994). Crosbie et al. (1999) 

stated that low to moderately low starch-swelling properties are required for manufacturing of 

Japanese alkaline noodles. Moreover, in a study by Ross, Quail and Crosbie (1997), alkaline 

noodle texture was demonstrated to be determined by an interaction between protein content and 

starch characteristics of the flour used for noodle preparation. The authors also reported significant 

correlations between starch pasting characteristics (via peak viscosity and breakdown) and the 

texture of alkaline noodles (Ross, Quail, and Crosbie 1997). Bran contamination level must be 

minimal to achieve a good color stability of this type of noodles over a 24 hr period (Hatcher 

2001). Accordingly, yellow alkaline noodles with premium quality are prepared using flours with 

ash contents of 0.33-0.38% (Nagao 1996).  

2.1.4. Processes used in the noodle industry 

2.1.4.1. Unit operations 

Various processes are involved in the preparation of both hand-made and machine-made 

Asian noodles. The main purposes of noodle processing simply include hydration of the flour 

particles, formation of a continuous and uniform dough structure, and achieving raw noodle strands 

with a desired thickness and width (basic processing) which can be subjected to further processes 

such as drying, frying and cooking (secondary processing). 

The goals of basic processing are achieved by the processes of mixing, resting, 

compounding, sheeting and slitting (or cutting) (G. Hou 2001; Fu 2008). Production of raw noodle 
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strands requires flour, water and salt (NaCl or alkaline salt) to be mixed in order to attain a uniform 

hydration of the flour particles. The resulting dough crumb is then rested for about 10-40 minutes 

to allow the distribution of moisture throughout the dough matrix which leads to a better gluten 

development of the dough during sheeting (Hatcher 2001). Afterwards, the rested dough is divided 

into two pieces which are sheeted between rollers with a distance of a few millimetres rotating 

inward. The sheeted dough pieces will be combined for more uniformity of the dough sheet. 

Dividing the dough crumb into two pieces before the first pass and compounding the two sheeted 

doughs before the second pass targets a more uniform hydration of the flour particles (G. Hou 

2001; Hatcher 2001; Fu 2008). Prior to the reduction sheeting, which includes passing the dough 

sheet through a few (three to five or six) sheeting passes, the combined dough sheet is rested. 

Dough sheet resting at this stage is believed to improve its performance during the sheeting 

reduction passes by enhancing more even distribution of moisture in the dough and relaxing its 

gluten (G. Hou 2001; Hatcher 2001; G.G. Hou et al. 2010). The reduction sheeting is aimed at 

reducing the noodle sheet thickness to the desired value as well as developing the protein network 

of the noodle dough. Noodle dough sheet of a desired thickness is slit into strands using cutting 

rolls and undergoes further processing depending upon the noodle type (G. Hou 2001; Hatcher 

2001). 

According to the goal of this study, which deals with raw noodles, only the basic processes 

are discussed here. Because of the importance of the mixing and sheeting process in preparation 

of raw Asian wheat noodles, these two processes will be introduced and their effects on the quality 

of fresh noodles will be discussed in this section. 
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2.1.4.2. Mixing 

2.1.4.2.1. The purpose of mixing 

As the first step in noodle processing, mixing performs two tasks including distributing the 

ingredients uniformly and hydrating the flour particles evenly (Hatcher and Preston 2004; Baik 

2010). Using traditional mixers, a typical mixing time of 10-20 minutes is usually set by noodle 

manufacturers to ensure accomplishment of these two tasks (Hatcher 2001; Ross and Hatcher 

2005). However, an optimum mixing time for each noodle type differs depending upon the quality 

of flour, water absorption level and temperature as well as room temperature and humidity 

(Hatcher 2001; G.G. Hou et al. 2010). As an example, flour hydration and gluten development are 

slowed down if water temperature is 18 °C or less, leading to the need for a longer mixing time 

(G.G. Hou et al. 2010). Different types of mixers are employed in the noodle industry which will 

be mentioned in the following section. 

2.1.4.2.2. Types of mixers for noodle production 

Traditional mixers for noodle manufacturing are classified into two types, i.e., horizontal 

and vertical, with the former being used more in the noodle industry due to its better mixing results 

(G. Hou 2001; G.G. Hou et al. 2010). Horizontal mixers are available in two varieties, i.e., single 

shaft and double shaft, of which the double shaft is more efficient in terms of dough mixing. The 

reason for a better efficiency of the double shaft horizontal mixer compared to the single shaft one 

is that the former introduces the mixing energy into the dough crumb horizontally and vertically 

at the same time. The movement of the dough in opposite directions results in a more uniform 

mixing of the noodle ingredients and more effective hydration of the flour particles (Fu 2008). On 

the other hand, vertical mixers are often used in continuous noodle production lines. Vertical 

mixers mostly have mixing blades with a large surface area that are used for larger scale noodle 
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manufacture. Mixing time for noodle dough crumb preparation in both types of conventional 

mixers is usually 10-20 minutes with mixing speeds of 70-100 rpm (Fu 2008). 

In addition to the conventional mixer types, there are specialty-designed mixers, including 

vacuum mixers, low and high-speed mixers,  that are employed for noodle production (G.G. Hou 

et al. 2010). Vacuum mixers enable the operator to use more water in the noodle formulation, i.e., 

up to 40%, with no processing difficulties, such as dough stickiness and handling problems. The 

better hydration of flour particles during vacuum mixing allows efficient development of the gluten 

network during mixing and sheeting (Fu 2008). In addition, use of vacuum mixing in noodle 

preparation improves starch gelatinization due to the presence of extra water in the dough 

formulation during the steam processing for dry-steamed instant noodles (Hatcher 2001). Vacuums 

of 53-80 kPa are usually used in modern noodle production facilities (G.G. Hou et al. 2010). Low 

speed mixers are used when high water absorption levels, i.e., more than 40%, are used in the 

noodle formulation. They operate at very low speeds (<10 rpm) and resemble the hand-kneading 

action used in hand-made noodle preparation that result in a well-developed gluten network in the 

noodle dough (Fu 2008). In high speed mixers (~1500 rpm), on the other hand, the dispersed flour 

particles are subjected to sprayed salt or alkaline solutions to achieve a premium hydration rate of 

the flour particles (G.G. Hou et al. 2010). A centrifugal mixer, adapted from paint industry by 

Hatcher and Preston (2004), which requires a minimal amount of flour for research purposes, 

yields a dough crumb similar to commercial counterparts. This inexpensive small-scale mixer has 

been demonstrated to be capable of mixing noodle ingredients of 5-85 g in 30 seconds at speeds 

of 3000 rpm or more (Hatcher and Preston 2004).  
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2.1.4.3. Sheeting 

2.1.4.3.1. The purpose of sheeting 

As mentioned earlier, Asian noodles can be classified based on their shape, i.e., thickness, 

width and length (G. Hou 2001). Among noodle strand dimensions, only noodle thickness is 

adjustable by the sheeting process. Moreover, a major purpose of the noodle sheeting process is 

gluten development (Ross and Hatcher 2005; Liao, Chung, and Tattiyakul 2007; G.G. Hou et al. 

2010), which plays an essential role in the textural quality of the final product and is minimal 

during the mixing process. There are only a few studies on wheat flour dough sheeting in which 

Hencky strain (strain applied to the dough by sheeting rollers) and recoil strain (dough recovery 

after the sheeting pass) were used to investigate dough rheology (Engmann, Peck, and Wilson 

2005; Qi et al. 2008). Insightful discussions on the rheological behavior of bread dough as well as 

the prediction of its thickness after sheeting have been made by the authors of these research 

studies. There are no similar studies carried out on the sheeting process used for the production of 

Asian wheat noodles. 

After mixing and resting, the sheeting process begins with the dough crumb divided into 

two pieces which are separately sheeted using a pair of sheeting rollers. The resulting dough sheets 

often lack a uniform structure and a smooth surface. Hence, they are combined and passed through 

the second pass to achieve a more uniform and smooth dough sheet which is rested from a few 

minutes up to an hour (Hatcher 2001). Resting helps the dough gluten to relax and allows the 

subsequent sheeting steps to be carried out more easily (Nagao 1996; Ross and Hatcher 2005; Fu 

2008). The rested dough sheet is passed through a number of sheeting passes, with successively 

reduced gap sizes between the rollers, to reach the desired thickness (G. Hou 2001; Fu 2008). The 

number of the reduction sheeting passes in industry varies, usually between three and five. During 
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the sheeting process, a continuous and viscoelastic network of gluten is developed which is 

necessary for production of Asian wheat noodles with an acceptable textural quality (Fu 2008). 

However, the sheeting quality of Asian noodles can vary with flour protein and water content 

(Liao, Chung, and Tattiyakul 2007). The mechanism by which a continuous gluten-starch network 

is developed during the sheeting process involves tangling (fusion) of the adjacent endosperm 

particles of the wheat flour dough under compression (Fu 2008). Moreover, an alignment of gluten 

filaments is believed to take place in the direction of the sheeting process (Hatcher 2001; G.G. 

Hou et al. 2010). Therefore, as mentioned by Ross and Hatcher (2005), rotating the dough sheet 

during the sheeting process causes differences in the way gluten alignment occurs. As a 

consequence, the resulting sheeted dough will possess a different texture to the dough sheet that 

was not subjected to any rotation during the sheeting process (Ross and Hatcher 2005). It is worth 

mentioning that although smooth sheeting rolls are mostly used in industry, waved rolls can be 

employed to improve the gluten network development during dough sheeting (G. Hou 2001; 

Hatcher 2001). The improvement of the noodle quality via the use of waved rolls is attributable to 

the multidirectional development of the gluten, which resembles the action of manual sheeting (G. 

Hou 2001; Fu 2008; G.G. Hou et al. 2010). A better gluten network development by waved rolls, 

compared to smooth rolls, indicates that what is important in the quality of the sheeted dough is 

the way that the gluten network is developed. As reported by Kilborn and Tipples (1974), the same 

degree of gluten development in bread dough can be achieved by the sheeting process but with 

only 15% of the energy required for the mixing process. Greater effectiveness of the sheeting 

process in dough development compared to the mixing process was also mentioned by Feillet, 

Fevre, and Kobrehel (1977) and Sutton et al. (2003). 
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2.1.4.3.2. Sheeting process conditions 

There are three major parameters that govern the function and performance of the noodle 

dough sheeting process, including gap size, roller speed and number of sheeting passes. To avoid 

damage to the dough structure, such as dough sheet tearing and/or surface peeling, dough sheet 

thickness must be reduced gradually during sheeting (Hatcher 2001; G.G. Hou et al. 2010). The 

gap size between the sheeting rolls is therefore set so that a maximum of 40% thickness reduction 

is achieved during each sheeting pass with the final pass having a maximum reduction ratio of 

10% (Fu 2008). Typical reduction ratio values (%) for the five reduction-rolls noodle machine are 

provided by G.G. Hou et al. (2010). Since the final thickness of the dough sheet emerging from 

the last pass depends on dough strength, roll settings can be calibrated so that a specific final 

thickness of the dough sheet is achieved (Ross and Hatcher 2005). 

In addition to the roll gap size (reduction ratio), the speed of the sheeting rolls has 

significant effects on the quality of the noodle dough (Oh, Seib, and Chung 1985). Roller speed 

during the sheeting process is adjusted based on the size of the sheeting rolls, i.e., the larger the 

roll diameter the lower the roller speed, to ensure an increase in the linear velocity of the sheeting 

rolls. High roller speeds should be avoided to prevent overstretching of the dough sheet as well as 

ineffective pressure during each sheeting pass (Fu 2008).  

Typically 3-5 sheet reduction steps, in addition to the sheet forming and compounding 

steps, are used in industrial noodle sheeting machines, but more reduction steps have also been 

reported (G.G. Hou et al. 2010). The reason for using more sheeting steps, thus smaller reduction 

ratio for each pass, is to achieve thin noodle strands without damaging the dough sheet structure. 

As per Ross and Hatcher (2005), using more sheeting passes for thickness reduction of the noodle 

dough sheet allows a larger extent of gluten network development. In addition to the sheeting 
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process conditions mentioned above, the temperature of the rolls and the processing environment 

should be controlled as temperature remarkably influences gluten’s physical properties (Fu 2008). 

2.1.4.3.3. Sheeting work input 

The amount of work introduced into the noodle dough during the sheeting process can be 

measured using calibrated force or pressure transducers attached to the moving rollers of the 

sheeting machine (Kilborn and Preston 1982; Edwards et al. 1996; Hatcher, Kruger, and Anderson 

1999; Hatcher et al. 2002).  

How noodle ingredients and processes influence the amount of work input required for 

preparation of Asian noodles with a desired quality has been previously studied by several 

researchers (Edwards et al. 1996; Hatcher et al. 2002; Hatcher, Kruger, and Anderson 1999; 

Hatcher and Anderson 2007). Edwards et al. (1996) studied the effect of NaCl and alkaline reagent, 

kansui, on the work input requirement during the sheeting process for different Canadian wheat 

flour doughs. The authors related an increase in sheeting work input with the addition of salt or 

NaOH to the strengthening effect of these ingredients on the noodle dough. They also reported a 

positive relationship between the sheeting work input values of the wheat flours and their mixing 

strength characteristics (Edwards et al. 1996). The effects of water absorption and flour quality on 

sheeting work input requirement for yellow alkaline and white salted noodles was also studied by 

Hatcher, Kruger, and Anderson (1999). They found an increase in the amount of sheeting work 

input with a decrease in water absorption levels and an increase in flour protein content, while 

demonstrating no influence of salt and alkaline reagent on total sheeting work input (Hatcher, 

Kruger, and Anderson 1999). Additionally, Hatcher et al. (2002) reported significant effects of 

flour particle size, starch damage and water absorption on sheeting work input. The group 

indicated that sheeting work input was inversely related to starch damage (and hence, water 
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absorption) and the particle size of the wheat flour used for noodle preparation (Hatcher et al. 

2002). By comparing the sheeting work input values of alkaline noodles prepared with different 

levels and ratios of Na2CO3 and K2CO3, with and without the inclusion of NaCl (3% w/w flour), 

Hatcher and Anderson (2007) showed that the addition of NaCl to alkaline noodle formulations 

led to a significant increase in the amount of work input. Increased inter- and intraprotein 

hydrophobic interactions with the addition of salt was considered as the responsible factor for such 

observations (Hatcher and Anderson 2007). 

2.1.5. Noodle quality aspects  

Noodle manufacturers and consumers assess the noodle quality based on its visual appeal 

(color), flavor and textural attributes. A high quality Asian noodle product should be processed in 

such a way that it exhibits a good balance of the three quality aspects. Tremendous amounts of 

research work have been carried out to study the effects of different ingredients and processes on 

the quality characteristics of various types of noodles (Oh, Seib, and Chung 1985; Oh, Seib, Deyoe, 

et al. 1985; Oh, Seib, Ward, et al. 1985; Moss, Miskelly, and Moss 1986; Rho et al. 1988; Edwards 

et al. 1996; Kruger, Hatcher, and Anderson 1998; Hatcher, Kruger, and Anderson 1999; Hatcher 

et al. 2002; Hatcher 2004; Hatcher and Anderson 2007; Ugarcic-Hardi et al. 2007; G.G. Hou 2010; 

Gulia and Khatkar 2013). A brief introduction to how noodle quality is affected by the different 

noodle ingredients and process conditions will be provided in this section. 

2.1.5.1. Appearance 

Noodle appearance can be assessed based on a combination of the color and brightness of 

noodles coupled with the presence or absence of speckiness or discoloration on the noodle surface 

(Hatcher 2008). Numerous research studies have been dedicated to evaluating the effect of 

different parameters on the appearance of various types of noodles (Oh, Seib, and Chung 1985; 
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Oh, Seib, Ward, et al. 1985; Hatcher, Kruger, and Anderson 1999; Hatcher and Anderson 2007; 

Hatcher, Edwards, and Dexter 2008; Miskelly and Moss 1985; Hatcher and Symons 2000; Kruger, 

Anderson, and Dexter 1994). Noodle appearance is usually evaluated by the use of reflectance 

colorimeter in industry, although a new technique has also been developed and used in research 

studies and breeding programs, i.e., a scanner based system developed by Hatcher, Symons, and 

Manivannan (2004). In a study by Oh, Seib, and Chung (1985), uncooked dry noodle color was 

demonstrated to be significantly affected by water absorption, i.e., increased darkness with 

elevated water absorption levels, and by dough pH, i.e., yellower noodles at higher pH. Similar 

results on the effect of water absorption on noodle color was reported by Hatcher, Kruger, and 

Anderson (1999). In another study, Oh, Seib, Ward, et al. (1985) demonstrated that greater 

darkness of noodles was associated with elevated flour extraction rate and protein content. 

Significant effects of the type of alkaline reagent and particle size (which reflects the influence of 

ash content) on noodle speckiness were also reported by Hatcher, Edwards, and Dexter (2008). 

The presence of polyphenol oxidase (PPO), phenolic compounds and auto-oxidation products in 

the noodle flour is believed to result in discoloration, darkening and reduced visual appeal of Asian 

noodles (Hatcher and Kruger 1997; Hatcher and Symons 2000). 

2.1.5.2. Flavor 

Flavor is one of the basic quality characteristics that has always been evaluated by sensory 

panelists in the noodle industry or in research studies (G. Hou 2001; Fu and Malcolmson 2010). 

Similar to other quality characteristics of Asian noodles, flavor is influenced by both ingredients, 

e.g., alkaline salts, buckwheat and seasonings, and processing, e.g., fermentation, frying and 

storage (G.G. Hou 2010).  However, in most cases noodle flavor is more influenced by the addition 
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of ingredients or additives rather than with the use of certain processes (G. Hou 2001; Ugarcic-

Hardi et al. 2007; Fu and Malcolmson 2010). 

2.1.5.3. Texture 

As the most important quality attribute of Asian noodles, texture can be evaluated by 

sensory (Fu and Malcolmson 2010) and instrumental methods (Ross 2006), with most of the largest 

noodle manufacturers employing the former (Hatcher 2010). More details on how the texture of 

Asian noodles is assessed by these methods will be discussed in section 2.2. The scope of this 

section is to provide some background information on the effects of ingredients and processing on 

noodle texture. 

Some of the most commonly used terms to express noodle texture are firmness, hardness, 

softness, chewiness, elasticity, stickiness and springiness (G. Hou 2001). Optimum textural 

properties vary depending on noodle type, i.e., firm for alkaline noodles versus soft for salted 

noodles. Therefore, the potential influence of ingredients and processes on noodle texture must be 

taken into account in order to achieve the most desired textural characteristics of the final product. 

This fact encouraged cereal scientists to examine the influences of various parameters, such as the 

quantity and quality of ingredients as well as processing conditions, on the texture of Asian 

noodles. For instance, Miskelly and Moss (1985) studied the effect of flour protein quality on the 

texture of Chinese alkaline noodles and found that firmer and more elastic noodles were obtained 

when stronger flours (extensograph high resistance and extensibility) were used. They also 

demonstrated that higher paste viscosity of the flour results in softer boiled noodles (Miskelly and 

Moss 1985). Kruger, Hatcher, and Anderson (1998) investigated the effect of incorporation of rye 

flour on the texture of raw and dried noodles and indicated a decrease in dry noodle breaking 

strength, cooked noodle firmness and chewiness as a result of rye content increase. In addition, the 
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effect of NaCl and alkaline reagents (Moss, Miskelly, and Moss 1986; Edwards et al. 1996; 

Hatcher and Anderson 2007; Ong, Ross, and Engle 2010), the effect of flour particle size and 

starch damage (Oh, Seib, Ward, et al. 1985; Hatcher et al. 2002; Hatcher, Edwards, and Dexter 

2008; Hatcher, Bellido, and Anderson 2009), and the effect of water absorption level (Edwards et 

al. 1996; Hatcher, Kruger, and Anderson 1999) on Asian noodle texture has been studied. 

Changes in the textural characteristics of Asian noodles due to variations in processing 

conditions have also been evaluated by several researchers (Oh et al. 1983; Oh, Seib, and Chung 

1985; Oh, Seib, Deyoe, et al. 1985; Oh, Seib, Ward, et al. 1985; Rho et al. 1988; Hatcher 2004; 

Gulia and Khatkar 2013). As an example, Oh et al. (1983) examined the effect of overcooking 

time on noodle texture and reported a significant decrease in noodle firmness with increasing 

overcooking time. Moreover, the authors investigated the effect of resting time before sheeting, 

sheeting roll speed and sheeting reduction percentage (ratio) on cooked noodle firmness in another 

study (Oh, Seib, Deyoe, et al. 1985). They reported that surface firmness decreased with increasing 

roll speed, while it increased with increasing resting time and sheet reduction percentage during 

the sheeting process. 

2.1.6. Fortification of Asian noodles 

2.1.6.1. Introduction 

Increasing awareness of people around the world on health and nutrition aspects of the 

foods they consume every day has resulted in a strong demand for fortified food products 

(Krystallis, Maglaras, and Mamalis 2008). Regarding the importance of cereal food products in 

our daily diet, many cereal products such as Asian noodles have been fortified with several 

micronutrients, such as zinc (De Romana, Brown, and Guinard 2002), folic acid (Cheung et al. 

2008), iron (Semba et al. 2010) and iodine (Chavasit and Tontisirin 1998), as well as dietary fibers 
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(Kruger, Hatcher, and Anderson 1998; Lee, Baik, and Czuchajowska 1998; Hatcher et al. 2008). 

Due to an extensive incorporation of cereal dietary fibers in noodle formulation, three well 

established sources of dietary fiber used for noodle fortification will be discussed briefly in the 

following section. 

2.1.6.2. Dietary fibers used for noodles 

2.1.6.2.1. Wheat bran 

Wheat bran, which is a by-product of wheat milling, contains a large amount of dietary 

fiber (36-52%) (Song et al. 2013). The major health benefits of wheat bran as a dietary fiber 

incorporated into food products include reducing hypertension and the risk of colon cancer and 

diabetes (Stevenson et al. 2012). However, as per Song et al. (2013), the use of this excellent source 

of insoluble dietary fiber for cereal foods is limited to only 10% of the commercially obtained 

wheat bran. Different researchers have employed wheat bran in order to fortify Asian noodles and 

studied the effect of wheat bran addition on the quality of the final product  (Sievert, Pomeranz, 

and Abdelrahman 1990; Chen et al. 2011; Song et al. 2013; Niu, Hou, Lee, et al. 2014; Niu, Hou, 

Wang, et al. 2014). Sievert, Pomeranz, and Abdelrahman (1990) examined the effect of wheat bran 

addition on color and texture of Japanese Udon noodles and reported increasing brown color and 

decreasing textural quality score with increasing wheat bran addition level. Chen et al. (2011) have 

also studied the effect of particle size and addition levels of wheat bran on color and textural 

attributes of white Chinese noodles. The authors reported a downtrend for color and texture of 

noodles (expressed as hardness, gumminess and chewiness) with increasing wheat bran particle 

size and addition levels. Moreover, Chen et al. (2011), mentioned the possibility of producing 

fortified white Chinese noodles with a satisfactory quality at wheat bran addition levels of 5-10% 

for fine bran particles (0.21 mm) and 5% for medium bran particles (0.54 and 1.72 mm). 
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2.1.6.2.2. Oat fiber 

Oat fiber can be obtained from both oat bran or oat hull, with only the former source being 

used for human food products. Comprising nearly 30% of the oat grain, the oat hull contains more 

fiber content (about 90%) than wheat bran (about 44%) or maize bran (about 62%) (Bodner and 

Cho 2009). On the other hand, oat bran, which is obtained by separation of outer layers of dehulled 

oats from the starch-containing endosperm, contains 6-9% total dietary fiber (Gulvady, Brown, 

and Bell 2014). Some health benefits associated with oat fiber include reducing blood cholesterol 

and urea level and obesity, controlling glycemic response and improving intestinal regularity 

(Anderson et al. 1991; Younes et al. 1995; Stephen et al. 1997; Malkki and Virtanen 2001; 

Karmally et al. 2005; Maki et al. 2010; Gulvady, Brown, and Bell 2014). The main component of 

oat soluble dietary fiber is β-glucan whose content can be elevated up to 25% in oat bran 

concentrates and is thought to be responsible for the health benefits of oat bran (Othman, 

Moghadasian, and Jones 2011). However, the use of oat products in noodle production has been 

limited (Inglett et al. 2005). Inglett et al. (2005) incorporated Nutrim-5, an oat hydrocolloid rich 

in β-glucan, into Asian noodle formulations at different ratios of wheat flour to rice flour and 

investigated its effect on color, odor, flavor and texture of their samples. The authors demonstrated 

no detrimental effect of Nutrim-5 on noodle quality when equal proportions of rice and wheat flour 

were used for noodle production (Inglett et al. 2005). Reungmaneepaitoon, Sikkhamondhol, and 

Tiangpook (2006) employed oat bran concentrate (OBC) to fortify instant fried noodles and 

reported acceptable quality scores for instant noodles when 5-10% OBC was used in their noodle 

formulation.  



39 

 

2.1.6.2.3. Barley 

As one of the richest sources of soluble and insoluble dietary fibers (a total of 10-20%), 

barley has been incorporated into various cereal products (Izydorczyk et al. 2005; Klamczynski 

and Czuchajowska 1999). Growing environment and genetics are the two main factors affecting 

the content and balance of these types of dietary fibers in barley (Fastnaught 2009). β-glucans and 

arabinoxylans are the major dietary fiber components of barley with normal amounts of  4-8% and 

3-7% in whole barley grain, respectively (Henry 1987; MacGregor and Fincher 1993). The 

pericarp and aleurone cell walls of barley contains 25% β-glucans and 70% arabinoxylans, whereas 

the cell walls of starchy endosperm contains 75% β-glucans and 20% arabinoxylans (Fastnaught 

2009). Nutritional value, function and composition of barley are influenced by the presence of 

hulls, resulting in different uses for hulled (malting) and hull-less barley (food purposes) (Hatcher 

et al. 2005). As per H.S. Kim et al. (1973), naked (hull-less) barley is more suitable than hulled 

barley for the production of Asian noodles, according to its better milling yield as well as its effect 

on noodle color and taste. Hull-less barley (HB) has been demonstrated to lower blood cholesterol, 

to reduce the risk of colon cancer and coronary heart disease, and to control blood glucose levels 

(Jadhav et al. 1998; Hatcher et al. 2005; Lagassé et al. 2006; Fastnaught 2009). The effects of 

barley and its components on the quality attributes of Asian noodles have been extensively studied 

by cereal scientists (Chang and Lee 1974; Cheigh, Ryu, and Kwon 1976; Ryu, Cheigh, and Kwon 

1977; Baik and Czuchajowska 1997; Hatcher et al. 2005; Izydorczyk et al. 2005; Lagassé et al. 

2006). Baik and Czuchajowska (1997) incorporated abraded waxy and non-waxy barley into a 

Udon noodle formulation and studied their effects on noodle color, texture and processing 

requirements. The authors demonstrated that Udon noodle textural parameters, such as hardness, 

springiness and chewiness decreased with addition of waxy barley flour while they remained 
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unchanged by addition of non-waxy barley flour. Additionally, due to its effect on noodle 

processing, i.e., reducing starch gelatinization temperature and cooking time, the use of β-glucan 

rich waxy barley was concluded to be beneficial for Asian noodle production (Baik and 

Czuchajowska 1997). However, darkening effects of barley flours when added to Asian noodles 

have repeatedly been demonstrated (Cheigh, Ryu, and Kwon 1976; Baik and Czuchajowska 1997; 

Hatcher et al. 2005; Izydorczyk et al. 2005; Lagassé et al. 2006). Reportedly, addition of HB flour 

to yellow alkaline noodles (Hatcher et al. 2005) and white salted noodles (Lagassé et al. 2006) 

reduced brightness and increased redness and speckiness of the final product, and these are 

unappealing traits for traditional noodle consumers. The use of purified barley β-glucan 

concentrates could be an approach to reduce the detrimental effect of HB flour on Asian wheat 

noodle appearance (Hatcher et al. 2014). 

2.2. Texture evaluation methods for noodles 

2.2.1. Sensory methods 

The quality characteristics of Asian noodles are most commonly evaluated by sensory 

evaluation tests, which are classified into two categories, consumer- and product-oriented tests (Fu 

and Malcolmson 2010). Evaluation of noodle texture using sensory tests is normally carried out 

by untrained and trained panelists in consumer- and product-oriented test types, respectively 

(Kilcast 2004; Fu and Malcolmson 2010). Using scoring sheets prepared for sensory evaluation of 

noodle texture, the panelists measure the textural attributes of Asian noodles by scoring each 

evaluation item, e.g., hardness (G. Hou 2001). Generally, each noodle type has its own scoring 

sheet based on the quality attributes required for that type of product (Nagao 1996; G. Hou and 

Kruk 1998; G. Hou 2001; Fu and Malcolmson 2010). For example, hardness, elasticity and 

smoothness for boiled Japanese noodles (Nagao 1996), and bite, springiness and mouthfeel for 
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Chinese raw noodles (G. Hou and Kruk 1998), are scored by panelists for texture evaluation. 

However, the same quality characteristics can be used for other types of noodles. In a study by 

Tang et al. (1999) on quality attributes of wheat flour noodles, some of the sensory textural 

parameters, such as surface smoothness, firmness, chewiness, surface stickiness and elasticity, 

were reported. Accordingly, firmness and chewiness were determined as the perceived force the 

front teeth need to cut the noodle and the time required for mastication of the noodle before 

swallowing it, respectively. Additionally, elasticity, which was measured by hand, was determined 

as the extent to which the noodle sprang back to its initial length after being stretched (Tang et al. 

1999). 

Because texture is a sensory attribute that is perceived by human sensory organs 

(Szczesniak 2002), the sensory evaluation of noodle texture is subjective. Accordingly, this 

method is unable to provide information about the underlying mechanical properties of noodles 

responsible for differences in their texture (Ross 2006). Sensory methods are also laborious and 

expensive (because of trained labor costs) compared to instrumental methods discussed in the 

following section (G. Hou 2001). 

2.2.2. Instrumental methods 

2.2.2.1. Empirical tests 

Empirical tests, such as maximum cutting stress (MCS), resistance to compression (RTC) 

and recovery (REC) have repeatedly been demonstrated to correlate with sensory textural 

attributes of Asian noodles (Hatcher 2010). These empirical textural tests are the most commonly 

used parameters to study changes in noodle texture due to changes in flour quality, e.g., protein 

content, starch damage, particle size as well as water absorption, dough pH and processing 

conditions, e.g., sheeting roll speed and reduction percentage, cooking time (Oh et al. 1983; Oh, 
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Seib, and Chung 1985; Hatcher, Kruger, and Anderson 1999; Hatcher and Preston 2004; Hatcher 

and Anderson 2007; Hatcher, Dexter, and Fu 2008; Hatcher, Edwards, and Dexter 2008; Hatcher 

et al. 2008; Hatcher, Dexter, Anderson, et al. 2009; Hatcher, Dexter, Bellido, et al. 2009; Hatcher 

et al. 2011). Oh et al. (1983) were the first researchers to show the instrumental texture parameters 

MCS and RTC were well correlated with the cooked noodle sensory textural parameters of 

firmness and chewiness, respectively. They defined MCS (gf/mm2) as the peak height (g-force) 

divided by the initial blade contact area (mm2) in the cutting test, and RTC (%) as 100 times the 

ratio of the retained thickness (mm), i.e., the initial thickness minus compressed distance, to the 

initial thickness (mm) in the compression test. In addition, REC was defined as 100 times the ratio 

of the recovered distance to the compression distance (measured after achieving 100 gf/cm2) (Oh 

et al. 1983). 

Other researchers followed the same procedures with some modifications, e.g., various 

crosshead speeds and probe shapes, to study the effect of different factors on the texture of Asian 

noodles (S. Huang and Morrison 1988; Kruger, Anderson, and Dexter 1994; Collado and Corke 

1996; Kruger, Hatcher, and Anderson 1998; Hatcher, Kruger, and Anderson 1999; Hatcher, 

Dexter, Anderson, et al. 2009). Kruger, Hatcher, and Anderson (1998) reported a decrease in both 

firmness (MCS) and chewiness (REC) of dry salted noodles due to the addition of rye flour to the 

noodle formulation. Lagassé et al. (2006) employed MCS and RTC tests to probe the changes in 

the texture of white salted noodles fortified with hull-less barley (HB) flours of different amylose 

content. Hatcher et al. (2011) used MCS, RTC and REC parameters to study the effect of wheat 

flour, when blended with different buckwheat flours, on the textural quality of soba noodles. The 

authors demonstrated the ability of these empirical textural parameters to examine differences in 

the texture of different noodles and reported their significant correlations with fundamental 
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rheological parameters (Hatcher et al. 2011). However, compared to empirical mechanical tests, 

such as MCS, fundamental rheological properties are believed to provide better discrimination 

ability and deeper insight to the biochemical phenomena responsible for changes in noodle texture 

(Ross 2006; Hatcher 2010; Hatcher et al. 2011). 

2.2.2.2. Rheological tests 

2.2.2.2.1. Stress relaxation 

Viscoelastic properties of soft-solid foods have been extensively characterized by stress 

relaxation (SR) measurements (S. Bhattacharya, Narasimha, and Bhattacharya 2006; Singh et al. 

2006; Andrés, Zaritzky, and Califano 2008; Rodriguez-Sandoval, Fernàndez-Quintero, and 

Cuvelier 2009; S. Bhattacharya 2010). Moreover, various research studies have been dedicated to 

investigations of the rheological behavior of different wheat flour dough systems using shear, 

tensile and compressive SR tests at small-strain (linear viscoelastic region) or large-strain modes 

(Bohlin and Carlson 1981; Safari-Ardi and Phan-Thien 1998; Rao, Mulvaney, and Dexter 2000; 

Rao et al. 2001; Uthayakumaran, Beasley, et al. 2002; Li, Dobraszczyk, and Schofield 2003; 

Sliwinski, Kolster, et al. 2004; S. Bhattacharya, Narasimha, and Bhattacharya 2006; Xiao, 

Charalambides, and Gordon Williams 2007; Sozer and Dalgic 2007; Chapman et al. 2012). The 

two main advantages of the SR method for characterizing the rheological properties of wheat flour 

doughs include the simplicity of the test and sufficient repeatability of test results (S. Bhattacharya, 

Narasimha, and Bhattacharya 2006). Safari-Ardi and Phan-Thien (1998) reported that small-strain 

SR measurements were not able to discriminate different flours, while large-strain ones were. The 

authors mentioned that at small-strain levels, wheat flour doughs of different protein quality 

exhibited similar elastic response and suggested that an adequate order of strain for wheat flour 

doughs would be 20%. Furthermore, due to a high reproducibility and a good differentiating power 
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of the large-strain SR test for wheat flour doughs, they recommended the use of this test by the 

baking industry on a routine basis (Safari-Ardi and Phan-Thien 1998). Rao et al. (2001) also 

mentioned the advantage of large-strain SR measurements over non-destructive rheological 

measurements for evaluating wheat flour dough quality attributes, e.g., dough strength. 

Singh et al. (2006) employed a large strain compressive SR test using a commercial texture 

analyser (TA) for deriving the viscoelastic properties of soft solid foods, such as cooked and 

uncooked sausage, cheese, jello and wheat flour dough. Viscoelastic parameters, such as relaxation 

time ( 𝑅𝑇 ) and percent stress relaxation ( %𝑆𝑅 ), were determined using the resulting stress 

relaxation force-time curves (Singh et al. 2006). 𝑅𝑇 and %𝑆𝑅 were the time required for the force 

to decay to 37% of its maximum value (𝐹𝑚𝑎𝑥, at the start of the relaxation) and 𝐹𝑚𝑎𝑥 𝐹𝑡 × 100⁄  

(where 𝐹𝑡  is the force at time 𝑡 after reaching the target strain), respectively. The authors also 

calculated 𝐾1 (initial rate of relaxation) and 𝐾2 (extent of relaxation) (𝐾2), first proposed by Peleg 

(1979), from linear and normalized SR data. As per Peleg (1980), 𝐾1 and 𝐾2 can be calculated 

from the normalized and linearized form of the stress relaxation force-time curve: 
𝐹𝑚𝑎𝑥𝑡

𝐹𝑚𝑎𝑥−𝐹𝑡
= 𝐾1 +

𝐾2𝑡. Finally, Singh et al. (2006) demonstrated the applicability of these parameters to understand 

viscoelastic properties of their soft solid food samples. Generally, higher 𝐾2 and lower %𝑆𝑅 

corresponded to more solid-like behavior of the samples and involved sample elasticity, whereas 

𝐾1 was shown to be the least sensitive parameter to the viscoelastic nature of the samples (Singh 

et al. 2006). 

The use of a compressive stress relaxation test in a large-strain mode to study the 

rheological behavior of Asian noodles has been established based on the work of Singh et al. 

(2006), on soft solid foods (Hatcher 2010). Hatcher Edwards, and Dexter (2008) used %𝑆𝑅20 
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(𝐹𝑚𝑎𝑥 𝐹𝑡=20𝑠 × 100⁄ ), 𝐾1 and 𝐾2for characterizing the texture of cooked yellow alkaline noodles 

made with durum and common wheat flours and found significant correlations between the three 

parameters and the parameters MCS, RTC and REC. Using 20% strain, the authors stated that 

stress relaxation parameters could discern differences in the textural properties of durum wheat 

noodles due to slight differences in the quality of the flours used, while empirical texture 

parameters could not. In their stress relaxation study on yellow alkaline noodles, Hatcher, 

Edwards, and Dexter (2008) reported that relaxation time was significantly affected by alkaline 

reagent type (NaOH and kansui) as well as flour starch damage and particle size. 

Other research studies on the use of the stress relaxation test for probing the changes in the 

texture of Asian noodles caused by various factors showed the capability of this test for rapid 

evaluation of noodle texture (Hatcher, Dexter, Anderson, et al. 2009; Bellido and Hatcher 2009a; 

Bellido and Hatcher 2009b; Y.C. Huang and Lai 2010; Hatcher et al. 2011; Shiau and Chang 

2013). Moreover, Hatcher et al. (2011) introduced a new stress relaxation parameter ‘Elastic Index 

(𝐸𝐼)’ and demonstrated its significant correlations with empirical and fundamental rheological 

parameters used in their study of soba noodle texture. 𝐸𝐼 was calculated as (𝑈𝑊 𝐿𝑊⁄ ) × 100, 

where 𝐿𝑊  is the work required to achieve 20% strain of the noodle and 𝑈𝑊  is the energy 

recovered when the compressive stress is removed (after 30s of relaxation). Comparing 𝐾1 to other 

empirical and fundamental rheological parameters of Asian noodles revealed that, just like 𝐾2 and 

𝐸𝐼, higher values of this parameter indicated a greater elastic nature of the noodles (Hatcher et al. 

2011). Salimi-Khorshidi et al. (2013, 2014 and 2015a, b) employed the viscoelastic parameters 

𝐾1, 𝐾2 and %𝑆𝑅20 to evaluate changes in the rheological behavior of Asian noodles due to 

addition of barley β-glucan. They reported a remarkable ability of these parameters to discriminate 

fortified noodles from control ones. The same research group examined the capability of the 
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parameters 𝐾1, 𝐾2, %𝑆𝑅20 and 𝐸𝐼 to discern differences between Asian noodles prepared using 

different ingredients and processing conditions (Salimi-Khorshidi et al. 2015a, b). Accordingly, 

all 𝑆𝑅 parameters were shown to be sensitive to changes in flour quality, BBG content and formula 

(salt to kansui ratio). Moreover, 𝐾2 and %𝑆𝑅20 were significantly influenced by work input 

during the lamination process (Salimi-Khorshidi et al. 2015a). 

2.2.2.2.2. Uniaxial extension 

Since, wheat flour dough is subjected to tensile forces during mixing, sheeting, proofing 

and baking, its rheology during processing can be probed by fundamental rheological tests that 

involve extensional deformation. It has been shown by several researchers that the rheological 

testing of dough in extension provides the most useful means of discerning differences in the 

baking performance of wheat flour doughs (Dobraszczyk and Roberts 1994; Kieffer et al. 1998; 

Wikström and Bohlin 1999; Uthayakumaran, Newberry, et al. 2002). Moreover, by using 

extension tests, large deformation and rupture properties of wheat flour dough and gluten, which 

are remarkably important in dough processing, can be determined (Dunnewind et al. 2004). 

Fundamental rheological properties of wheat flour dough and gluten have been derived from the 

results of uniaxial and biaxial extension tests with different setups and procedures (Kokelaar, van 

Vliet, and Prins 1996; Morgenstern, Newberry, and Holst 1996; Kieffer et al. 1998; Morgenstern 

et al. 1999; Uthayakumaran et al. 2000; Uthayakumaran, Newberry, et al. 2002; Tronsmo et al. 

2003; Dunnewind et al. 2004; Sliwinski, van der Hoef, et al. 2004; Rouillé et al. 2005; Piteira et 

al. 2006). As an example, Morgenstern, Newberry, and Holst (1996) used a universal testing 

machine (UTM) to determine stress as a function of dough sheet elongation up to the rupture point. 

They calculated the rupture stress, rupture elongation (maximum extension) and apparent 

extensional viscosity using the force-time values recorded by their experimental setup. In another 
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study, Morgenstern et al. (1999) compared the large deformation rheological properties of bread 

dough sheet obtained from their uniaxial extension setup with its baking quality and reported good 

correlations between the two. The authors demonstrated a significant effect of the sheeting process 

on the extensional properties of wheat flour dough sheets and reported the ability of extension 

parameters to differentiate between strong and weak flour doughs (Morgenstern et al. 1999). 

Kieffer et al. (1981) (cited in (Kieffer et al. 1998)) developed an ‘SMS/Kieffer dough and 

gluten extensibility rig’ or micro-extensograph, which uses 0.4 g of dough and can be attached to 

any materials testing machines. In their work on bread making performance of German wheat 

flours, Kieffer et al. (1998) reported a high correlation between rheological properties obtained 

from the extension test and loaf volume. However, the authors did not reveal any information 

regarding the determination of extension parameters and only introduced 𝑅𝑚𝑎𝑥  (maximum 

resistance to extension in mN) and 𝐸𝑋 (extensibility in cm) (Kieffer et al. 1998). Additionally, 

Kieffer and Stein (1999) employed the same apparatus to study the effect of demixing on the 

rheology of wheat flour dough and gluten. A comprehensive investigation of ‘Kieffer dough and 

gluten extensibility rig’ settings and procedures was carried out by Dunnewind et al. (2004). To 

perform the Kieffer micro-extensograph test, both ends of the rolled samples were first clamped 

between two plates and the middle of the samples was pulled upward by the hook (fitted on a 

Zwick material testing machine) until rupture took place. Determination of parameters, such as 

rupture stress, rupture strain, extensional viscosity and tensile relaxation modulus, were possible 

as the force, time and the corresponding hook displacement were recorded (Dunnewind et al. 

2004). This method was employed by several researchers to investigate the rheological behavior 

of wheat flour dough in uniaxial extensional deformation (Dunnewind, van Vliet, and Orsel 2002; 

Tronsmo et al. 2003; Sliwinski, Kolster, et al. 2004; Sliwinski, van der Hoef, et al. 2004; 



48 

 

Dobraszczyk and Salmanowicz 2008). Tronsmo et al. (2003) used the Kieffer micro-extensograph 

test to study the rheology of wheat dough and gluten and compared its results to the results of 

mixograph, extensograph, dough inflation system and dynamic oscillatory test. The authors 

derived the parameters Kieffer 𝑅𝑚𝑎𝑥 (peak force, [N]), 𝐸𝑥𝑡2 (distance at peak force, [mm]), Area 

(area under force-distance curve, [N.mm]) and 𝐸𝑖 (slope of force-distance curve at 1 sec, [N/mm]) 

from their uniaxial extension measurements data. They also mentioned that with the assumption 

of a constant cross-sectional area of the sample, 𝐸𝑖 is proportional to the tensile relaxation modulus 

(𝐸(𝑡) = 𝜎(𝑡) 휀(𝑡)⁄ ), where 𝑡= time, 𝜎= stress and 휀= strain (Tronsmo et al. 2003). Abang Zaidel 

et al. (2008) modified the micro-extensograph setup and attached it to an Instron 5566, and 

followed the same procedure for derivation of extensional parameters that was introduced by 

Dunnewind et al. (2004). 

Uniaxial extension tests for evaluating the rheological properties of Asian noodles were 

carried out using different experimental setups (Guan and Seib 1994; Smweing 1997; M. 

Bhattacharya, Zee, and Corke 1999; Seib et al. 2000; Yu and Ngadi 2004). Guan and Seib (1994) 

designed a sample-restraining device attached to a commercial texture analyzer to carry out a 

compression-tensile procedure for evaluating the stickiness of cooked noodles. In their method, 

the probe compressed a noodle strand to a specified force and then was retracted. From the 

recorded force-time and force-distance curves of the tensile portion of the test, the tensile force 

(gf) and the total tensile work (gf-mm) for separating the noodle and the probe were measured 

(Guan and Seib 1994). Following the method of Smewing (1997), M. Bhattacharya, Zee, and 

Corke (1999) used the texture analyzer to study the tensile strength of cooked rice noodles using 

a spaghetti-noodle tensile grip analyzer. The authors utilized the maximum force (gf) needed for 

noodle rupture and the distance (mm) to break as the sample’s resistance to breakdown and 
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extensibility, respectively (M. Bhattacharya, Zee, and Corke 1999). Seib et al. (2000) employed a 

noodle clamp and L-shaped hook attached to a TA-XT2 texture analyzer and determined tensile 

strength (tensile force at break, gf) and breaking length (mm) of cooked salted and alkaline 

noodles. The same experimental setup and procedure was followed by Zhao and Seib (2005) to 

study the effect of wheat flour protein and starch on the texture of cooked yellow alkaline noodles. 

The authors reported that tensile strength, i.e., tensile force at rupture (gf), of cooked noodles was 

positively correlated with swelling power and protein content of the wheat flours used. Yu and 

Ngadi (2004) used an Instron Universal testing machine with a two-grip attachment to study the 

effects of water, starch and gum addition on the extensional rheology of instant fried noodles. They 

measured maximum load (ML, maximum force before rupture) and strain at break point (SB, 

maximum strain before rupture) and employed them as indications of instant noodle’s elasticity 

and extensibility (Yu and Ngadi 2004). 

The suitability of the Kieffer dough and gluten extensibility rig for noodle research work 

has led to the involvement of this apparatus in recent rheological studies on Asian noodles (Xin-

Zhong et al. 2007; Katagiri and Kitabatake 2010; Kim et al. 2013; Baek and Lee 2014; Gatade and 

Sahoo 2015; Gulia and Khatkar 2015; Salimi-Khorshidi et al. 2015a, b). Generally, when the 

noodle strand is stretched by an extensional instrument, e.g., the Kieffer dough/gluten extensibility 

rig, to its breaking point, both resistance to extension and extensibility can be measured (Ross 

2006). Xin-Zhong et al. (2007) used this setup coupled with other tests to study the contribution 

of different protein fractions on the quality of cooked white salted noodles. The authors determined 

maximum resistance (gf), area (gf.mm), and length of fresh noodle extension (mm) from the force-

distance curves of the TA-XT/2i texture analyzer Kieffer rig. Additionally, significant positive 

correlations between the flour monomeric protein content and fresh noodle maximum resistance, 
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extension distance and area were found (Xin-Zhong et al. 2007). Katagiri and Kitabatake (2010) 

employed a Kieffer rig to compare extensional properties of hand-made (tenobe) and machine-

made somen noodles. They utilized force-distance curves obtained from the TA-XT2 texture 

analyzer equipped with a Kieffer rig to determine the maximum resistance to extension of cooked 

noodles, i.e., maximum force before rupture (N) and extensibility until rupture, i.e., distance at 

rupture (mm). Moreover, Kim et al. (2013), Baek and Lee (2014), Gatade and Sahoo (2015) as 

well as Gulia and Khatkar (2015) followed the same procedure for determining the force and 

distance at rupture using a Kieffer dough/gluten extensibility rig and indicated the applicability of 

these parameters for a rheological study of noodles. Other rheological properties of noodles, such 

as apparent extensional viscosity (𝐴𝐸𝑉) and Young’s modulus (𝐸), have also been derived by 

Salimi-Khorshidi et al. (2015a, b) from Kieffer extensibility measurements of force-distance 

curves. 

2.2.2.2.3. Dynamic oscillatory 

Dynamic rheological tests have been widely utilized by cereal scientists for evaluating 

viscoelastic properties of wheat flour doughs due to their non-destructive nature and high 

sensitivity to changes in the structure of wheat flour doughs (Hibberd and Wallace 1966; Navickis 

et al. 1982; Lindahl and Eliasson 1992; Berland and Launay 1995; Miller and Hoseney 1999; 

Salvador, Sanz, and Fiszman 2006). Changes in viscoelastic properties of wheat flour dough and 

gluten caused by glutenin subunits (Popineau et al. 1994), water absorption (Edwards et al. 1999), 

starch (Khatkar and Schofield 2002), dietry fiber (Izydorczyk, Hussain, and MacGregor 2001) and 

gliadin to glutenin ratio (Edwards et al. 2003) have been investigated using dynamic oscillatory 

tests. Using dynamic rheological methods, elastic (𝐺′) and viscous (𝐺") characteristics of doughs 

as well as their ratio (𝐺"/𝐺′), i.e., tan𝛿, can be measured. By definition, the elastic or storage 
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modulus is an indication of the mechanical energy stored, while the viscous or loss modulus is an 

indication of the dissipated or non-recoverable energy in the material after applying a force to the 

system (Watanabe, Bell, and Brockway 1992). The loss tangent (tan𝛿) is considered an indicator 

of the viscoelastic material’s elastic-viscous balance. Two measurement modes can be employed 

in dynamic rheological testing, a low frequency range (10−2 < 𝑓 < 102 𝐻𝑧) with stress and strain 

measurements and a high frequency range where wave propagation methods are used to measure 

viscoelastic properties (Barnes, Hutton, and Walters F.R.S. 1989). In a typical controlled rate 

instrument, a sinusoidal strain (𝛾 = 𝛾0 sin 𝜔𝑡) at a certain angular frequency (𝜔 = 2𝜋𝑓) is applied 

to the test specimen and the sample’s response, which is in the form of 𝜎 = (𝐺′ (𝜔)sin 𝜔𝑡 +

𝐺"(𝜔) cos 𝜔𝑡) , is measured (Barnes, Hutton, and Walters F.R.S. 1989). Another commonly 

measured parameter is the complex viscosity determined as 𝜂∗ = 𝐺∗ 𝜔⁄  where 𝐺∗ is the complex 

shear modulus (𝐺∗ = √(𝐺′)2 + (𝐺")2). The strain scale used in the experiments is very important, 

since the rheological properties of wheat flour dough in the linear domain, i.e., strain levels up to 

1% (Yu and Ngadi 2006), is different from those in the non-linear domain (Navickis et al. 1982). 

In the linear domain, 𝐺′ and 𝐺" are independent of strain amplitude, while beyond the linear limit 

they both decrease with increasing strain (Amemiya and Menjivar 1992; Létang, Piau, and Verdier 

1999; Uthayakumaran, Beasley, et al. 2002). For wheat flour dough at 𝜔 less than ≈103 rad/s, it 

has been shown that 𝐺′ is greater than 𝐺" in the linear region as expected for highly structured 

materials with more of a solid-like behavior rather than a liquid-like behavior (Amemiya and 

Menjivar 1992). 

Although the oscillatory test at small strain struggles to differentiate samples made with 

different flour types (Safari-Ardi and Phan-Thien 1998), it can provide useful information 

regarding changes in the dough microstructure, e.g., protein-starch and starch-starch interactions 
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(Tronsmo et al. 2003; Amemiya and Menjivar 1992). Therefore, simultaneous use of a dynamic 

oscillatory test and large-deformation texture measurements of noodle dough helps one find out 

the underlying micro-scale phenomena for differences in the texture of noodles (Ross 2006). 

Dynamic oscillatory testing has repeatedly been employed by cereal scientists to investigate the 

rheological properties of Asian noodles (Edwards et al. 1996; Bejosano and Corke 1998; Kaneko 

et al. 2000; Sasaki et al. 2004; Inglett et al. 2005; Wu, Beta, and Corke 2006; Yu and Ngadi 2006; 

Kim et al. 2013). The parallel plate geometry was the most-commonly used geometry employed 

in testing of noodles listed above. Edwards et al. (1996) employed this test and studied noodle 

dough viscoelastic properties affected by water absorption and formulation. They indicated 

significant influences of water absorption and formulation on the noodle dough elastic modulus 

(𝐺′). Noodle doughs prepared using NaOH and NaCl possessed the highest and the lowest 𝐺′, 

respectively, while kansui-containing noodles exhibited intermediate 𝐺′ values (Edwards et al. 

1996). They found a good agreement between their results and those of other researchers (Moss, 

Miskelly, and Moss 1986; Shelke et al. 1990), obtained from sensory and empirical measurements. 

The authors also mentioned a strong contribution of storage modulus to noodle viscoelastic 

properties (Edwards et al. 1996). Hatcher et al. (2002) used dynamic oscillatory test to study the 

impact of flour particle size and starch damage on rheological properties of raw white salted 

noodles and reported that 𝐺′ increased significantly with increasing starch damage. The authors 

also mentioned a decrease in tan𝛿 values of samples with an increase in starch damage and related 

this observation to enhanced stiffness of noodle dough due to reduced protein hydration (caused 

by a greater tendency of starch to absorb water compared to wheat flour protein). Additionally, 

very little effect of flour particle size on the rheological properties of noodles obtained from 

dynamic oscillatory testing was reported (Hatcher et al. 2002). Using dynamic oscillatory 
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measurements, Yu and Ngadi (2006) probed changes in the rheological properties of instant fried 

noodles as a result of changes in moisture, gum and starch addition levels. The authors indicated 

a decrease in 𝐺′and an increase in phase angle (𝛿) values of noodle dough with increasing water 

absorption and related this observation to the plasticizing effect of water on dough constituent 

polymers. Moreover, an increase in 𝐺′values of noodle doughs with increasing gum addition level 

was believed to be attributable to the binding effect of gum on dough (enhanced viscoelasticity) 

(Yu and Ngadi 2006). Wu, Beta, and Corke (2006) examined the influence of NaCl and alkaline 

salts on the rheological properties of raw Asian noodles prepared with a strong and a weak wheat 

flour. The high sensitivity of viscoelastic properties of raw noodles, i.e., 𝐺′, 𝐺" and 𝛿, to changes 

in wheat flour quality and concentrations of NaCl or alkaline salts was indicated by the authors. 

Accordingly, Wu, Beta, and Corke (2006) concluded that dynamic oscillatory measurements could 

be utilized as a reliable tool to optimize salt and alkaline reagent levels for noodle production 

according to the base quality of the wheat flours. The effect of dietary fiber addition to noodle 

formulation, via incorporating preharvest-dropped apple powder (PDAP), on the viscoelastic 

properties of instant fried noodles has been studied by Kim et al. (2013). An increase in PDAP 

level led to a decrease in 𝐺′  and 𝐺", indicating a softening effect of PDAP on noodle dough 

structure. The authors related this observation to the role of PDAP’s soluble components as 

plasticizers of the polymers in noodle dough so that noodle dough viscoelasticity was reduced. In 

addition, a good agreement between the results of the dynamic oscillatory test and a large 

deformation tensile test was demonstrated, i.e., a decrease in 𝑅𝑚𝑎𝑥  and extensibility with 

increasing PDAP levels (Kim et al. 2013). 

Another instrumental method that has recently been used for rheological study of Asian 

noodles is ultrasound, which will be discussed in section 2.4. 
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2.3. Barley β-glucan as a dietary fiber ingredient 

2.3.1. Structure and characteristics 

In general, the term dietary fiber is assigned to plant nonstarch polysaccharides, e.g., 

cellulose, gums, β-glucans, plant carbohydrates that are non-recoverable by alcohol precipitation, 

e.g., inulin, oligosaccharides and fructans, as well as lignin and some resistant starch (Bingham 

1990; Food and Nutrition Board 2005). The application of barley β-glucan (BBG) concentrates as 

a dietary fiber ingredient in various cereal products has been reported in the literature (Cleary and 

Brennan 2006; Moriartey, Skendi et al. 2010; Temelli, and Vasanthan 2010; Chillo, Ranawana, 

and Henry 2011; Hatcher et al. 2014). Therefore, an understanding of the structure and 

characteristics of BBG would be helpful in revealing the nature of the phenomena involved in the 

influence of BBG on the quality of Asian wheat noodles. 

BBG is a non-starch polysaccharide located in the cell walls of mature barley grains 

associated with arabinoxylans, cellulose, glucomannan and cytoplasmic fructans (Fastnaught 

2009). Molecular characterization of BBG is carried out by the hydrolysis of BBG polymers which 

results in oligomers with different degrees of polymerization (DP), the majority of which are 

trisaccharides (DP=3) and tetrasaccharides (DP=4) (Izydorczyk and Dexter 2008). The linear 

polymeric structure of the BBG molecule consists of a combination of approximately 30% (1→3)-

β-D- and 70% (1→4)-β-D- linked glucose residues (Fincher 1975; Woodward, Phillips, and 

Fincher 1988; Lazaridou and Biliaderis 2007). This means that every group of 2-3 (1→4)-β-D- 

linked glucose residues in the structure of BBG are separated by single (1→3)-β-D- linkages 

(Figure 2.1) (Lazaridou and Biliaderis 2007). However, a minimal amount (from 4.5% (Vaikousi, 

Biliaderis, and Izydorczyk 2004) up to 17.5% (Storsley et al. 2003)) of longer segments, i.e., DP 
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= 5-28, of (1→4)-β-D- linked glucose residues are also present (Woodward, Fincher, and Stone 

1983; P. J. Wood, Weisz, and Mahn 1991; Izydorczyk, Macri, and MacGregor 1998).  

1Figure 2.1. Schematic structure of BBG and hydrolysis (digestion with lichenase) products 

 

Structural characteristics of BBG include molecular weight, distribution of oligomeric 

cellulose segments, i.e., (1 → 4)- β-D-glucosyl residues, and the ratios of tri- to tetramers 

(DP3/DP4) and β-(1→4) to β-(1→3) linkages present in BBG linear chains (Izydorczyk and Dexter 

2008). The physical properties of BBG, such as water solubility and gelation properties, as well as 

their rheological, e.g., viscosity and elasticity, and health-related functions, e.g., effects on 

gastrointestinal tract, depend on these structural characteristics (Izydorczyk, Macri, and 

MacGregor 1998; Bohm and Kulicke 1999; Skendi et al. 2003; Irakli et al. 2004; Lazaridou and 

Biliaderis 2004; Tosh et al. 2004; Vaikousi, Biliaderis, and Izydorczyk 2004; Lazaridou and 

Biliaderis 2007). An increase in DP3/DP4 of the polymer chain is believed to reduce the water 

solubility of BBG (Izydorczyk and Dexter 2008). Woodward, Phillips, and Fincher (1988) and 

later Izydorczyk, Macri, and MacGregor (1998) studied the structures of barley β-glucans soluble 

at 40°C and 65°C in water and observed a lower DP3/DP4 of the former compared to the latter. In 

addition, as per Bohm and Kulicke (1999), the gel forming ability of BBG increases with elevated 
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amounts of consecutive cellotriose units. Johansson et al. (2004) found small structural differences 

between soluble and insoluble barley β-glucans, reflected in their remarkably different molar 

masses (500,000 and <200,000 g/mol, respectively). Higher average molecular weight for water-

soluble BBG compared to water-insoluble BBG was previously reported by Woodward, Phillips, 

and Fincher (1988). Moreover, a study on cereal β-glucan cryogels, prepared using a freeze–thaw 

cycling process, revealed that barley β-glucans with higher molecular size and lower amount of 

DP3 produced stronger cryogels as determined by large-deformation compression tests (Lazaridou 

and Biliaderis 2004). The glycemic response and cholesterol-lowering role of BBG when added 

to food products is believed to be related to its rheological properties, which are influenced by 

BBG’s structural characteristics (P. Wood, Weisz, and Blackwell 1994; Brennan and Cleary 2005). 

As an example, the solubility of BBG in water and its capacity to form highly viscous solutions 

were considered by Kahlon et al. (1993) and P. Wood, Weisz, and Blackwell (1994) as the reasons 

for the effect of BBG on blood glucose adjustment and serum cholesterol level reduction. 

2.3.2. Health benefits 

There are large amounts of work discussing the health benefits of barley β-glucans, 

especially those of soluble ones (Newman et al. 1991; Yokoyama et al. 1997; Leterme, Souffrant, 

and Thewis 2000; Delaney et al. 2003; Keogh et al. 2003; Cleary and Brennan 2006; Ahmad et al. 

2012). Methods used for extracting β-glucans from barley grain affect the solubility of BBG, which 

will in turn, influence its physiological effects. Barley β-glucan concentrates obtained from dry-

milling techniques have both soluble and insoluble characteristics, and BBG solubility increases 

when wet milling techniques, with the use of enzyme and alcohol solutions, are used (Lazaridou 

and Biliaderis 2007). For instance, Cavallero et al. (2002) added two different BBG enriched 

fractions, i.e., sieved and water-extracted, to bread dough formulations and observed that they 
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reduce human glycemic index to different extents. In addition, in a study on the effect of different 

extraction treatments on the composition of BBG fiber fractions, Symons and Brennan (2004) 

demonstrated the significant effect of the extraction method on BBG content of the resulting 

fractions. 

Barley β-glucans are believed to regulate blood glucose level, reduce serum cholesterol 

level and bile acids, lower blood lipids, reduce the risk of colon cancer, delay gastric emptying and 

nutrients absorption in intestine and hence reduce post-prandial hyperglycemia (Keogh et al. 2003; 

Dongowski et al. 2002; Lazaridou and Biliaderis 2007; P.J. Wood 2007; AbuMweis, Jew, and 

Ames 2010; Ahmad et al. 2012). Most studies on the health benefits of BBG-fortified foods discuss 

the effect of BBG on reducing blood glucose and insulin levels while the other physiological 

effects of BBG have been investigated to a lesser extent (Brennan and Cleary 2005). An approved 

health claim from the US Food and Drug Administration (FDA) recommends a daily use of 3 g or 

more of soluble BBG to lower risk of heart disease (US Food and Drug Administration 2009). The 

positive effects of BBG on killing cancer cells have also been reported in a few research studies 

(Cheung et al. 2002; Sier et al. 2004). Due to its partial water-solubility, BBG exhibits some of the 

physiological effects of insoluble fibers, such as an increase in faecal bulk and relief of constipation 

(Lazaridou and Biliaderis 2007). The mechanisms by which BBG imparts various mentioned 

health benefits are thought to be related to its viscosity increasing ability in the small intestine and 

its water-holding capacity in the gastrointestinal tract (Brennan and Cleary 2005; Dikeman and 

Fahey 2006). As an example, Dongowski et al. (2002) demonstrated an increase in the caecal and 

colon mass because of the bulking effect of BBG resulting from its high water-holding capacity. 
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2.3.3. Application to cereal products 

2.3.3.1. Effect on the quality of the final product 

Incorporation of barley β-glucan as a dietary fiber ingredient into cereal products, such as 

bread, pasta and noodles, has generated considerable interest due to its health implications. Various 

researchers have fortified bread dough with different levels of BBG and studied the changes 

introduced to the baking quality of bread as a result of BBG addition (Cavallero et al. 2002; 

Brennan and Cleary 2007; Jacobs et al. 2008; Skendi et al. 2010; Rieder et al. 2012; Ronda et al. 

2015). An increase in water absorption and a decrease in farinograph stability of the flours blended 

with BBG enriched fractions was reported by Cavallero et al. (2002). Accordingly, the bread 

making quality of the composite flour was significantly different from that of the control flour, 

i.e., longer mixing time and lower bread volume with increasing BBG enriched barley flours. 

Moreover, sensory evaluation revealed no significant change in the flavor/aroma, but a significant 

decline in crumb color, i.e., increased darkness, and overall acceptability of the final product when 

50% of wheat flour was replaced by BBG enriched fractions (Cavallero et al. 2002). Skendi et al. 

(2010) reported an increase in farinograph water absorption, dough development time and stability 

of BBG-fortified doughs with elevated BBG content (up to 1.4% BBG isolates, w/w dry flour 

basis), as well as an increase in the moisture content and water activity of the resulting bread. The 

authors also observed a lower moisture loss of BBG-fortified breads during storage compared to 

control breads, which indicated a high water-binding capacity of BBG isolates. Additionally, 

Skendi et al. (2010) demonstrated that incorporation of BBG isolates to poor breadmaking quality 

flours enhanced the specific volume of the resulting bread, while darker and coarser breads with 

reduced firmness were produced as a result of increased BBG addition level. The authors 

concluded that BBG isolates are useful for producing good quality breads with added nutritional 



59 

 

benefits using poor breadmaking quality flours (Skendi et al. 2010). Reider et al. (2012) substituted 

wheat flour with two barley flours of different BBG contents and reported a positive correlation 

between bread volume and BBG content in the composite flour. An increase in bread volume with 

elevated BBG content of the flour was hypothesized to be due to the role of BBG in improving the 

gas retaining ability of the dough through increasing the viscosity of the water phase of the dough. 

However, Brennan and Cleary (2007) demonstrated that the bread loaf volume decreased and the 

crumb firmness increased with inclusion of Glucagel (a commercial BBG concentrate). The 

authors related these results to dilution of the gluten in the dough due to the incorporation of BBG 

concentrate into the bread dough formulation. Additionally, the high water binding capacity of 

BBG was presumed to result in an underdeveloped gluten network which led to an increase in 

crumb firmness and a decrease in loaf volume (Brennan and Cleary 2007). A similar hypothesis 

was suggested by Gill et al. (2002a, b) as they demonstrated a lower loaf volume and firmer crumb 

structure of breads fortified with barley flour compared to the control samples. The authors also 

related such results to gluten dilution of the composite flour as well as to physicochemical 

properties of barley flour components, especially BBG. Additionally, Gill et al. (2002a, b) 

hypothesized that the reduced loaf volume of yeast-leavened breads fortified with BBG might be 

also attributable to a reduction in the extent of steam generated within the dough during baking 

because of the high water-binding characteristic of BBG. 

In another study, Ronda et al. (2015) examined the effect of BBG at different addition 

levels, i.e., 1.3, 2.6 and 3.9 %, on the quality of gluten-free breads made with rice flours. The 

authors reported a significant increase in hardness, chewiness, resilience and wall thickness of the 

gluten-free bread with increasing BBG content, except for breads with 1.3% BBG. The authors 

indicated that to maximize bread quality, the dough hydration level needs to be optimized based 
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on the BBG addition level (Ronda et al. 2015). Overall, it seems that the effects of BBG 

concentrates on the quality of bread depend on the concentration and molecular size of BBG as 

well as the quality of the flour to which the BBG concentrate was added (Skendi et al. 2010). 

Pasta is another cereal product that has been fortified with barley flours enriched in BBG 

(Knuckles et al. 1997; Yokoyama et al. 1997; Bourdon et al. 1999; Marconi, Graziano, and 

Cubadda 2000; Cleary and Brennan 2006; Brennan and Tudorica 2007; Chillo, Ranawana, and 

Henry 2011). Yokoyama et al. (1997) incorporated BBG-enriched flours to durum wheat pasta and 

reported lower glycemic response and lower insulin response as a result of BBG inclusion in pasta 

formulation, but did not indicate its influence on the final quality of fortified pasta. Knuckles et al. 

(1997) incorporated 20% BBG-enriched fractions into a pasta formulation and reported an 

acceptable cooking quality in the final product. Marconi, Graziano, and Cubadda (2000) evaluated 

the quality of durum wheat semolina pasta when fortified with barley pearling by-products rich in 

BBG and reported a darker color of the final product. However, good cooking quality of the 

enriched pasta in terms of stickiness, bulkiness, firmness and total organic matter, i.e., material 

washed out from cooked pasta surface by rinsing water, was reported by the authors (Marconi, 

Graziano, and Cubadda 2000). Cleary and Brennan (2006) investigated the changes in cooking 

quality of pasta using different addition levels of BBG fiber fraction and indicated greater cooking 

loss and reduced hardness of the cooked fortified pasta. Brennan and Tudorica (2007) also studied 

the cooking and textural quality of cooked pasta fortified at different levels of some non-starch 

polysaccharides, such as BBG, and reported a non-significant increase in cooking loss with 

increasing BBG addition levels. The authors also demonstrated that the inclusion of BBG in the 

pasta formulation resulted in a significant increase in stickiness and adhesiveness as well as a 

significant reduction in firmness and elasticity (tensile strength) of the cooked product (Brennan 
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and Tudorica 2007). Chillo, Ranawana, and Henry (2011) incorporated two BBG concentrates 

with different BBG purity levels, i.e., 79.4% versus 26.5%, into semolina spaghetti and evaluated 

the changes in color and cooking quality of raw pasta, as well as the hardness and adhesiveness of 

the cooked product. The authors reported no change in the color and hardness as well as an increase 

in cooking loss and adhesiveness in BBG-fortified pasta compared to control ones (Chillo, 

Ranawana, and Henry 2011).  

As mentioned earlier in section 2.1.5.2.3, the enrichment of Asian noodles with BBG has 

mostly been in the form of incorporating hull-less barley (HB) flour into noodle dough 

formulations (Kim et al. 1973; Chang and Lee 1974; Cheigh, Ryu, and Kwon 1976; Ryu, Cheigh, 

and Kwon 1977; Izydorczyk et al. 2005; Hatcher et al. 2005; Lagassé et al. 2006). However, the 

use of BBG concentrate, i.e., Glucagel® with 75% purity, for  the production of functional noodles 

has recently been reported by Salimi-Khorshidi et al. (2013, 2014 and 2015a, b) and Hatcher et al. 

(2014 and 2015). As per Ryu, Cheigh, and Kwon (1977), barley flour reduced the overall quality 

score of fried instant noodles when added at 20% and 30% w/w to wheat flour. The authors 

reported that the composite flour dough required more water during kneading and absorbed more 

oil during frying compared to control wheat flour dough. Moreover, inclusion of barley flour in 

noodle dough formulation was found to result in a significant decrease in firmness, cohesiveness 

and gumminess of the cooked noodles (Ryu, Cheigh, and Kwon 1977). Hatcher et al. (2005), 

reported a higher water absorption of the composite flour with 40% HB flour compared to flours 

with 0 and 20% HB flour, resulting in a reduced sheeting work input requirement, cooking time 

and cooking loss of yellow alkaline noodles made with the former. A significant increase in cooked 

noodle firmness, determined as MCS, was observed when 40% of the wheat flour was substituted 

with HB flour. Izydorczyk et al. (2005) demonstrated that the addition of HB fiber-rich fractions 
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(FRF), with 20-30% BBG, to wheat flour dough for the production of white salted and yellow 

alkaline noodles resulted in an acceptable texture of cooked noodles. The authors also indicated 

an acceptable cooking quality, i.e., decreased cooking loss and optimum cooking time, of the BBG-

enriched noodles, provided that water absorption levels were adjusted according to the HB flour 

addition level. Similar observations were reported by Lagassé et al. (2006) on the effect of HB 

flours of different genotypes, with different starch quality, on the quality characteristics of fresh 

and dried white salted noodles. Rheological studies of raw noodles, using large-deformation and 

small-deformation measurements also showed a significant effect of BBG addition on raw noodle 

firmness. Salimi-Khorshidi et al. (2013, 2014 and 2015a, b) reported an increase in the firmness 

and elasticity of raw white salted and yellow alkaline noodles prepared with different Canadian 

flours at 2.5% and 5% BBG concentrate addition levels. They demonstrated the strengthening 

effect of BBG on the structure of noodle dough, the extent of which could be altered due to other 

factors, such as pH, flour quality and sheeting work input. Similar outcome were also reported by 

Hatcher et al. (2014 and 2015). Overall, variations in the cooking and textural quality of bread, 

pasta and noodles when enriched with BBG are believed to be attributable to the microstructural 

changes occurring in the dough due to BBG addition, which will be discussed in section 2.3.3.2. 

2.3.3.2. Effect on dough rheology 

The influence of BBG on the rheological behavior of wheat flour dough involves its strong 

hydrophilic characteristics and high gel-forming capacity. An increase in farinograph water 

absorption of wheat flours fortified with BBG-enriched barley fractions or BBG concentrates has 

repeatedly been reported by several researchers (Cavallero et al. 2002; Izydorczyk et al. 2005; 

Hatcher et al. 2005; Cleary and Brennan 2006; Skendi et al. 2010; Chillo, Ranawana, and Henry 

2011; Ahmed 2015). This effect was reported to be attributable to high water-binding capacity of 
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this polysaccharide which leads to a delayed hydration of the other constituents of the wheat flour, 

since BBG competes with other components for available water in the dough (Skendi et al. 2010; 

Symons and Brennan 2004). The inclusion of BBG in the flour-water mixture affects the 

distribution of water through the dough system, resulting in remarkable changes in the processing 

and rheological characteristics of the dough. However, the effect of BBG on dough rheology is 

also believed to depend on its molecular size and addition level as well as the quality of the wheat 

flour used (Izydorczyk, Hussain, and MacGregor 2001; Vaikousi, Biliaderis, and Izydorczyk 2004; 

Lazaridou and Biliaderis 2007; Skendi, Papageorgiou, and Biliaderis 2009). Skendi, 

Papageorgiou, and Biliaderis (2009) investigated the effects of low molecular weight (LMW) and 

high molecular weight (HMW) BBG concentrates on the rheological properties of the doughs of 

poor and good breadmaking quality flours using small deformation oscillatory measurements and 

creep-recovery analysis. The authors reported an increase in 𝐺′ and a decrease in tan𝛿 of strong 

flour with the addition of LMW and HMW BBG. However, in the case of weak flour dough, 

addition of LMW BBG caused a decrease in 𝐺′ and an increase in tan𝛿 , while HMW BBG 

addition had no significant effect on these rheological parameters (Skendi, Papageorgiou, and 

Biliaderis 2009). 

In addition, the effect of BBG concentrate particle size on its rheological effect when added 

to the wheat flour dough system was studied by Ahmed (2014). An increase in water-holding 

capacity of BBG concentrate with increasing particle size was observed, which was an indication 

of a cellular structure of BBG concentrate particles. Moreover, the rigidity of the fortified dough, 

determined by measurement of 𝐺′, was shown to increase with increasing particle size from 74 to 

595 μm (Ahmed 2014). In another study, Ahmed (2015) demonstrated a lower extensibility of 

BBG-fortified doughs, at 2.5, 5, 7.5 and 10% BBG addition level, and a greater resistance to 
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deformation of BBG-fortified doughs at 2.5% addition level compared to the control doughs. 

However, incorporating more BBG into wheat flour dough resulted in a decrease in resistance to 

deformation of the resulting dough. The author related this observation to the disruption of the 

gluten network at higher BBG addition levels (Ahmed 2015). A similar mechanism, gluten 

structure weakening due to the addition of BBG, was suggested by other researchers (Cleary and 

Brennan 2006; Skendi, Papageorgiou, and Biliaderis 2009; Skendi et al. 2010; Hamed, Ragaee, 

and Abdel-Aal 2014). For instance, Cleary and Brennan (2006) related the increase in cooking loss 

of BBG-fortified pasta to the changes introduced to its protein-starch network as a result of BBG 

inclusion. Hamed, Ragaee, and Abdel-Aal (2014) mentioned an interaction between BBG 

inclusions and the gluten in the bread dough system which could result in the discontinuity of the 

gluten-starch network. Using stress relaxation measurements, Salimi-Khorshidi et al. (2013, 2014 

and 2015a, b) reported a significant increase in firmness, as determined by 𝐾1, 𝐾2 and %𝑆𝑅20, 

of noodles fortified with BBG. An increase in the elasticity of noodles, as determined by Young’s 

modulus, with BBG addition was also reported (Salimi-Khorshidi et al. 2015b). Furthermore, the 

authors mentioned a significant decrease in the extensibility of raw noodles, as determined by the 

extension ratio (𝐸𝑅), as a result of BBG addition. 

Based upon contradictory results regarding the effect of BBG concentrates on the 

rheological properties of wheat flour doughs, two mechanisms have been proposed by Skendi, 

Papageorgiou, and Biliaderis (2009). The first mechanism, which leads to a weaker gluten 

network, includes the disruption of gluten-gluten intermolecular associations by BBG chains. 

Consequently, the BBG-fortified dough system exhibits more of a liquid-like behavior, i.e., lower 

viscoelastic moduli and higher tan𝛿. The second mechanism, on the other hand, involves the 

entrapment of starchy particles by the incorporated BBG chains in addition to the formation of a 
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highly viscous BBG dispersion. As a result, the viscosity of the dough system increases causing 

an increase in the viscoelastic moduli of the fortified dough (Skendi, Papageorgiou, and Biliaderis 

2009). 

2.4. Ultrasound as a tool for rheological study of Asian wheat noodles 

2.4.1. Introduction 

Inaudible acoustic waves with frequencies higher than 16 kHz, which propagate through 

physical media, e.g., air, human tissues or foods, in the form of pressure waves are considered as 

ultrasound (Povey and McClements 1988; Hendee and Ritenour 2002). It was in the late 19th 

century when ultrasound waves were first discovered by French physicists Pierre and Jacques 

Curie. The first application of ultrasound was in World War I for submarine detection. The use of 

ultrasound for medical purposes, such as physical therapy, was started in 1930s and continued 

extensively for diagnostic applications in the late 1940s thereafter (Hendee and Ritenour 2002; ter 

Haar 2007). With a broad range of other uses, ultrasound waves found two major applications, 

including low-intensity with frequencies from 20 kHz up to 100 MHz and intensity levels of the 

order of mW/m2, and high-intensity with frequencies up to 100 kHz and intensity levels greater 

than 10 kW/m2 (Povey and McClements 1988; McClements 1995). 

Non-destructive testing (NDT) of materials is the most important application of ultrasound, 

with a variety of uses in engineering and medicine, where a frequency range of 0.1-20 MHz and 

power levels less than 100 mW are employed (Povey and McClements 1988). The huge advantage 

of NDT which cannot be achieved using conventional techniques is that changes in the property 

of interest of one specific sample can be probed over time or continuously during certain processes 

and treatments (Reh 2008). With no damage to the structure of the test material, NDT ultrasound 

is primarily used for detecting microscopic discontinuities and inhomogenities as well as 
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evaluating microstructure and the mechanical characteristics of materials (Shah and Ribakov 2009; 

Wu et al. 2011). 

Ultrasound has been used in food research studies as well as the food industry for more 

than half a century with applications such as probing fundamental properties of solutions and 

dispersions, emulsification, meat inspection and cooking (Pryor and Roscoe 1954; Shiio 1958; 

Alliston et al. 1982; Pohlman, Dikeman, and Kropf 1997). Early applications of ultrasound in the 

food industry have been listed in a review by Povey (1989). The use of low-intensity ultrasound 

waves for probing changes in the structure of food materials, especially wheat flour dough, is the 

focus of this section and thus the other food applications of ultrasound are not discussed here. For 

an updated list of the uses of ultrasound for food analysis and processing, readers are encouraged 

to read the review articles by Chemat, Huma, and Khan (2011), Awad et al. (2012) and Tao and 

Sun (2015).  

The mechanical properties of food materials influence the propagation of ultrasound waves 

through them. In fact, the distribution of different phases present in a food system, as well as their 

concentration and size, are factors that affect the speed and the energy of the ultrasound transmitted 

through the food (Povey 1997). It is the high sensitivity of the ultrasound wave to the mechanical 

and structural properties of materials that makes it a beneficial tool for evaluating food properties. 

The structural characteristics of foods at different size scales can be evaluated due to the ability of 

the ultrasonic techniques to operate at different frequencies (Scanlon and Page 2015). Additional 

benefits associated with the use of ultrasound in food research studies are its capability of studying 

opaque materials, which cannot be studied by light spectroscopy techniques. Due to the complex, 

inhomogeneous structure of most food systems, the analysis of ultrasonic data to draw reliable 

conclusions about food properties requires a good understanding of wave characteristics and their 
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interactions with the structure, physical state and composition of foods (Povey and McClements 

1988; McClements 1995; Elmehdi, Page, and Scanlon 2003b). 

2.4.2. Ultrasonic propagation in dough systems 

2.4.2.1. Principles 

Low-intensity ultrasound has been extensively utilized for evaluation of the changes in the 

mechanical properties of wheat flour dough systems as a result of manipulating different 

ingredients and process conditions (Létang et al. 2001; Elmehdi, Page, and Scanlon 2003a; 

Elmehdi, Page, and Scanlon 2004; Ross, Pyrak-Nolte, and Campanella 2004; Owolabi et al. 2008; 

Mehta et al. 2009; Skaf et al. 2009; Bellido and Hatcher 2010; Elmehdi et al. 2013; Diep et al. 

2014). Two modes of ultrasonic waves that can be propagated through dough systems to study 

their mechanical properties are shear (transversal) and compressional (longitudinal) waves. In 

shear waves, the direction of material displacement is perpendicular to the direction of wave 

propagation, while for longitudinal waves the two directions are the same. Investigations of the 

mechanical behavior of dough systems using ultrasound have been carried out using both shear 

waves (Létang et al. 2001; Leroy et al. 2010) and longitudinal waves (Elmehdi, Page, and Scanlon 

2004; Mehta et al. 2009; Hatcher et al. 2014). Longitudinal waves are capable of propagating 

through solid and fluid media, whereas the propagation of shear waves is only possible in solids. 

Moreover, longitudinal waves can be generated and detected easier than shear waves, i.e., high 

attenuation for shear waves in flour-water systems makes the former the most-commonly used 

type of ultrasound for studying the properties of wheat flour doughs (Povey and McClements 1988; 

Scanlon and Page 2015). When the dough system is subjected to longitudinal waves, regions of 

compressions and rarefactions created within the dough structure successively move along the 

dough with time, transferring the energy of the wave to the adjacent region. To understand how 
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these wave types are used for rheological investigation of the properties of wheat flour doughs, the 

principles and the required procedures followed in ultrasonic measurements are introduced as 

follows. 

2.4.2.1.1. Phase velocity 

The phase velocity of a longitudinally polarized ultrasonic wave (𝑣𝑝) propagating through 

a material depends upon the elastic modulus (𝑀) and the density (𝜌) of that material, i.e., 𝑣𝑝 =

 √𝑀 𝜌⁄  (Coupland 2004). In solid materials, 𝑀 is composed of the bulk modulus of elasticity (𝐾) 

and the shear modulus (𝐺), and in homogeneous liquids and gases that cannot support shear waves, 

𝑀 is equal to 𝐾. Phase velocity is a material property that can be used for characterization of dough 

properties. It is considered as a proportionality constant between the frequency of the wave (𝑓) 

and its wavelength (𝜆), i.e., 𝑓 = 𝑣𝑝 𝜆⁄  (Scanlon and Page 2015). The wavelength (𝜆) is determined 

by the material properties as it varies depending on the rate at which the external excitations are 

applied to the material (McClements 1997). In ultrasonic studies of wheat flour doughs, the phase 

velocity can be determined using the sample thickness (𝑙) and the time of flight (𝑡), i.e., the time 

taken for the wave to pass through the sample, as 𝑣𝑝 = 𝑙 𝑡⁄  (McClements 1995). 

2.4.2.1.2. Attenuation coefficient 

The attenuation coefficient is another important characteristic of ultrasound waves, being 

a measure of the reduction in their amplitude while propagating through the dough. Of the several 

causes of attenuation, absorption and scattering are the most important ones. Occurring in both 

homogeneous and heterogeneous materials, absorption is a result of molecular processes that 

convert parts of the ultrasound energy into heat (McClements 1995). Scattering, on the other hand, 

occurs in heterogeneous materials, such as dough, where different phases are present in the system. 
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This phenomenon takes place when the ultrasound wave approaches discontinuities, such as 

bubbles or particles, and scatters in different directions. Therefore, the directions of the scattered 

waves are not in the direction of the incident wave and thus cannot be easily detected in ultrasonic 

experiments (McClements 1997). The attenuation coefficient (𝛼) of ultrasound waves with an 

initial amplitude of 𝐴𝐼 and a final amplitude of 𝐴𝑆, after passing through a sample with thickness 

𝑙, is calculated as (Elmehdi et al 2004): 

𝛼 =  
−2[𝑙𝑛(𝐴𝑠 𝐴𝐼⁄ )]

𝑙
 (2.1) 

2.4.2.1.3. Acoustic impedance 

In a heterogeneous material, such as dough, differences in the phase velocities and densities 

of its phases or components are responsible for scattering. These two quantities contribute to the 

acoustic impedance (𝑍), which is defined as: 

𝑍 =  
𝜌𝑣𝑝

1 + 𝑖
𝛼𝑣𝑝

2𝜔

 (2.2) 

where 𝜌 is the material density and 𝜔 is angular frequency (𝜔 = 2𝜋𝑓) (Scanlon and Page 2015). 

As a characteristic of any material, the acoustic impedance (𝑍) determines how much of 

the incident ultrasonic signal passes into or is reflected from the dough surface during an 

experiment. At normal incidence, the fraction of the ultrasonic wave amplitude that is transmitted 

(𝑇) through or reflected (𝑅) from the interface between two materials is given by the equations 

𝑇 = 2𝑍2 (𝑍1 + 𝑍2)⁄  and 𝑅 = (𝑍1 − 𝑍2) (𝑍1 + 𝑍2)⁄ , respectively, with subscripts 1 and 2 referring 

to the two materials (e.g. dough and the external medium, such as a delay plate to which a 

transducer is attached) (Povey 1997). 
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2.4.2.2. Techniques 

2.4.2.2.1. Reflection 

Two ultrasonic techniques that are mostly used for evaluating the properties of wheat flour 

doughs are reflection and transmission. In the reflection technique, the ultrasound waves reflected 

from the surface of the dough are used for characterizing its structural properties. Because of its 

usefulness in probing the properties of materials in which ultrasound waves are highly absorbed 

(Povey 1997), the reflection technique has found uses in wheat flour dough studies (Létang et al. 

2001; Leroy et al. 2010; Strybulevych et al. 2012; Braunstein et al. 2012; Koksel 2014). Using 

shear and longitudinal ultrasound waves, Létang et al. (2001) employed a reflection technique to 

probe the effect of water content on the rheological properties of wheat flour doughs. They found 

a significant decrease in attenuation coefficient with increasing dough water content and rest time 

in longitudinal ultrasound testing of their dough systems (Létang et al. 2001). Leroy et al. (2010) 

used ultrasound reflection measurements employing shear waves coupled with small strain shear 

rheometry to study the rheological behavior of wheat flour doughs over a wide frequency range 

(eight decades). Strybulevych et al. (2012) indicated the applicability of the ultrasound reflection 

technique for evaluating changes occurring in wheat flour doughs due to bubble evolution during 

Ostwald ripening (for unyeasted dough) and during the fermentation process (for doughs with 

yeast). Braunstein et al. (2012) examined the capability of an ultrasound technique to discriminate 

wheat flours of different breadmaking quality using a reflection technique. They demonstrated that 

ultrasound reflection measurements provide useful information on the structural differences 

between wheat flour doughs prepared with and without dietary fiber (Braunstein et al. 2012). 
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2.4.2.2.2. Transmission 

Although, the reflection technique has the ability of providing one with worthwhile data 

on the properties of highly attenuating materials, such as bread doughs, it only conveys information 

about the surface properties of the samples (Coupland 2004). The ultrasound transmission 

technique lacks such disadvantage by measuring the waves that have propagated through the 

sample and interacted with the full extent of the test dough piece and its components. However, 

the signal loss due to attenuation of ultrasound waves can be much more in the transmission 

technique compared to the reflection technique (Koksel 2014). Overall, most of the research 

studies on wheat flour dough systems have been conducted with ultrasonic transmission techniques 

rather than reflection techniques (H.O. Lee, Luan, and Daut 1992; Elmehdi, Page, and Scanlon 

2003b; Mehta et al. 2009; Bellido and Hatcher 2010; Bellido and Hatcher 2011; Elmehdi et al. 

2013; Diep et al. 2014; Hatcher et al. 2014; Koksel et al. 2014). 

Kidmose, Pedersen, and Nielsen (2001) used the transmission technique to evaluate 

rheological properties of the doughs prepared with different wheat varieties during dough ageing 

and observed the sensitivity of ultrasound waves to the ageing process. The capability of this 

technique for discriminating flours of different qualities, each suitable for producing different end 

products, was also demonstrated by Alava et al. (2007). The authors also indicated the advantages 

of the ultrasound transmission technique over traditional methods used in the baking industry in 

regards to the testing speed and its online evaluation capability (Alava et al. 2007). Elmehdi et al. 

(2013) utilized this technique for probing the structural changes occurring in wheat flour gluten 

proteins, i.e., denaturation, as a result of heating. The high sensitivity of ultrasonic velocity to 

thermal transitions in the gluten proteins beyond the denaturation temperature was shown by the 

authors. Furthermore, the capability of the ultrasound transmission technique for discerning 
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variations in the physical, biological and chemical characteristics of gluten proteins was viewed as 

an important attribute (Elmehdi et al. 2013). 

2.4.3. Ultrasonic measurements 

2.4.3.1. Equipment used for dough systems 

To perform low-intensity ultrasonic measurements for evaluating the rheological 

properties of wheat flour doughs, using either shear or longitudinal modes in reflection or 

transmission modes, three main steps should be taken. These steps include sending ultrasound 

signals to the sample, receiving/recording the reflected or transmitted signals (depending on the 

technique used), and converting the recorded data into ultrasonic (𝑣𝑝  and 𝛼) and rheological 

parameters. The equipment used for taking the first two steps, including a pulse generator/receiver, 

transducers and oscilloscope, will be briefly introduced in this section, and the procedures required 

for the third step will be described in the next section. 

Generally, ultrasonic wave are generated in the material, such as wheat flour dough, by 

subjecting one of its surfaces to an external excitation. The external excitation is then transferred 

successively to adjacent areas of the material (Povey and McClements 1988). A pulse 

generator/receiver produces an electric signal and transmits it to the transducer to transform the 

electric pulse to an acoustic pulse (Elmehdi 2001). An arbitrary waveform generator (AWG) can 

also be employed to produce an ultrasonic signal with a specific waveform, e.g., Gaussian 

(Daugelaite 2011; Fan 2007). Transducers are utilized to generate and detect ultrasonic waves that 

propagate through or reflect from a given sample (Povey 1997). In the case of the reflection 

technique, either one or two transducer(s) can be used to generate and detect ultrasonic waves. In 

the transmission technique, two transducers must be utilized as one transducer generates the 

ultrasound waves and the second one receives them. Piezoelectric transducers used in ultrasonic 
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measurements of wheat flour doughs are typically composed of three parts including an active 

element, backing and the delay (wear) plate. The active element is often a piezoelectric crystal or 

composite which converts an electrical voltage into ultrasonic displacement and vice versa. The 

backing, which is designed to regulate transducer vibration, should be a high density, highly 

attenuative material which can absorb the energy radiating from the back face of the active 

element. The delay (or wear) plate is the part of the transducer which is in contact with the sample. 

Although, the delay plate is primarily used for protecting the active element, it also serves as an 

acoustic transformer between the high and low acoustic impedance of the active element and the 

sample, respectively (Povey and McClements 1988).  

After the reflected or transmitted ultrasonic signal is detected by the transducer, it is 

converted to an electric pulse and the output signal is sent to the receiver input of pulse 

generator/receiver. The signal is then displayed on an oscilloscope which is set in an averaging 

mode (Elmehdi 2001). The connection between the computer and the oscilloscope enables direct 

control and recording of the data acquisition. The procedures followed to determine the ultrasonic 

and rheological parameters of the wheat flour dough samples from the recorded data are described 

in the next section. 

2.4.3.2. Analysis of ultrasonic signals 

The detecting power of an ultrasonic instrument to probe the presence and quantity of 

different phases available in a heterogeneous sample is governed by the frequency used in the test 

(Povey and McClements 1988). In wheat flour doughs containing bubbles, for instance, bubble 

resonance is a mechanism that greatly affects the measured ultrasonic parameters. If the 

experiment has frequency dependent measurements, more complete information about dough 

properties can be obtained. Within the bubble resonance frequency range, attenuation is highly 
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dependent on frequency and it is challenging to obtain accurate velocity and attenuation coefficient 

values. Therefore, it is important to measure the ultrasonic parameters of the dough over a wide 

frequency range in order to achieve to a better understanding of the structure and mechanical 

properties of the dough (Scanlon and Page 2015). Employing the fast Fourier transform (FFT) 

technique, the ultrasonic signal in the time domain is converted to a signal in the frequency domain 

(S. Lee, Pyrak-Nolte, and Campanella 2004). The FFT technique is an efficient computational 

method which follows a mathematical process called Fourier transformation. The theory on which 

the FFT is based states that any complex wave is a combination of various sine waves with 

different amplitudes, phases and frequencies (Povey 1997). Therefore, the FFT method allows the 

ultrasound amplitude and phase of the reference (incident) signal, acquired without the sample 

between the transducers, and those of the sample to be expressed as a function of frequency (Ross, 

Pyrak-Nolte, and Campanella 2004; Fan 2007). The attenuation coefficient (𝛼), equation (2.1), and 

phase velocity (𝑣𝑝) can be determined over a specific frequency range by comparing the amplitude 

and phase ( 𝜙 ) of the reference and the sample signals at a given angular frequency ( 𝜔 ) 

(Strybulevych et al. 2007; Koksel 2014). 

𝑣𝑝 =  
𝜔𝑙

𝜙𝑠 − 𝜙𝑅
 (2.3) 

where 𝑙 is sample thickness and subscripts 𝑆 and 𝑅 refer to the sample and the reference signal, 

respectively. 

Viscoelastic moduli, including the complex shear modulus ( 𝐺∗ ) and the complex 

longitudinal modulus (𝑀∗), can be determined using the data obtained from shear or longitudinal 

ultrasonic wave propagation through the sample, respectively. However, these mechanical moduli 
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are calculated differently compared to the procedures followed in small-strain oscillatory tests. 

That is, the mechanical moduli are determined using the phase velocity, attenuation coefficient 

and the density of the dough, since stress-strain relations are not measured directly in the 

ultrasound testing. For longitudinal waves, the complex longitudinal modulus (𝑀∗) relates to the 

complex bulk or compressional modulus (𝐾∗) and the complex shear modulus (𝐺∗) by the equation 

𝑀∗ =  𝐾∗ + 4𝐺∗ 3⁄  (Povey 1997). However, an increase in the water content and air bubbles in a 

dough results in a smaller shear modulus (𝐺∗) compared to the bulk modulus (𝐾∗), as fluids cannot 

support shear waves (Povey 1997). For instance, Kidmose, Pedersen, and Nielsen (2001) 

demonstrated a significant decrease in the shear modulus of wheat flour doughs with increasing 

water content in their ultrasonic study of bread doughs. In the case of longitudinal ultrasound 

waves, the frequency dependent longitudinal complex modulus which is composed of the 

longitudinal storage modulus (𝑀′) and longitudinal loss modulus (𝑀"), can be determined using 

the following equations (Elmehdi 2001): 

𝑀∗(𝜔) = 𝑀′(𝜔) + 𝑖𝑀"(𝜔) (2.4) 

𝑀′(𝜔) =
𝜌𝑣𝑝

2 [1 − (𝛼𝑣𝑝 2𝜔⁄ )
2

]

[1 + (𝛼𝑣𝑝 2𝜔⁄ )
2

]
2  (2.5) 

𝑀"(𝜔) =
2𝜌𝑣𝑝

2(𝛼𝑣𝑝 2𝜔⁄ )

[1 + (𝛼𝑣𝑝 2𝜔⁄ )
2

]
2 (2.6) 

In the case of ultrasonic shear waves, which is seldom used for studying dough systems 

due to a strong attenuation of shear waves in the dough, similar equations can be used to determine 
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the complex shear modulus, 𝐺∗(𝜔), shear storage modulus, 𝐺′(𝜔),  and shear loss modulus, 

𝐺"(𝜔) (H.O. Lee, Luan, and Daut 1992; Létang et al. 2001).  

2.4.4. Ultrasound application for wheat noodle doughs 

There are only a few research studies in which ultrasound was employed for evaluating the 

rheological properties of Asian wheat noodles (Bellido and Hatcher 2010; Bellido and Hatcher 

2011; Diep et al. 2014; Hatcher et al. 2014). To our knowledge, the only group that is actively 

working on such studies consists of researchers from the departments of Physics and Astronomy 

and Food Science at the University of Manitoba working in collaboration with the Asian Products 

Unit of the Grain Research Laboratory at the Canadian Grain Commission, all located in 

Winnipeg, Canada. A brief summary of the uses of the ultrasound technique employed by this 

group to investigate Asian wheat noodle dough properties will be discussed here. 

Bellido and Hatcher (2010) applied the ultrasound technique to study the variations in the 

rheological properties of fresh yellow alkaline noodles (YAN) as a result of variations in noodle 

formulation. A transmission technique was employed by the authors, using two transducers 

operating at a central frequency of 40 kHz attached to a TA-XT2i texture analyzer, with layers of 

noodle dough samples held between the transducers. They reported that the inclusion of 

transglutaminase (TG) or an increase in NaCl concentration in YAN formulation resulted in a 

significant increase in the ultrasound velocity and a significant decrease in the attenuation 

coefficient. They also demonstrated an increase in “mechanical strength” (elevated 𝑀′) and an 

increase in elastic-like behavior (decreased tan𝛿) of YAN samples with increasing NaCl content 

and TG inclusion. Comparing ultrasonic and stress relaxation results revealed significant 

correlations between phase velocity, attenuation coefficient and longitudinal moduli with the 

maximum stress measured on the noodles in the stress relaxation test. Finally, Bellido and Hatcher 
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(2010) concluded that the ultrasonic technique used in their experiments can be considered as a 

reliable tool for evaluating the mechanical properties of YAN samples with different formulations. 

In their next ultrasonic evaluation of Asian wheat noodles, Bellido and Hatcher (2011) used the 

same technique to investigate the effect of the cross-linking enzyme TG on the mechanical 

properties of fresh YAN samples made with flour from three Canadian wheat varieties. The authors 

reported the sensitivity of ultrasound to changes in the protein composition of the samples as a 

result of TG addition (Bellido and Hatcher 2011). 

Employing the same frequency used by Bellido and Hatcher (2010 and 2011), 40 kHz, 

Diep et al. (2014) examined the capability of ultrasound for discerning differences between raw 

YAN doughs made with various wheat flour varieties from two Canadian wheat classes, CWRS 

and CPSR. The authors reported a remarkable power of ultrasound to discriminate wheat classes 

as well as wheat varieties within each class. They also compared the results of ultrasonic 

measurements on raw noodle samples with the texture of cooked ones and found significant 

correlations between phase velocity and 𝑀" of raw YAN with MCS of cooked YAN (Diep et al. 

2014). 

Higher frequencies, 1-1.6 MHz, were used in ultrasonic investigation of Asian wheat 

noodles by Salimi-Khorshidi et al. (2013, 2014 and 2015b), and Hatcher et al. (2013, 2014 and 

2015). Salimi-Khorshidi et al. (2013) demonstrated the ability of ultrasound at a frequency of 1.6 

MHz to evaluate variations in the rheological properties of raw white salted noodles (WSN) 

fortified with BBG. They also carried out simultaneous stress relaxation measurements on raw 

noodle doughs and demonstrated significant correlations between 𝑀′ and tan𝛿 , derived from 

ultrasonic measurements, and the stress relaxation parameters 𝐾2 and %𝑆𝑅20 (Salimi-Khorshidi 

et al. 2013). Hatcher et al. (2014) presented similar results on the effect of BBG on the rheological 
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properties of their WSN samples at a frequency of 1 MHz. Salimi-Khorshidi et al. (2014) showed 

the same effect of BBG on the rheology of WSN and YAN samples fortified with BBG when an 

ultrasound frequency of 1 MHz was employed. They also reported the sensitivity of ultrasound to 

the ratio of salt/kansui in the noodle dough formulation as well as a good agreement between the 

results of ultrasonic measurements and those of stress relaxation measurements. Moreover, Salimi-

Khorshidi et al. (2014) indicated an interaction between noodle dough pH and BBG content at 

microscopic levels, detected by ultrasound, since such an interaction was not identified by large-

deformation stress relaxation measurements. In their most updated ultrasonic study of Asian wheat 

noodles, Salimi-Khorshidi et al. (2015b) examined the sensitivity of ultrasound waves analyzed at 

1.4 MHz to wheat flour quality, salt to kansui ratio, BBG addition level and sheeting work input. 

Significant changes in attenuation coefficient and 𝑀′  to all treatments were demonstrated. 

Additionally, the phase velocity and 𝑀" of raw noodles were found to be significantly affected by 

flour variety, the salt/kansui ratio and work input, while tan𝛿 was significantly influenced by flour 

variety and work input. The authors demonstrated a good agreement between the results of 

ultrasound and large deformation measurements, i.e., SR and uniaxial extension, on the effects of 

BBG addition and sheeting work input on noodle dough rheology. Also, it was concluded that a 

comparison between the results of a large-strain rheological test and the small-strain ultrasound 

can inform one about the phenomena, e.g., interactions, occurring at microscopic scales in the 

noodle dough (Salimi-Khorshidi et al. 2015b). 
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3.1. Abstract 

An ultrasonic technique (1 MHz) was employed to investigate the capability of ultrasound 

to evaluate barley β-glucan (BBG) supplementation (0, 2.5 and 5%) on the mechanical properties 

of raw noodles. The noodles were subjected to a 20% strain using a texture analyser in which a 

custom holder for ultrasonic transducers enabled stress relaxation and ultrasonic propagation to be 

observed, simultaneously, over 300 s.  Ultrasonic velocity and attenuation increased and 

decreased, respectively, with an increase in noodle BBG content. Similarly, the longitudinal 

storage modulus 𝑀′ increased, while the long-time values of the longitudinal loss modulus 𝑀" 

decreased, as the BBG content was increased. The stress relaxation parameter %𝑆𝑅20 decreased 

significantly, while Peleg’s 𝐾1 and 𝐾2 values increased with increasing BBG content, supporting 

the ultrasonic findings that the noodles displayed an enhanced resistance to deformation with an 

increase of BBG content. The ultrasonic technique discerned changes in the mechanical behavior 

of functional food products. 

3.2. Introduction 

Noodles are a traditional staple of the Asian diet with ~ 161 million tonnes of wheat used 

for noodle production annually (Bui and Small 2007).  Recently the gross domestic products of 

many Asian countries have increased significantly, allowing customers with discretionary income 

to incorporate health and nutritional concerns into their purchases. Βeta glucans have demonstrated 

ability to lower cholesterol, reduce the glycemic index and reduce colon cancer (Yokoyama et al. 

1997; Jadhav et al. 1998; Slavin, Marquart, and Jacobs 2000). Previous research in our lab, 

(Hatcher et al. 2005), had demonstrated the ability to incorporate barley flour, high in BBG, into 

Asian noodles. The availability of commercially purified BBG offers an additional opportunity to 
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garner the health benefits of BBG without impacting noodle color, a desirable quality attribute in 

addition to texture. 

Traditionally, higher flour protein content in combination with a balanced gluten strength, 

extensibility and elasticity (due to the gluten’s gliadin and glutenin components) is necessary for 

a high quality noodle product.  This is due to a desirable noodle texture, combining a firmer “bite” 

with a chewy mouth-feel. Longitudinally polarized ultrasound, at frequencies higher than 20 kHz, 

is an elastic wave in which the material being tested is alternatively compressed and rarified in the 

direction in which the wave is traveling.  It is known [e.g., see (McClements 1995)] that the 

molecular bonds of a material’s constituents influence the speed with which an ultrasonic wave 

propagates through the material, with the speed of wave propagation and the wave’s attenuation 

depending on the strength, character and dynamics of these molecular bonds. Bellido and Hatcher 

(2010 and 2011) demonstrated that measurements of the ultrasonic wave characteristics (velocity 

and attenuation) can be used to evaluate a noodle’s physical properties, allowing the complex 

longitudinal modulus to be determined as per the approach of Elmehdi, Page, and Scanlon (2004). 

Additional research in the 30-50 kHz region (Diep et al. 2014) confirmed this technique’s 

usefulness in discriminating noodle rheological parameters as a function of wheat class and 

variety.  

The objective of this paper is to demonstrate that ultrasound at higher frequencies can also 

be utilized as an analytical tool, and specifically to investigate and discern rheological differences 

in raw noodles supplemented with BBG, thereby targeting a health conscious market. 
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3.3. Materials and methods 

3.3.1. Wheat Samples, Milling, Analyses and Noodle Preparation 

The mill check wheat represented a composite of CWRS samples collected across western 

Canada during the 2011 harvest.  Flour (50 g), 34% water (w/w), 1% (w/w) NaCl and 2.5 or 5% 

barley beta glucan (BBG) (Alkem Laboratories, India) were mixed using a centrifuge mixer 

(SpeedMixer DAC 150FV, Landrum, SC) for 30 seconds at 3000 rpm (Diep et al. 2013). The 

aggregated dough crumbs were sheeted using an Ohtake laboratory noodle machine (Ohtake, 

Tokyo, Japan) using 7 passes as per Bellido and Hatcher (2010).  

3.3.2. Ultrasonic Measurements 

Ultrasound measurements were performed with two broadband 10 MHz Panametrics 

transducers (Olympus NDT Canada Ltd., AB, Canada), which were mounted on a TA-XT Plus 

unit (Texture Technologies, Scarsdale, NY). The vertical position of the top transducer was 

controlled precisely by TA-XT Plus software (0.01 mm resolution), while the bottom transducer 

was fixed to the stationary base, allowing compression and relaxation tests to be performed and 

simultaneously monitored with the acquisition of ultrasonic signals.  Two acrylic plates (¼ inch 

thick) were bonded to the transducer surfaces to provide a suitable time delay to the acoustic 

signals.  A sheeted noodle sample was placed on the bottom delay plate, and the compression test 

was then initiated by gradually lowering the top transducer/delay plate towards the noodle.  When 

the top delay plate was about 3 mm above the noodle surface, the ultrasonic acquisition program 

(written in MATLAB) was started, so that both the transmitted ultrasonic signals and the applied 

force could be monitored as soon as the top transducer delay plate touched the noodle. Noodle 

thickness was automatically determined by the difference between the transducer’s initial height 

(5 mm) and the distance when a force of 0.39N was achieved.  For the stress relaxation process, 
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an additional 20% strain (based on this noodle thickness) was imposed on the noodle. The 

ultrasonic measurements were initiated when the bottom transducer received a voltage signal from 

an arbitrary waveform generator (Model 645, Berkeley Nucleonics Corp), thereby generating an 

ultrasonic pulse that propagated through the noodle to the top transducer. The received signal was 

amplified (Panametrics 5072 PR, Olympus), displayed on a digital oscilloscope (TDS 2024, 

Tektronix Canada Inc., Toronto), averaged over 128 acquisitions and captured by in-house 

developed software using MATLAB (MathWorks). The digitized waveforms were analysed using 

custom software (developed in-house using IGOR 6, Wavemetrics.com) to determine the phase 

velocity (𝑉𝑝) and attenuation coefficient (𝛼) at the frequency of 1 MHz.  These data, in conjunction 

with the measured noodle density, were used to calculate the complex longitudinal modulus 

(Elmehdi, Page, and Scanlon 2004). 

3.3.3. Stress Relaxation Measurements 

Stress relaxation measurements were performed on the raw dough sheet as per Hatcher et 

al. (2008), employing the ultrasonic acrylic plates to exert uniaxial compression on the raw noodles 

during their ultrasonic measurements. 𝐾1 and 𝐾2 were determined by the method of Peleg (1979) 

with transformation of the force-versus-time measurements calculated using a macro provided 

with the TX-XT Plus unit (Texture Technologies, Scarsdale, NY). Stress relaxation at 20 s 

(%𝑆𝑅20) was calculated as per Hatcher et al. (2008) using uniaxial compression and a 20% 

deformation of the raw noodle sheet. The tests were performed on three separately prepared dough 

sheets. 

3.4. Results and discussion 

The control noodles (0% BBG) and those prepared with 2.5% BBG displayed a rapid 

increase in wave velocity during the first 20-25 s of the relaxation period followed by a levelling 
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off for the remaining 275 s of the test. The 5% BBG addition samples displayed a similar initial 

rapid increase in velocity, significantly exceeding that of either of the other two samples, before 

slowly declining to velocity values slightly above those of the control (Figure 3.1a).  Examination 

of the corresponding attenuation coefficient data (Figure 3.1b) indicates that attenuation declined 

rapidly during the initial relaxation period, and remained relatively constant after the first 25 s. 

The control noodle displayed the highest attenuation values with a significant decrease observed 

upon 2.5% BBG addition. The noodles prepared with 5% BBG displayed further lowering of the 

attenuation.  The decrease in attenuation with the increasing levels of BBG suggests a lowering of 

the effect of viscoelastic relaxations on the dynamic mechanical properties with addition of this 

polymer, consistent with the role of BBG-protein interactions on consolidating the molecular 

configurations in the noodle dough. 

2Figure 3.1. (a) Phase velocity and (b) attenuation coefficient of raw noodle disks at 1.0 MHz 

 

Analysis of the storage modulus (𝑀′) revealed that the addition of both 2.5 and 5% BBG 

significantly increased 𝑀′ compared to the control flour noodle (Figure 3.2a).  This indicates that 

the addition of the BBG results in firmer (less compressible) noodles.  Research conducted on 

BBG in gluten free rice flour indicated that BBG addition also resulted in an increased shear 
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modulus (𝐺′), consistent with the idea of enhanced intermolecular interactions between BBG and 

proteins. BBG is hydroscopic in nature and as such it would compete with both the noodle flour’s 

starch and protein for water in the dough crumb/sheet.  However direct comparison of the two 

moduli, 𝑀′ and 𝐺′ is limited due to the much higher water absorption levels used in that study 

(Ronda et al. 2013). In an investigation of water and BBG addition on wheat dough viscoelasticity, 

Skendi, Papageorgiou, and Biliaderis (2010) also found that BBG addition had a very significant 

effect on 𝐺′ as well as 𝐺" even though the levels added at 0.2-1.0% were low compared to our 

study. Their work also identified that addition of BBG to an inferior (gluten strength) flour raised 

the 𝐺′ values to those of a good gluten strength flour in the absence of BBG, thereby offering 

commercial processing opportunities in tailoring flour quality for a particular product.     

Examination of the loss modulus (𝑀"), Figure 3.2b, revealed that the relaxation behavior 

is different for the BBG noodles relative to the control dough, with 𝑀" for the control dough 

increasing throughout the 300 second time window, 𝑀" for the 2.5% BBG dough remaining 

roughly constant after the initial 30 s, and 𝑀" for the 5% BBG dough decreasing over the same 

time interval.  However, after the first 100 s, there appears to be no significant difference in the 

overall magnitude of 𝑀" for the three doughs.  

Analysis of tan𝛿 = 𝑀"/𝑀′ (Figure 3.3) shows that the loss tangent has significantly lower 

values for both 2.5 and 5.0% BBG additions compared to the control.  This trend is mostly due to 

the larger values of 𝑀′ for the two BBG doughs (Figure 3.2a), confirming that BBG addition leads 

to a firmer dough.  However, while the tan𝛿 values were lower than the control, no difference was 

detected between noodles at either level of BBG addition. 
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3Figure 3.2.  Effect of BBG on (a) 𝑀′ and (b) 𝑀" of raw noodle disks at 1.0 MHz 

 

4Figure 3.3. Comparison of tan𝛿 values of raw noodle disks with different BBG contents 

 

In summary, the ultrasonic data, especially for 𝑀′, clearly demonstrate that the addition of 

BBG results in firmer noodles.  Changes in the relaxation behaviour are also seen with BBG 

addition, motivating further research to investigate the molecular mechanism responsible. 

An alternate means of confirming the rheological impact of the BBG addition on the 

noodles was performed.  Stress relaxation parameters %SR20 (percent stress relaxation at 20 s past 
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maximum force), 𝐾1 (initial rate of relaxation) and 𝐾2 (extent of relaxation) (Hatcher et al. 2008) 

were measured on the raw noodles and are shown in Table 3.1.  

1Table 3.1. Stress relaxation parameters of raw noodle disks at different BBG contents 

Parameters Control (No BBG) 2.5% BBG    5% BBG 

Mean St.Dev. C.V.% Mean St.Dev. C.V.% Mean St.Dev. C.V.% 

%𝑆𝑅20 17.3 0.64 3.69 14.8 0.76 5.14 13.2 0.15 1.14 

𝐾1 33.8 3.34 9.88 37.4 1.16 3.11 36.3 1.69 4.68 

𝐾2 4.09 0.27 6.48 4.88 0.28 5.72 5.74 0.16 2.80 

The significant decline in %𝑆𝑅20 upon the addition of 2.5% BBG indicates that the raw 

noodle was dissipating the compressional strain energy slower than the control suggesting that it 

was firmer.  Increased addition of the BBG to 5 %, while decreasing the %𝑆𝑅20 value slightly, 

does not imply a significant further increase in raw noodle firmness.  While the 𝐾1 value of the 

2.5% BBG addition is greater than the control, implying a higher elastic/firmer behavior, the above 

average variance associated with the 𝐾1 control value means that this increase is not deemed 

significant.  However at the 5% BBG addition the 𝐾1 value is significantly greater than for the 

raw control noodle.  𝐾2 (the extent of relaxation) is an indicator of the residual stress in the noodle 

when the noodle is allowed to relax.  Addition of the 2.5% BBG resulted in a significant increase 

in the 𝐾2 value of the raw noodles, which was further significantly increased upon addition of the 

5% BBG, confirming the more elastic behavior (enhanced firmness) of the BBG augmented 

noodles. 

3.5. Conclusions 

Application of an ultrasonic technique at an elevated frequency (~1.0 MHz) to the 

measurement of raw noodle texture has highlighted the advantages and changes which occur to a 

white salted noodle with the addition of BBG. This inexpensive ultrasonic method allows for the 
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measurement of longitudinal phase velocity and attenuation, which, in conjunction with the density 

of raw noodle, allows the calculation of the material’s longitudinal mechanical moduli. It is the 

determination of these dynamic mechanical moduli that provides new information on noodle 

texture.   

The advantages of BBG addition revealed by this technique could offer significant 

economic savings to commercial noodle manufacturers, as earlier research (Miskelly and Moss 

1985) indicated that higher protein flour (which is more expensive) was required to improve 

noodle texture.  The addition of the BBG overcomes this issue while offering additional 

competitive marketing claims.  Commercial noodle manufacturers are constantly searching for 

additives for their noodles to increase their adoption by the consumer.  At the 5% BBG level, 

manufacturers are able to state that their noodle has beneficial health properties due to the BBG 

content.  An additional benefit shown by this research is that both the ultrasonic measurements 

and the independent stress relaxation parameters indicate that noodles augmented with BBG offer 

a desirable, firmer noodle than the control. (Shewry et al. 2009)(Hou 2001)(Hatcher 2001) 
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4. A Novel Method for Evaluating the Effects of Work 

Input and Flour Variety on the Mechanical Behavior 

of Asian Wheat Noodles during the Sheeting Process 
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4.1. Abstract 

Noodle dough sheeting plays an important role in the development of protein network 

which is essential in the production of high quality Asian wheat noodles. Probing the changes in 

mechanical behavior of noodle dough during the sheeting process will help achieve a good 

understanding of how this process affects the texture of the final product.  For the first time, a 

simple, fast and low-cost method, based on the analysis of the resilience (spring back) of noodle 

dough sheets during the sheeting process, is proposed for a quick evaluation of noodle rheology 

during noodle production. To examine the method, effects of sheeting work input, flour variety 

and salt to kansui ratio (formula) on the resilience of noodle dough sheets were investigated. 

Parameters WtRatio, ThickD, LengthI and WidthI were determined based upon variations in the 

weight, thickness, length and width of noodle doughs during preparation, respectively. A highly 

significant (P<0.001) effect of work input during the lamination process on all mentioned 

parameters was observed. Formula and flour variety also had significant (P<0.05) effects on 

WtRatio, LengthI and WidthI of noodle dough samples. It was demonstrated that ThickD and 

LengthI can be used as a reliable means of evaluating resilience and gluten network development 

in noodle dough sheets during the sheeting process. In addition, the deviation of noodle dough 

mechanical behavior from perfect elastic and plastic models was studied by the use of recoil strain 

(εr) and Hencky strain (εH). The relative resilience of noodle dough sheets at the last sheeting pass 

(εrf/εHf ) was also introduced as a reliable tool for a quick determination of the rheological 

behavior of raw Asian wheat noodles.  

4.2. Introduction 

Asian noodles play a major role in Southeast Asian people’s daily diet. However, the use 

of Asian noodles has been spread over the world due to the ease of preparation, low cost and a vast 
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variety of flavors associated with them. The most important quality factors influencing the noodle 

market include its appearance and textural attributes, both being justified based on the consumers’ 

preferences (Hatcher 2001; Fu 2008). Specific characteristics of the flours used in noodle industry, 

e.g. protein content and starch damage, have been determined by manufacturers to satisfy the 

quality criteria desirable by local noodle consumers (Hatcher 2001). Also, different ratios of 

various salts, e.g. NaCl and alkaline reagents such as kansui and NaOH, as well as additives, e.g. 

polyphosphates and hydrocolloids, have been employed to address the required quality of the final 

product (Fu 2008). 

Noodle texture can be assessed by either a group of trained panelists (Fu and Malcolmson 

2010) or instrumental measurements including empirical tests, e.g. maximum cutting stress 

(MCS), resistance to compression (RTC) and recovery (REC), and fundamental tests such as stress 

relaxation and tensile tests (Hatcher 2010; Ross 2006). A large number of research studies have 

dealt with evaluating the effect of different ingredients and processing conditions on textural 

properties of different types of noodles (Oh, Seib, and Chung 1985; Edwards et al. 1996; Hatcher, 

Kruger, and Anderson 1999; Hatcher, Bellido, and Anderson 2009; Salimi-Khorshidi et al. 2015). 

For instance, Park and Baik (2004) employed texture profile analysis (TPA) to investigate the 

influence of flour protein content and quality on textural properties of instant noodles. Hatcher and 

Anderson (2007) evaluated the effect of different formulas, i.e., various ratios of salt to kansui 

reagents, on the texture of cooked noodles using MCS, REC and RTC parameters. Uniaxial stress 

relaxation parameters such as 𝐾1, 𝐾2, 𝑆𝑅20 and 𝐸𝐼 have been employed by Hatcher et al. (2011) 

to discern the differences in the mechanical behavior of different types of noodles. Recent 

advances in the use of ultrasound techniques in dough studies (Scanlon and Page 2015), allowed 

for an inexpensive assessment of Asian wheat noodle’s mechanical properties (Diep et al. 2014; 
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Hatcher et al. 2014; Salimi-Khorshidi et al. 2015). In all instrumental methods mentioned above, 

the texture evaluation of uncooked or cooked noodle involves using complicated instruments and 

a relatively long procedure. 

The two important processes involved in noodle making include mixing of the ingredients 

and the roller sheeting of the resulting dough. The mixing process is aimed for a uniform 

distribution of the ingredients and the hydration of the flour particles (Hatcher 2001; Fu 2008). 

However, it is the sheeting process during which a uniform gluten-starch network, which is the 

main determinant factor for noodle textural quality, is developed (Ross and Ohm 2006; G.G. Hou 

2010; Gulia, Dhaka, and Khatkar 2014). The desired thickness of the final product is achieved by 

the roller sheeting of the noodle dough. The energy used in the sheeting process to achieve a certain 

extent of dough development was reported to be 10-15% of the energy required by mixing (Kilborn 

and Tipples 1974). Hence, the sheeting process is of higher importance in oriental noodle 

manufacturing compared to the mixing process. Although, the sheeting process used for bread 

dough has been discussed extensively in the literature (Moss 1980; Morgenstern et al. 1999; Zheng 

et al. 2000; Sutton et al. 2003), only a few research studies have been dedicated to the investigation 

of the noodle dough sheeting and its effect on the rheology of the final product (Oh et al. 1985; 

Ross and Ohm 2006). 

A closer look at the sheeting process by means of tracking the variations in the mechanical 

behavior of noodle dough sheets would help one understand the phenomena involved in the 

development of the dough structure during dough roller sheeting. Information on the strains 

experienced by the wheat flour dough during the sheeting have been used to analyze the rheology 

of bread doughs (Engmann, Peck, and Wilson 2005; Tanner, Dai, and Qi 2007; Qi et al. 2008). 

Engman, Peck, and Wilson (2005) relates the bread dough recovery (recoil) in thickness direction 
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after the sheeting process to dough viscoelasticity. To our knowledge, no work has been conducted 

to find out the relationships between the recoil of raw noodles during the sheeting process and the 

noodle mechanical properties. Hatcher, Kruger, and Anderson (1999) have recorded changes in 

length and thickness of noodle dough sheets during the sheeting process and studied the effect of 

water absorption on noodle’s final length and thickness. Unfortunately, they did not mention any 

relationships between the textural characteristics, e.g., recovery or resistance to compression, and 

these dimensional parameters. Therefore, there is a need for developing a method by which the 

mechanical properties of Asian noodles can be evaluated using the information on changes in 

dimensions and weight of different noodle doughs during the sheeting process. The major benefit 

of this method would be a fast, straight-forward and low-cost evaluation of the rheology of raw 

noodles which were prepared with a variety of ingredients and processing conditions. 

Consequently, the influence of different factors such as flour characteristics, formula and work 

input on noodle mechanical properties can be evaluated immediately after noodle preparation. 

The objective of this study was to investigate the influence of noodle preparation conditions 

on the rheology of raw Asian wheat noodles using the information acquired during the noodle 

dough sheeting process. 

4.3. Materials and methods 

4.3.1. Wheat flour dough preparation 

Wheat flour from the 2011 harvested crops of CWRS varieties AC Barrie and Unity VB 

and the CPSR variety SY 985 were used in experiments. Their respective proximate analyses can 

be found in Table 4.1 and extensograph properties in Table 4.2. Using an asymmetrical speed 

mixer (Model DAC 150 FV, FlackTec Inc., Landrum, SC), flour (~50 g) and food grade NaCl 

and/or kansui (9:1 sodium: potassium carbonate) solution were mixed for 30 s at 3000 RPM in a 
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Pin Max 80 bowl. Three ratios of NaCl to Kansui were chosen including 1:0, 1:1 and 0:1 with the 

first and second number being percentage (%w/w of flour) of NaCl and Kansui, respectively. All 

noodle dough samples were prepared at 37% water absorption level. 

2Table 4.1. Characteristics of wheat flour samples used in experiments 

Flour 

variety 

Flour Parameters  Farinograph parameters 

Protein 

% 

Wet 

Gluten 

% 

Ash  

% 

Starch 

Damage1 
 

Absorption 

% 

DDT2 

(min) 

MTI3 

(BU) 

Stability 

(min) 

AC 

Barrie 

14.1 41.9 0.34 6.6 
 

65.6 10.25 15 21.5 

Unity VB 13.9 42.3 0.35 7.5 
 

67.4 17.75 10 23.0 

SY 985 12.3 32.5 0.37 6.7 
 

65.4 20.75 15 23.0 

1) Megazyme units, 2) Dough development time, 3) Mixing tolerance index 

3Table 4.2. Extensional properties of wheat flours measured by Extensograph 

Flour variety Absorption % Extensibility (cm) Rmax1 (BU) Area (cm2) 

AC Barrie 61.6 22.0 690 192 

Unity VB 63.3 21.0 525 137 

SY 985 60.6 17.2 967 197 

  1) Resistance to extension (maximum height) 

4.3.2. Dough lamination and sheeting 

A rectangular Lexan sample mold with an open top and bottom (80 mm length × 60 mm 

width × 9 mm height) was used to mold the mixed dough by hand pressing. Large voids and 

bubbles were removed from the mixed dough during this step. The molded dough was sheeted on 

a laboratory noodle machine (Ohtake, Tokyo, Japan) with an initial gap setting of 3.0 mm and 

weighed (Weightbl) before the subsequent lamination steps started. The dough sheet was then 

folded and sheeted according to the number of the required lamination steps (3, 5 or 10). Each 
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lamination step included folding of the dough sheet followed by passing it through the sheeting 

rolls of the Ohtake noodle machine with a 3.00 mm gap size. Also, a 90° rotation of the folded 

dough sheets was performed at each of the lamination steps 2, 4, 6 and 8. Therefore, dough sheets 

laminated 3, 5 and 10 times were rotated 1, 2 and 4 times, respectively. 

Immediately after the lamination process, a section of the dough sheet was carefully cut 

into a 9cm × 7cm rectangle and underwent seven reduction passes to duplicate commercial 

processes used to develop the gluten network. During the reduction steps, the gap size of the 

sheeting rolls was reduced from 3.00 mm to 1.10 mm with a 1 min delay incorporated between 

each pass (Table 4.3). The sheeting rolls were maintained at 28 °C during lamination and reduction 

steps. Weight (g) and thickness (mm) of the noodle dough sheet were recorded after the first and 

the last (7th) pass with its length (mm) and width (mm) measured after each pass.  

4Table 4.3. Reduction step roller gap settings 

Pass number Reduction Roll Gap (mm) 

1 3.00 

2 2.55 

3 2.15 

4 1.85 

5 1.55 

6 1.35 

7 1.10 

During noodle preparation, the temperature and humidity of the room where the mixing, 

lamination and sheeting processes were carried out was kept constant for all samples, i.e., a 

temperature of 28°C with a relative humidity of 50%. For the purpose of accuracy, all 27 samples 

were prepared in triplicate, following a randomized design. 
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4.3.3. Determination of dough sheeting parameters 

Measurements of changes in the weight and the dimensions of the dough mass were made 

in the lamination and the sheeting processes. Based on the measurements during the lamination 

and the reduction steps of noodle dough sheets, the following four parameters were defined and 

determined: 

WtRatio =  % Weight Ratio =  
Weighti

Weightbl
× 100 

(4.1) 

ThickD = % Thickness Decrease =  
Thicknessi − Thicknessf

Thicknessi
× 100 

(4.2) 

LengthI = % Length Increase =  
Lengthf − Lengthi

Lengthi
× 100 

(4.3) 

WidthI = % Width Increase =  
Widthf − Widthi

Widthi
× 100 

(4.4) 

where the initial (subscript i) and final (subscript f) values of the dough sheets’ weight and 

dimensions (i.e. thickness, length and width) were measured after the first reduction pass and after 

the last (7th) reduction pass, respectively. Additionally, Weightbl is the weight of dough sheets 

measured right before the lamination steps started. A digital scale (Model TR-602, Mettler-Toledo 

International Inc.) with a precision to 0.01 g was used to measure sample weight. The dimensions 

of the samples were measured using a digital caliper (Model CD-S6"CT, Mitutoyo Corp., Japan) 

with a precision to 0.01 mm. Assuming the water loss during the first reduction pass to be 

negligible (conservation of mass during the first pass), the Weighti can be considered as the weight 

of the 9×7cm noodle dough sheets. Consequently, the Weighti of the samples can also be used to 

compare the thickness of the samples’ 9×7cm dough sheets, since heavier 9×7cm sheets would be 

thicker than lighter ones. 
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Measurement results were evaluated using a generalized linear model (GLM) for analysis 

of variance (ANOVA) using SAS software (SAS Institute, Cary, NC) version 9.2. Tukey tests 

were also carried out to compare the means at 95% confidence intervals (P<0.05) unless stated 

otherwise. 

4.4. Results and discussion 

4.4.1. Effects on WtRatio 

The parameter WtRatio provides information on how the lamination process alters the mass 

of the dough piece. WtRatio values of salted (S), kansui (K) and salt-kansui (SK) noodle prepared 

with AC Barrie, Unity VB and SY 985 flours are shown in Figure 4.1. Error bars are standard 

errors for three replications. A highly significant change (P<0.001) in WtRatio was observed, as a 

result of change in work input (i.e., number of lamination steps used) (Table 4.4).   

5Table 4.4. Mean squares from GLM analysis of different varieties, laminations and formulas 

Sheeting 

parameters 

Treatments 

Lam1 Formula Variety2 Lam×Formula Formula×Variety 

WtRatio 66.0 *** 45.0 *** 9.18 * 12.2 *** 5.08 * 

ThickD 21.3 *** 0.842 n.s. 0.242 n.s. 0.068 n.s. 1.17 n.s. 

LengthI 144 *** 172 *** 57.4 ** 11.1 n.s. 21.3 n.s. 

WidthI 67.6 *** 63.9 *** 40.3 *** 4.20 n.s. 7.09 n.s. 

1) Lam=lamination (work input), 2) Variety=flour variety 

Superscripts n.s., *, ** and *** indicate non-significance and significance at P˂0.05, 0.01 and 0.001, 

respectively. 
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5Figure 4.1. WtRatio of noodle dough sheets prepared at different lamination levels 

 

In all samples shown in Figure 4.1, increasing lamination steps from 5 to 10 led to a 

significant change in the WtRatio of noodle dough sheets. For salted dough sheets, samples 

prepared with 10 laminations had significantly lower WtRatio than other laminations which were 

not significantly different in terms of their WtRatio values. In the case of kansui samples, WtRatio 

of the dough sheets prepared with 5 lamination steps was significantly higher than that of the 

others. However, no significant difference between the WtRatio of samples with 3 and 10 

lamination steps were observed. Also, SK samples made with AC Barrie and SY 985 showed a 

similar trend as that observed for salted samples, i.e., no significant difference between 3 and 5 

laminations. However, SK samples which were prepared using Unity VB flour at 3 and 10 

laminations were significantly different from those prepared at 5 laminations.  

Changes in the WtRatio of dough sheets will be governed by two factors; their weight loss 

as a result of water loss from samples during the lamination process and their resilience. The 

resilience of the dough sheets is a function of their gluten network development which is also 
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responsible for higher firmness and elasticity of the wheat flour dough (Moss 1980; Morgenstern 

et al. 1999; Fu 2008; Patel and Chakrabarti-Bell 2013). For example, suppose we have two dough 

sheets with an equal weight being laminated at different levels (e.g., 3 vs. 10 lamination steps) 

which cause their gluten network to be developed to different extents. Since the dough sheet with 

a more developed network shrinks back to its initial dimensions more than the dough sheet with a 

less developed gluten network (Feillet, Fevre, and Kobrehel 1977; Fu 2008), the 9×7cm cut of the 

former becomes thicker than that of the latter. In regard to the same length (9 cm) and width (7 

cm) for both dough sheets, the WtRatio for the thicker dough sheet, with a more developed gluten 

network, would be higher compared to the other one. However, water loss from the samples during 

a long lamination process could be so high that the water loss factor dominates over the resilience 

factor causing the more laminated sample to become lighter than the less laminated one. 

In this study, samples with 10 laminations were subject to the air and sheeting machine 

rollers for about 87 sec, approximately 3.6 and 2.1 times longer than samples with 3 laminations 

(24 sec) and 5 laminations (42 sec), respectively. Although expected to have a more developed 

gluten network, noodle sheets subjected to 10 lamination steps mostly had a lower or significantly 

lower WtRatio than the others. This indicates the dominant effect of water loss during the 

lamination process on WtRatio values for samples that were laminated 10 times. Furthermore, the 

possibility of overdevelopment of the dough protein network caused by a long lamination/sheeting 

process, mentioned by Morgenstern et al. (1999), and its negative effect on dough elasticity was 

investigated. As will be demonstrated later, samples prepared using 10 laminations had smaller 

ThickD, LengthI and WidthI than those at 3 and 5 laminations displaying a stronger protein 

network of the former compared to those of the latter cases. A comparison between samples with 

5 laminations and those with 3 laminations showed that samples laminated 5 times had mostly a 
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higher or significantly higher WtRatio than those laminated 3 times. The reason would be the 

dominance of the resilience (gluten network development) against the water loss during the 

lamination process. However, salted samples made with AC Barrie and Unity VB varieties are the 

exceptions for such a trend. 

In addition to the significant effect of work input during lamination process on WtRatio, a 

significant difference between WtRatio of salted samples and that of kansui and SK samples is 

observable in Figure 4.1. According to ANOVA treatment of the data of this study (Table 4.4), the 

effect of formula on WtRatio of noodle dough sheets was influenced by both the flour variety and 

the lamination steps used. In addition, the effect of flour variety on WtRatio is subject to change 

depending on the salt to kansui ratio used in the experiments. Therefore, to have a clearer view of 

the effect of formula and flour variety on WtRatio of noodle dough sheets, changes in WtRatio of 

samples caused by these two treatments are plotted, at each lamination level, in Figure 4.2. 

As mentioned earlier in this section, a highly significant (P<0.001) effect of formula on 

WtRatio of samples was found using ANOVA (Table 4.4). When 3 lamination steps were used 

(Figure 4.2a), salt-containing noodle dough sheets possessed higher WtRatio than K noodles 

(significant for AC Barrie and SY 985 flours). This observation implied that the role of salt is to 

increase noodle dough firmness, as previously demonstrated by other researchers (Dexter, Matsuo, 

and Dronzek 1979; Moss, Miskelly, and Moss 1986; Edwards et al. 1996; Wu, Beta, and Corke 

2006). As discussed by Edwards et al. (1996), addition of salt to the noodle formulation resulted 

in a significant increase in sheeting work input requirement, while addition of kansui made no 

difference compared to control samples. Furthermore, as per Dexter, Matsuo, and Dronzek (1979), 

a more uniform protein network was evident when 2% salt was added to the noodle formulation. 

In a dynamic rheological study on raw noodles by Wu, Beta, and Corke (2006), a smaller phase 
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angle of salted noodles compared to kansui ones was found, indicating more elastic-like behavior 

of the former to that of the latter. 

6Figure 4.2. WtRatio of noodle dough sheets at three work input (lamination) levels 

  

  

Figures 4.2b and 4.2c show that the significant difference between WtRatio of SK samples 

and that of kansui samples remained intact in samples with the more developed network (i.e., at 5 

and 10 laminations). This is an indication of the toughening effect of salt, when added to the noodle 

formulation in the presence of kansui reagent (Wu, Beta, and Corke 2006). It also could be 

attributed to an increase in water holding capacity of noodles due to an increase in the amount of 

salt (or kansui), i.e., 2% rather than 1%. Comparing Figure 4.2c with Figures 4.2a and 4.2b shows 

that at 10 laminations, the WtRatio of salted noodles are significantly lower than those of kansui 

and SK noodles. It is not the case for SY 985 samples, although the WtRatio of salted noodles is 
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still not higher than that of kansui noodles. It was already mentioned that water loss during a long 

lamination process could result in a decrease in WtRatio values. Among all noodle types, the 

decrease in WtRatio as a result of a long lamination process is shown to be more pronounced for 

salted samples made with AC Barrie and Unity VB flours. As discussed earlier, this behavior 

cannot be related to a weakening effect of lamination on the protein structure, i.e., 

overdevelopment (Morgenstern et al. 1999), of salted noodles since salted noodles at 10 

laminations exhibited smaller ThickD, LengthI and WidthI than those at 3 and 5 laminations. 

Therefore, the water loss during the lamination process would be the responsible phenomenon for 

this observation. The question that remains unanswered is why are salted noodles more sensitive 

to water loss than kansui and SK noodles? A greater water absorption capacity of alkaline noodle 

doughs compared to salted noodle doughs at a constant water addition level has been previously 

reported by Ong, Ross, and Engle (2010). Changes in the swelling properties of starch granules as 

a result of kansui addition might be a potential reason for less water loss in kansui and SK samples 

compared to salted samples (Moss, Miskelly, and Moss 1986; Shiau and Yeh 2001). That is, 

structural rearrangements in the starch granules due to an increased pH (caused by alkaline reagent) 

will increase the surface area available for water molecules to bind. Consequently, less free water 

will be available for loss (probably via evaporation) during the lamination process.  

4.4.2. Effects on ThickD 

The dimensions of the 9×7 cm dough sheet are altered by the sheeting process. The extent 

of the change in the thickness, length and width is affected by the structural changes occurring in 

the dough as a result of work input in the lamination process. Mean values of noodle dough sheet 

ThickD, averaged over flour varieties and formulas are plotted in Figures 4.3 and 4.4, respectively. 
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7Figure 4.3. ThickD of noodle dough sheets averaged over their flour varieties 

 

8Figure 4.4. ThickD of dough sheets averaged over their formulas 

 

Analysis of variance (ANOVA) for noodle dough sheet’s ThickD showed a highly 

significant (P<0.001) effect of the lamination process on this parameter for all formulas and flour 

varieties used (Table 4.4). Samples prepared using fewer lamination steps, and thus a less 

developed protein network (Kilborn and Tipples 1974; Morgenstern et al. 1999; Hatcher 2001; 
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Sutton et al. 2003), showed larger ThickD than samples with a higher number of lamination steps 

and a corresponding more developed protein network. As shown in Figure 4.4 for AC Barrie 

samples, no significant difference was observed between samples laminated 5 and 10 times. 

However, for Unity VB and SY 985 samples, noodle dough sheets with 10 lamination steps were 

significantly smaller in their ThickD values than noodles with 3 and 5 lamination steps. This 

outcome would be attributed to the large difference between the DDT of Unity VB and SY 985 

flours (17.75 and 20.75 min, respectively) compared to that of AC Barrie flour (10.25 min) (Table 

4.1). As a result, increasing the lamination steps from 5 to 10 for AC Barrie dough sheets appeared 

to lead to no significant change in their protein development in the direction of sheet thickness. In 

other words, it seems that AC Barrie samples achieved their best protein network development 

after 5 laminations and more laminations introduced no more apparent development to their protein 

network. On the other hand, as Unity VB and SY 985 doughs required more work input to achieve 

a better protein development, their ThickD values at 10 laminations were significantly lower than 

their ThickD values at 3 and 5 laminations. It can be hypothesized that the AC Barrie doughs 

achieved better protein development at 5 laminations while Unity VB and SY 985 doughs required 

10 laminations. 

This hypothesis can be proven by comparing the ThickD values of AC Barrie, Unity VB 

and SY 985 dough sheets at different lamination levels, when averaged over the three formulas. 

Regarding Figure 4.4, among all noodle dough sheets, the AC Barrie ones possessed the smallest 

ThickD values at 3 and 5 laminations indicating their higher degree of dough development at these 

lamination levels. However, when 10 lamination steps were used, the ThickD of samples made 

with Unity VB and SY 985 flours became lower than that of AC Barrie samples, showing their 

higher level of dough development at 10 laminations. In addition, a significant drop in ThickD of 
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Unity VB and SY 985 samples occurred when the lamination level was changed from 5 to 10 steps. 

A similar trend took place for AC Barrie samples, this time with alteration of the lamination steps 

from 3 to 5 indicating a large change in the dough’s protein network. 

As a summary, ThickD can be used as a good indicator of the changes in gluten network 

development, and the resilience, of noodle dough sheets caused by the lamination process. 

4.4.3. Effects on LengthI 

The effect of work input during the lamination process on LengthI of noodle dough sheets 

used in this study is shown in Figure 4.5. 

9Figure 4.5. LengthI of noodle dough sheets prepared at different lamination levels 

 

A large expansion in the direction of sheeting happened, resulting in the final length of the 

noodle dough sheets being more than twice their initial length. Nonetheless, changing the number 

of laminations did not change LengthI of the samples as significantly as it did the WtRatio and 

ThickD of them. As expected, based on the direct relationship between the number of sheeting 

passes and the protein development, which directly affects dough’s recovery after sheeting 
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(Chakrabarti-Bell et al. 2010), increasing work input decreased LengthI. Generally, samples with 

10 laminations, which were dryer than samples with 3 and 5 laminations (see section 4.3.1), 

possessed smaller LengthI values than other samples (Figure 4.5). Since the resilience of the 

noodle dough sheet is believed to be governed by either moisture loss or gluten network 

development, it is concluded from the results that the effect of protein development on dough 

resilience in the length direction dominated over effect of moisture loss on length changes.  

A closer look at LengthI values of SY 985 noodle dough sheets (Figure 4.6) revealed that 

samples with 3 and 5 laminations, which were not significantly different in their LengthI, 

possessed significantly higher LengthI than samples with 10 laminations. For AC Barrie and Unity 

VB samples, LengthI values at 5 and 10 laminations were significantly smaller than those at 3 

laminations. 

10Figure 4.6. LengthI of dough sheets averaged over their formula types 

 

Furthermore, a significant difference between LengthI values of AC Barrie samples 

compared to those of Unity VB and SY 985 samples was observed only at 5 laminations (Figure 
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4.6). This observation confirmed a higher degree of protein development in AC Barrie samples at 

5 laminations, as discussed in section 4.4.2, compared to Unity VB and SY 985 samples. 

Additionally, in contrast to ThickD of noodle dough sheets, LengthI values of AC Barrie and SY 

985 samples were not significantly different at 10 laminations. This result indicated that ThickD 

is more sensitive to protein development in dough samples, imparted by repeated lamination, than 

LengthI. 

A significant effect of salt to kansui ratio on LengthI values of samples is observable in 

Figure 4.5. As illustrated in Figure 4.7, the magnitude of this effect declined with an increase in 

the number of laminations showing an interaction between the effects of lamination and formula. 

LengthI values of samples increased with inclusion of the alkaline reagent “kansui” in and 

exclusion of salt from the noodle dough formula. This outcome is in agreement with the conclusion 

made in section 4.4.1 and the results of a study by Wu, Beta, and Corke (2006) on raw Asian wheat 

noodles made with RB flour (protein content: 11.8±0.2%, wet gluten content: 32%). According to 

Wu et al., the phase angle (δ) of RB noodle doughs increased and decreased when kansui reagent 

and salt were added to the dough formulation, respectively. Therefore this would infer that kansui 

noodles would possess higher tan𝛿 (𝐺"/ 𝐺′) than SK noodles, followed by salted noodles having 

the lowest tan𝛿 values. 
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11Figure 4.7. LengthI of dough sheets averaged over their flour varieties 

 

Being the ratio of the material’s viscous or loss modulus to its elastic or storage modulus, 

tan𝛿 or loss tangent has been considered as an indicator of the viscoelasticity of materials such as 

dough (Létang, Piau, and Verdier 1999; Zheng et al. 2000; Hatcher et al. 2014). The comparison 

between LengthI of our samples and tan𝛿 of samples studied by Wu et al. demonstrated a direct 

relationship between these two parameters. This means that an increase (or decrease) in LengthI 

values of samples corresponds to an increase (or decrease) in their tan𝛿 values. However, due to 

differences in the quality characteristics of the flours, and also in the processing conditions of the 

two studies, more investigation is required to draw a more accurate conclusion on this relationship. 

Overall, although less sensitive (higher P values) to the gluten network development than WtRatio 

and ThickD, LengthI can be considered to be a useful tool for evaluating changes in noodle dough 

resilience as a result of the lamination process. 
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4.4.4. Effects on WidthI 

ANOVA treatment on samples showed highly significant effects (P<0.0001) of work input 

(lamination), formula and flour variety on WidthI of samples (Table 4.4). To figure out how 

different factors changed the WidthI values of raw noodle doughs, Figure 4.8 was plotted. 

12Figure 4.8. WidthI of noodle dough sheets prepared at different lamination levels 

 

In most cases shown in Figure 4.8, WidthI values of samples with 3 and 10 laminations 

were not significantly different. Regarding the direct effect of lamination on protein development, 

and hence the resilience, this outcome was unexpected. On the other hand, samples with 10 

laminations had significantly smaller WidthI values than those with 5 laminations. Furthermore, 

unexpected results were observed for the formula effect, i.e., the highest and lowest resilience in 

the width direction was observed for kansui and salted samples, respectively. In addition, the effect 

of flour variety on WidthI was also influenced by the other factors. Overall, no consistently 

meaningful variations in width direction with changes in lamination, formula and flour varieties 

used in noodle preparation were observed. Searching for the potential reason for this result, WidthI 
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values of our samples had large CV%s compared to other sheeting parameters. i.e., ≈7% for 

WidthI compared to ≈1.5% for other parameters. Therefore, the WidthI would not be considered 

as a reliable parameter to express resilience of noodle dough sheets. In a study by Qi et al. (2008) 

on roller sheeting of bread dough, the expansion in the width direction of wheat flour dough was 

neglected and was not considered for modeling dough viscoelasticity. 

4.4.5. Effects on recoil strain 

To achieve an in-depth understanding of the effect of different treatments on mechanical 

behavior of the noodle doughs of this study, recoil or spring back of the samples during the sheeting 

process was studied. The process of recoil in the sheeted noodle dough occurs during its relaxation 

after each sheeting pass (from a stressed condition to an unstressed state). Since one of the primary 

goals of the noodle sheeting process is to reach a specific noodle thickness (Gulia, Dhaka, and 

Khatkar 2014), which is strongly governed by the recoil of noodle dough sheets, the spring back 

or recoil strain of the samples in the thickness dimension was investigated here. The following 

equation was used to calculate recoil strains at the first and the last (seventh) reduction pass (Qi et 

al. 2008). 

휀𝑟𝑗 = 𝑙𝑛 (
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗

𝑔𝑎𝑝𝑗
) 

(4.5) 

where 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗 is the noodle dough sheet thickness after the reduction pass 𝑗 and 𝑔𝑎𝑝𝑗 is the 

sheeting roller gap size (mm) used in the reduction pass 𝑗 (3.00 mm and 1.10 mm for the first or 

initial, 𝑖𝑡ℎ, and the seventh or final, 𝑓𝑡ℎ, reduction passes, respectively).  

Since, the recoil strain at sheeting pass 𝑗 considerably depends on (
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗−1

𝑔𝑎𝑝𝑗
) (Qi et al. 

2008), and the 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗−1  values of our samples were significantly different (reflected in 
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significantly different WtRatio mentioned in section 4.3.1), 휀𝑟𝑖 and 휀𝑟𝑓 of samples could not be 

studied independently. However, an approach would be to study the interaction between the two 

parameters in scatter graphs (Figure 4.9), and to then discuss the effects of flour variety, salt/kansui 

and work input during the lamination. 
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13Figure 4.9. Recoil strains for (a) salted, (b) kansui and (c) SK noodle dough sheets 

◊: 3 Lam, □: 5 Lam, Δ: 10 Lam (AC Barrie: Blank, Unity VB: Patterned, SY 985: Solid) 
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Positive values of the recoil strains (휀𝑟𝑖 𝑎𝑛𝑑 휀𝑟𝑓 > 0) in Figure 4.9, indicated a substantial 

degree of resilience in all noodle doughs of this study. In fact, none of the noodle doughs showed 

a perfect plastic behavior (i.e., 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗 𝑔𝑎𝑝𝑗⁄ = 1) during the sheeting process. Moreover, 

except for a negligibly few cases, more recoil (resilience) of the noodle doughs were observed 

after the seventh reduction pass compared to the first reduction pass (휀𝑟𝑓/휀𝑟𝑖 > 1). This means 

that the resilience of the noodle dough sheets was enhanced by reduction sheeting passes, 

regardless of the number of lamination steps used, indicating the role of the reduction sheeting 

process in developing elasticity in the noodle dough structure. As mentioned by several researchers 

(Kilborn and Tipples 1974; Feillet, Fevre, and Kobrehel 1977; Hatcher 2001; Sutton et al. 2003; 

Fu 2008; Gulia, Dhaka, and Khatkar 2014), this behavior is attributed to the development of a 

protein matrix within the wheat flour dough during the sheeting process. 

Additionally, a point at a greater distance above the 휀𝑟𝑖 = 휀𝑟𝑓 line in Figure 4.9 was an 

indication of a greater increase in the noodle’s recoiling ability after the seven-stage reduction 

sheeting, i.e., larger 휀𝑟𝑓/휀𝑟𝑖. For all noodle types of this study, 휀𝑟𝑓/휀𝑟𝑖 was larger in dough sheets 

prepared using a greater number of lamination steps prior to the start of the reduction sheeting 

process. On the other hand, ANOVA of the 휀𝑟𝑓/휀𝑟𝑖 demonstrated that among all factors, including 

the flour variety, formula and the work input, the latter is the only factor that significantly 

influenced this ratio (Table 4.5). The 휀𝑟𝑓/휀𝑟𝑖 values of salted, kansui and SK samples at three 

lamination levels, averaged over the three flour varieties are plotted in Figure 4.10. 
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6Table 4.5. General Linear Model analysis on noodle dough sheets 

Treatments Mean squares × 1000 

휀𝑟𝑖 휀𝑟𝑓  휀𝑟𝑓/휀𝑟𝑖 

Flour variety 0.904 * 1.10 * 0.310 n.s. 

Formula 13.6 ** 8.73 ** 8.02  n.s. 

Work input 23.6 ** 0.932 * 97.6 ** 

Superscripts n.s., * and ** indicate non-significance and significance at P˂0.05 and 0.001, respectively. 

14Figure 4.10. Effect of lamination work input on recoil strain ratio of noodle dough sheets 

 

As shown in Figure 4.10, 휀𝑟𝑓/휀𝑟𝑖 increased with increasing number of lamination steps 

used for noodle dough preparation. Hence, lower ThickD values of noodle doughs subject to a 

greater degree of lamination, mentioned in section 4.3.2, was attributed to an increase in their 

휀𝑟𝑓/휀𝑟𝑖. Therefore, the lamination process was shown to boost the effect of the reduction sheeting 

process to augment the elastic-like behavior of noodle dough sheets.  

A closer look at Figure 4.9 revealed that the difference in 휀𝑟𝑓/휀𝑟𝑖 of samples was mostly 

influenced by the difference in their 휀𝑟𝑖 values rather than the difference in their 휀𝑟𝑓 values. That 
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is, noodle dough sheets with 10 laminations possessed significantly smaller 휀𝑟𝑖  but rather 

comparable 휀𝑟𝑓 compared to those subject to 3 and 5 laminations. Since the decrease in 휀𝑟𝑖 values 

of samples with an increase in their lamination steps seemed unexpected, a more careful 

assessment of the effect of the first and the last reduction passes was thought to be helpful. As per 

Tanner, Dai, and Qi (2007) and Qi et al. (2008), an increase in the strain applied to the wheat flour 

dough (within the range 0.2-2.5) was found to increase the dough’s recovery or recoil strain. To 

find out whether this was the case in our experiments, the strain applied by the rollstand during the 

first and the last reduction passes was calculated using the following equation. 

휀𝐻𝑗 = 𝑙𝑛 (
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗−1

𝑔𝑎𝑝𝑗
) (4.6) 

where 휀𝐻𝑗 is the Hencky strain or the strain experienced by the noodle dough sheets during the 

sheeting pass itself. 

Having 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖   and 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑓  of samples recorded during the experiments, the 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗−1 of samples was estimated by assuming that the dough volume remained unchanged 

during each sheeting pass (Qi et al. 2008). The following equations were used to calculate 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0 (thickness before the 1st pass) and 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠6 (thickness before the 7th pass), all units 

expressed in mm. 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0 =
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖 × 𝐿𝑒𝑛𝑔𝑡ℎ𝑖 × 𝑊𝑖𝑑𝑡ℎ𝑖

90 × 70
 

(4.7) 

  

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠6 =
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑓 × 𝐿𝑒𝑛𝑔𝑡ℎ𝑓 × 𝑊𝑖𝑑𝑡ℎ𝑓

𝐿𝑒𝑛𝑔𝑡ℎ6 × 𝑊𝑖𝑑𝑡ℎ6
 

(4.8) 
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   It should be noted that equations (4.7) and (4.8) can only provide approximate values for 

sheet thickness, since the shape of the samples began to look like a deformed oval after the second 

pass (Figure 4.11). 

15Figure 4.11. A typical noodle dough sheet emerging from the sheeting pass j (j=2-7) 

  

Based on the approximation results used for calculation of 휀𝐻𝑗, the Hencky strain of our 

study ranged from 0.56-0.82 for 휀𝐻𝑖 and 0.69-0.80 for 휀𝐻𝑓 which fell into the strain range studied 

by Tanner, Dai, and Qi (2007). A similar relationship between Hencky strain and recoil strain to 

that mentioned by Tanner et al. (2007) and Qi et al. (2008) was observed (Figure 4.12). 
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16Figure 4.12. Strain values of noodle dough sheets at (a) 1st pass and (b) 7th pass 

 

 

According to Figure 4.12, it can be concluded that one factor that caused samples with 10 

lamination steps to have smaller 휀𝑟𝑖 than other samples was their significantly smaller 휀𝐻𝑖 (Figure 

4.12a and Table 4.6). However, at the same 휀𝐻𝑖 of samples in Figure 4.12a (0.67 ≤ 휀𝐻𝑖 ≤ 0.73) 

higher laminations corresponded to smaller 휀𝑟𝑖. The reason for this phenomenon would be related 

to an elevated dryness (moisture loss) of samples with increasing lamination steps (discussed in 

section 4.3.1). Consequently, at the same 휀𝐻𝑖  , an increase in lamination steps caused a significant 
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decrease in the 휀𝑟𝑖 of noodle dough sheets. For instance, consider samples of Table 4.6 with the 

same 휀𝐻𝑖   but significantly different 휀𝑟𝑖 , e.g., salted samples at 3 and 5 laminations have 

statistically the same 휀𝐻𝑖  but significantly different 휀𝑟𝑖 . In all cases, samples with higher 

laminations (more moisture loss) happened to have significantly smaller 휀𝑟𝑖.  

7Table 4.6. Mean values of 휀𝐻𝑖 and 휀𝑟𝑖 for noodle dough sheets 

Formula Laminations 휀𝐻𝑖 휀𝑟𝑖 ε𝐻𝑓 휀𝑟𝑓 

Salted      

3 0.704 a 0.488 a 0.766 a 0.503 a 

5 0.687 a 0.448 b 0.745 b 0.479 ab 

10 0.610 b 0.392 c 0.712 c 0.455 b 

Kansui      
 

3 0.670 b 0.464 a 0.743 a 0.474 a 

5 0.707 a 0.458 a 0.749 a 0.480 a 

10 0.674 b 0.428 b 0.746 a 0.484 a 

SK      
 

3 0. 745 ab 0.504 a 0.773 a  0.512 a  

5 0.762 a 0.502 a 0.775 a 0.519 a 

10 0.712 b 0.454 b 0.764 a 0.510 a 

For each noodle type, means within columns with different letters are significantly different at P<0.05. 

Therefore, 휀𝑟𝑖  of noodle dough sheets could not be considered as an indicator of their 

viscoelasticity, because in addition to its dependence on protein network strength, 휀𝑟𝑖 depends also 

on 휀𝐻𝑖  and moisture loss. In fact, the effect of lamination process on the protein network 

development which is responsible for dough resilience was covered by dough dryness. Such a 

trend was not observed in Figure 4.12b where sample strains at the final sheeting pass were plotted. 

In particular, in the case of salted noodle dough sheets the difference between 휀𝑟𝑓 of samples was 
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less than the differences between their 휀𝐻𝑓 values, i.e., samples were classified in 3 and 2 groups 

based on their 휀𝐻𝑓  and 휀𝑟𝑓, respectively (Table 4.6). This implies that the moisture loss is no 

longer the dominant factor in determining dough resilience. In fact, the positive effect of protein 

matrix development on resilience became more prominent than the negative effect of dough 

dryness as a result of repeated sheeting. 

A comparison between 휀𝑟𝑖/휀𝐻𝑖 and 휀𝑟𝑓/휀𝐻𝑓  values of noodle dough sheets (Figure 4.13) 

would be helpful in clarifying the discussions made above. 

17Figure 4.13. Recoil to Hencky strain ratios at (a) 1st pass and (b) 7th pass 

   

As shown in Figure 4.13a, the effect of moisture loss dominated over the effect of 

lamination on noodle dough resilience, i.e., significantly higher 휀𝑟𝑖/휀𝐻𝑖  of samples with 3 

laminations compared to other samples. In contrast, by subjecting the doughs to multiple sheet 

reduction passes, this trend changed and the lamination effect on recoil (resilience) became 

stronger than the moisture loss effect (Figure 4.13b). Accordingly, 휀𝑟𝑓/휀𝐻𝑓  of kansui and SK 

samples showed an ascending trend with increasing total work input, i.e., the work incorporated 

during the lamination and the reduction sheeting (Figure 4.13b). In the case of salted noodles, it 

seems that the extremely negative effect of moisture loss on this type of noodle, mentioned in 
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section 4.4.1, did not allow any compensation in dough resilience by the reduction sheeting 

process. Therefore, 휀𝑟𝑓/휀𝐻𝑓  could be considered as a more reliable parameter than 휀𝑟𝑖/휀𝐻𝑖  to 

express the extent of protein network development in noodle dough sheets.  

As a summary, a noodle dough sample’s resilience in the thickness dimension was 

demonstrated to be affected by both the lamination process and the sheet reduction passes. By 

moving toward the end of the sheet reduction passes the effect of moisture loss and protein network 

development on noodle dough resilience declined and rose, respectively. Furthermore, recoil strain 

was shown to be strongly dependent on the applied Hencky strain. Therefore, to investigate the 

resilience of noodle dough sheets it is recommended that a predetermined 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0 be used for 

all samples in order to allow easier comparison of their recoil strains. According to a big change 

in sample shape (rectangular to oval-like shape) after a few passes, care must be taken when using 

estimated 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗  as a factor to discriminate samples that were prepared differently. For 

obtaining more confident results, 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗  of samples is suggested to be measured directly 

during the experiments.  

4.5. Conclusion 

Using a simple approach, the effect of the sheeting process on the mechanical behavior, 

reflected in the resilience, of raw noodle dough sheets prepared with three Canadian flour varieties 

and three formulas has been evaluated. The lamination process has been shown to significantly 

increase the positive effect of repeated sheeting on noodle dough resilience. Using the parameters 

LengthI and ThickD, the resilience of noodle dough sheets in the length and thickness directions 

of noodle dough sheets can be quantified, respectively. Although, this approach provides no 

detailed information on the mechanisms responsible for changes in the resilience of noodle doughs, 
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it would allow one to distinguish between different samples based on the extent to which their 

mechanical behavior was changed by the lamination and sheeting processes. Due to a negative 

effect of the moisture loss during the lamination process on dough resilience, the relative noodle 

dough resilience after the last reduction pass (휀𝑟𝑓/휀𝐻𝑓) has been demonstrated to be a more reliable 

tool for evaluating the dough mechanical behavior than that after the first pass 휀𝑟𝑖/휀𝐻𝑖. Finally, the 

proposed approach can be used as an easy, fast and low-cost tool for the primary assessment of the 

rheology of raw noodle doughs right after the sheeting process. However, more work is required 

to improve the reproducibility of this method.  
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5. The Effects of Barley β-Glucan and Sheeting Work 

Input on Mechanical Properties of Raw Alkaline 

Noodles Made with Canadian Wheat Flours 



129 

 

5.1. Abstract 

Evaluating the texture of Asian noodles by rheological measurements benefits researchers 

with useful information about the rheological parameters responsible for differences in textural 

attributes of noodles prepared using different ingredients and processing conditions. Promising 

results on the use of ultrasound, as a small-strain rheological test, to study the structural and 

mechanical properties of wheat flour doughs implied its potential as a means of probing the 

rheological properties of Asian wheat noodles. In this study, the capability of a newly developed 

ultrasound technique at a relatively high frequency (1.4 MHz) as an easy and inexpensive 

evaluation of the texture of raw kansui noodles was examined. For comparison purposes, 

conventional rheological measurements including stress relaxation and uniaxial extension (Kieffer 

dough and gluten extensibility rig), were also carried out on raw kansui noodles. Flours from three 

Canadian wheat varieties AC Barrie, Unity VB and SY 985, three sheeting work input levels, 3, 5 

and 10 lamination steps, and three barley β-glucan (BBG) contents, 0, 2.5 and 5%, were used to 

prepare noodle samples. The results of ultrasonic measurements were in agreement with those of 

conventional rheological measurements on the strengthening effect of BBG on kansui noodle 

dough structure. Higher sensitivity of ultrasonic parameters to the sheeting work input compared 

to the parameters derived from other measurements was observed. Furthermore, the results of 

ultrasonic measurements provided information about microscopic mechanisms, e.g., inclusion of 

tiny air bubbles in noodle dough structure, which could not be detected by the conventional 

rheological measurements. A comparison between the results of the rheological measurements 

performed in this study confirmed the capability of ultrasound to evaluate the rheological 

properties of raw Asian wheat noodles. 
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5.2. Introduction 

As a major staple of the Asian diet, noodles are produced in a vast diversity of appearance, 

texture and taste (G. Hou 2001). The importance of this China-originated food product can be 

realized by examining its share of wheat flour consumption, i.e., 20-50%, in most Asian countries 

(Hatcher 2001; G. Hou 2001; He, Xia, and Zhang 2010). In terms of formulation and quality of 

Asian noodles, a wide diversity is available to the consumers. Alkaline noodles are prepared with 

flour, water, a variety of alkaline salts and NaCl, depending on local preferences. The alkaline salts 

used for noodle production are usually sodium and potassium carbonates, at different ratio 

combinations, although sodium hydroxide is also employed in other countries, primarily Malaysia 

(Miskelly 1996; Miskelly 1998; Hatcher and Anderson 2007). There are numerous studies that 

have discussed the use of different alkaline formulations and their effect on the textural attributes 

of Asian noodles (Moss, Miskelly, and Moss 1986; Chung and Kim 1991; Kruger, Anderson, and 

Dexter 1994; Hatcher, Kruger, and Anderson 1999; Shiau and Yeh 2001; Wu, Beta, and Corke 

2006; Rombouts et al. 2014). In general, to produce high quality Asian noodles, raw materials with 

appropriate functional and processing properties should be used. 

As the major ingredient, wheat flour must be chosen carefully to meet the quality criteria 

defined by the local consumers (Oh, Seib, Deyoe, et al. 1985; Oh, Seib, Ward, et al. 1985). Protein 

content is the most important factor that is considered when choosing the flour variety for 

production of Asian wheat noodles as it correlates strongly with the textural characteristics of the 

final product (Miskelly and Moss 1985; Ross, Quail, and Crosbie 1997; Park and Baik 2004; Zhao 

and Seib 2005; Diep et al. 2014). Moreover, the optimum protein range varies depending on the 

noodle type, e.g., 8-11% for white salted and 9-13% for yellow alkaline noodles. The pasting 

properties of wheat starch also plays an important role in determining the texture of Asian noodles, 
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although in the case of alkaline noodles protein content is considered to be a better indicator of 

noodle texture (Fu 2008). Additionally, the flour particle size is an important criterion as fine 

particle size allows uniform water distribution during the mixing process (Hatcher 2001; G.G. Hou 

2010). However, very small particle size should be avoided since it is indicative of high starch 

damage which can cause various problems in the processing and the final quality of the noodles 

(Hatcher et al. 2002; Hatcher, Bellido, and Anderson 2009). Commercial Asian manufacturers use 

Canada Western Red Spring (CWRS) extensively and Canada Prairie Spring White (CPSW) wheat 

for the production of yellow alkaline noodles due to their suitable quality characteristics (Hatcher 

and Anderson 2007). 

The textural attributes of Asian noodles are usually assessed by sensory panelists, although 

empirical and fundamental methods have been proven to successfully evaluate noodle texture (Oh, 

Seib, and Chung 1985; Kruger, Anderson, and Dexter 1994; Hatcher, Kruger, and Anderson 1999; 

Hatcher et al. 2002; Sasaki et al. 2002; Sasaki et al. 2004; Hatcher and Anderson 2007). Hatcher, 

Bellido, and Anderson (2009) and Hatcher et al. (2011) employed uniaxial stress relaxation 

measurements to investigate the rheological properties of Asian wheat noodles. In their studies, 

fundamental tests including percent stress relaxation (𝑆𝑅%), initial rate of relaxation (𝐾1), the 

extent of relaxation (𝐾2) and the elasticity index (𝐸𝐼) were used to evaluate changes in noodle 

texture. Another rheological approach to probe rheological behavior of noodle dough is the Kieffer 

dough and gluten extensibility rig which has been shown to provide useful information on 

rheological properties of wheat flour dough (Tronsmo et al. 2003; Dunnewind et al. 2004).  

In addition to the methods mentioned above, the recent 15-20 years of work on the use of 

ultrasound for understanding dough rheology at the University of Manitoba (Scanlon and Page 

2015), has led to the development of a high-frequency longitudinal ultrasound technique suitable 
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for studying the rheology of Asian wheat noodles. Determination of the fundamental rheological 

parameters longitudinal storage modulus (𝑀′) and longitudinal loss modulus (𝑀") as well as tan𝛿 

is possible by following an easy, inexpensive and reliable procedure (Hatcher et al. 2013). 

Furthermore, the unique assembly used in this technique allows the simultaneous determination of 

stress relaxation parameters, e.g., 𝐾1, 𝐾2, %𝑆𝑅20 and 𝐸𝐼 . A good agreement between these 

parameters and the parameters derived from ultrasonic measurements was observed (Salimi-

Khorshidi et al. 2013, 2014 and 2015; Hatcher et al. 2014; Hatcher et al. 2015). 

In order to attain a satisfactory texture in noodles, optimum processing conditions must be 

selected (Oh, Seib, and Chung 1985). The two main processes used in the manufacturing of Asian 

wheat noodles include mixing and sheeting. The sheeting process is of greater importance in 

noodle manufacturing since a continuous uniform gluten matrix is formed during roller sheeting 

of the noodle dough crumb at a lower cost (much less energy consumed) relative to the mixing 

process (Feillet, Fevre, and Kobrehel 1977; Morgenstern et al. 1999; Sutton et al. 2003). The 

reason is that under roller compression the adjacent particles mingle with each other which leads 

to the continuity of their protein networks (Fu 2008). Adequate levels of gluten strength and 

extensibility are required to achieve a desired quality of the noodle product. For example, high 

protein content of the flour leads to more energy consumption during the sheeting process as well 

as difficulties in reaching the required thickness of the product. The process of sheeting and its 

effect on the mechanical properties of wheat flour dough have been studied by several researchers 

(Kilborn and Tipples 1974; Moss 1980; Kilborn and Preston 1982; Levine 1985; Oh, Seib, Deyoe, 

et al. 1985; Oh, Seib, and Chung 1985; Kovacs et al. 2002; Engmann, Peck, and Wilson 2005; Qi 

et al. 2008; Chakrabarti-Bell et al. 2010; Patel and Chakrabarti-Bell 2013). Accordingly, the level 



133 

 

of work input during the sheeting process has to be optimized based on the noodle flour quality, 

the formulation and the desired textural quality. 

Recently, raising noodle consumers’ awareness of health- and nutrition-related issues has 

increased the demand that Asian noodles be fortified with micro-nutrients, e.g., iron and iodine, 

and dietary fibers (Hatcher et al. 2014). A large number of research studies has been dedicated to 

investigating the health- and quality-related effects of incorporating nutritious ingredients such as 

rye flour, Garbanzo bean flour, wheat bran, hull-less barley, iron, zinc and folic acid into Asian 

wheat noodles (Kruger, Hatcher, and Anderson 1998; Lee, Baik, and Czuchajowska 1998; De 

Romana, Brown, and Guinard 2002; Izydorczyk et al. 2005; Cheung et al. 2008; Semba et al. 2010; 

Chen et al. 2011). Since barley is one of the best sources of dietary fiber (total 10-20%), including 

β-glucans, arabinoxylans, cellulose, fructans, galactomannans and arabinogalactans, the 

incorporation of this cereal in cereal baked products such as muffin and cake as well as noodles 

has been discussed in the literature (Baik and Czuchajowska 1997; Klamczynski and 

Czuchajowska 1999; Izydorczyk et al. 2005). Hatcher et al. (2005) reported that hull-less barley 

addition into yellow alkaline noodle formulation resulted in an unappealing appearance to 

traditional YAN consumers. The availability of purified barley β-glucan (BBG), due to its white 

color, could be helpful to overcome this problem, while supplying health conscious customers with 

recommended dietary fiber intake. Some of the numerous health benefits of BBG include lowering 

plasma cholesterol and glycemic index as well as reducing the risk of colon cancer (Jadhav et al. 

1998; Behall, Scholfield, and Hallfrisch 2006; Baik and Ullrich 2008; Borneo and León 2012). 

The addition of BBG to Asian wheat noodles has been previously investigated (Salimi-Khorshidi 

et al. 2013 and 2014; Hatcher et al. 2014 and 2015), but to our knowledge, no research is available 

on the interaction between BBG, sheeting work input and flour characteristics. 
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The objective of this study is to evaluate the impact of BBG incorporation on rheological 

properties of YAN prepared at varying levels of sheeting work input using an ultrasound technique 

as well as stress relaxation and Kieffer dough extensibility measurements. Noodles were prepared 

from two varieties of CWRS flour and a variety of Canada Prairie Spring Red (CPSR) flour to 

highlight the potential differences of flour quality. 

5.3. Materials and methods 

5.3.1. Sample preparation 

Wheat flour from the 2011 harvested crops of two CWRS varieties, AC Barrie and Unity 

VB and the CPSR variety SY 985, were used in experiments (see Tables 4.1 and 4.2 for 

characteristics and extensograph properties of the flour varieties used). Using an asymmetrical 

speed mixer (Model DAC 150 FV, FlackTec Inc., Landrum, SC), flour (~50 g) and 1% w/w (flour 

basis) kansui (9:1 sodium: potassium carbonate) solution were mixed with/without barley β-glucan 

concentrate (BBG) or Glucagel® with >75% purity (Alkem Laboratories, Mumbai, India) for 30 

s at 3000 RPM in a Pin Max 80 bowl. All samples were prepared at 37% absorption level and BBG 

was incorporated into the formulation at three levels, 0, 2.5 and 5% w/w (flour basis). As described 

in Chapter 4, three lamination levels (3, 5 or 10) were used to incorporate work input to the mixed 

noodle dough prior to the reduction sheeting process, using a laboratory noodle machine (Ohtake, 

Tokyo, Japan) with an initial gap setting of 3.0 mm. Afterwards, a 9cm×7cm rectangle was cut 

from the laminated noodle dough and underwent seven sheet reduction steps by reducing the gap 

size of the sheeting rolls from 3.00 mm to 1.10 mm with a 1 min delay incorporated between each 

pass (Table 4.3). The temperature of sheeting rolls and the environment (with a 50% relative 

humidity) was maintained at 28 °C during lamination and reduction steps.  
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The prepared noodle dough sheet was cut into two pieces, of which one piece underwent a 

slitting process to make noodle strands for density and conventional rheological measurements 

after resting for 1 hour in sealed plastic containers. The second piece was also kept in a sealed 

plastic container for 1 hour before being cut into two 4cm diameter disks, using a preformed 

aluminum cutter, for ultrasonic measurements. 

5.3.2. Density measurement 

Sample density was measured using the deionized water displacement method as per Diep 

(2014). In this method, two strands of noodle samples were weighed and placed in a 10 ml specific 

gravity bottle previously filled with deionized water. Density was calculated from the weight of 

water displaced. 

5.3.3. Ultrasonic measurements 

The unique assembly of the ultrasonic experimental set up enabled simultaneous 

measurements of ultrasonic characteristics and stress relaxation parameters of the raw noodle disks 

(Hatcher et al. 2014). As shown in Figure 5.1, the unit consisted of an ultrasonic pulse 

generator/receiver, a pair of broadband transducers, TA-XT Plus Texture Analyzer (Texture 

Technologies, Scarsdale, NY), an arbitrary waveform generator and a digital oscilloscope. Two 

types of transducers, a pair of 1 MHz transducers with 1 inch acrylic delay plates and a pair of 10 

MHz transducers with ¼ inch polycarbonate delay plates, were used in this study. Both sets of 

transducers produce comparable ultrasonic results. 
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18Figure 5.1. Ultrasonic Experimental Setup with 10 MHz transducers 

 

To measure ultrasonic and stress relaxation parameters simultaneously, the dough disk was 

placed between the two transducers mounted on the TA-XT Plus Texture Analyzer. The top 

(receiving) transducer traveled down until contact with the noodle disk was achieved (40 g force).  

The transducer automatically and smoothly descended further until a 20% strain was achieved and 

was held for 300 seconds. Force measurements were captured by the Exponent Stable Micro 

Systems software version 6.1.5.0 throughout the experiment. Simultaneously, at the initiation of 

the experiment, the bottom (transmitting) transducer launched a series of Gaussian pulses at a 

central frequency of 1.6 MHz, which then propagated through the noodle disk were then captured 

over the 300 seconds by the top transducer. The received signal was amplified (Panametrics 5072 

PR, Olympus), displayed on a digital oscilloscope (TDS 2024, Tektronix Canada Inc., Toronto, 

Canada), averaged over 128 acquisitions and captured by in-house developed software using 
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MATLAB (MathWorks, Natick, MA) (Figure 5.2a). The digitized waveforms were analyzed using 

IGOR PRO 6.3 (Wavemetrics.com) which employs a fast Fourier transform (FFT) technique to 

determine the frequency dependence of the magnitudes and the phases of ultrasonic pulses (Cobus 

et al. 2007; Leroy et al. 2008) (Figure 5.2b). The magnitudes and phases of the FFTs of the pulse 

transmitted through delay plates (reference) and the pulse transmitted through the delay plates plus 

the noodle dough disk (sample) were then compared to determine the phase velocity (𝑉𝑝) and the 

attenuation coefficient (𝛼) (Strybulevych et al. 2007). For all samples, the phase velocity and 

attenuation coefficient values at the frequency 1.4 MHz were extracted from the data set processed 

by IGOR PRO 6.3. The reason for choosing this specific frequency (𝑓 = 1.4  MHz) was that the 

signal magnitude was largest at either this frequency or at frequencies adjacent to 1.4 MHz (see 

Figure 5.2b). These data, in combination with the measured noodle density, were used to determine 

the longitudinal moduli and tan𝛿 as per Elmehdi, Page, and Scanlon (2004). The mean values of 

the ultrasonic parameters of the samples reported in this chapter were obtained from averaging the 

parameters over 300 seconds of relaxation. 

5.3.4. Noodle strand stress relaxation measurements 

Conventional stress relaxation measurements were performed five times on sets of three 

noodle strands by applying 5 g of force to achieve a 20% strain followed by 30 seconds of 

relaxation. 𝐾1 (initial rate of relaxation) and 𝐾2 (extent of relaxation) were determined by the 

method of Peleg (1979). Additionally, 𝑆𝑅20 (stress relaxation percent at 20 s) and 𝐸𝐼 (elasticity 

index) were calculated as per Hatcher et al. (2011).  
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19Figure 5.2. Typical ultrasonic pulses (a) and FFT phase and magnitude (b) 

  

5.3.5. Uniaxial extension measurements 

Uniaxial extension measurements were performed using the Kieffer dough and gluten 

extensibility rig for the TA-XT Plus Texture Analyzer (Texture Technologies, Scarsdale, NY). In 

order to determine noodle extension parameters, the procedures used by Tronsmo et al. (2003) and 

Dunnewind et al. (2004) with modifications (described below) were followed. One strand of 

noodle samples was subjected to an extensional force using a hook speed of 3.3 mm/sec. 10 noodle 

strands were tested for each batch of sample. A schematic diagram of the uniaxial extension test 

carried out in this study is shown in Figure 5.3. 
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20Figure 5.3. Schematic drawing of Kieffer dough and gluten extensibility rig 

 

In Figure 5.3, v is the hook speed, l0 is the noodle’s initial length, lt is the noodle length at 

time t, y0 is the distance between the surface of the lower plate and the noodle due to sagging of 

the noodle strands prior to the test, yt is the hook displacement at time t after touching the noodle 

strand and Fm is the measured force. In order to analyze Kieffer extensibility test results, the 

following parameters were determined: 

l0 = 2 × √7.232 + y0
2 (5.1) 

lt = 2 × √7.232 + (yt + y0)2 (5.2) 

εH = ln (
lt

l0
) = ln (

√7.232 + (yt + y0)2

√7.232 + y0
2

) (5.3) 

ε̇ =
dεH

dt
=

dl

ltdt
=

1

lt
.

2(yt + y0)

√7.232 + (yt + y0)2
.
dyt

dt
=

4 (yt + y0)v

lt
2  (5.4) 
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where 7.23 is half the gap size (in mm) of the lower plate where the sample was placed, εH is 

Hencky strain and ε̇ is strain rate. As per Dunnewind et al. (2004), Fm differs from the force that 

acts on the noodle dough (equation 5.5) and is used to calculate the stress applied to the noodle 

strand at any point (equation 5.6). 

Fd =
Fm lt

4 (yt + y0)
 (5.5) 

σ =
Fd

V/lt
 (5.6) 

where Fd is the extensional force acting on the noodle strand, V is the volume of the sample and σ 

is the stress at time t after the hook touched the noodle strand. 

The following equations were employed to derive five parameters from the Kieffer test 

data: 

Apparent Extensional Viscosity at rupture = 𝐴𝐸𝑉𝑟 =
𝜎𝑟

휀̇𝑟
 (5.7) 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 = 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 =
𝜎𝑟

(𝑙𝑟 − 𝑙0) 𝑙0⁄
 

(5.8) 

𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = 𝐸𝑅 =
𝑙𝑟

𝑙0
 

(5.9) 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦@𝑡=1𝑠𝑒𝑐 = 𝐴𝐸𝑉1 =
𝜎𝑡=1𝑠𝑒𝑐

휀̇𝑡=1𝑠𝑒𝑐
 

(5.10) 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 = 𝐸 =
𝜎𝑡=1𝑠𝑒𝑐

(𝑙𝑡=1𝑠𝑒𝑐 − 𝑙𝑖) 𝑙𝑖⁄
 

(5.11) 

  

where letters with subscript “r” were calculated at rupture point and 𝑙𝑖 is the corrected initial length 

of the sample calculated by linearizing the initial part of the Kieffer Force-Distance curves 

(equation (5.12) & Figure 5.4). Time t=1 sec after the hook touched the noodle sample with a 
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trigger force of 0.5 gf was chosen to calculate Young’s modulus (𝐸) and 𝐴𝐸𝑉1, since it was located 

on the linear part, the elastic region, of the Force-Distance curve obtained from the Kieffer test. 

𝑙𝑖 = 2 × √7.232 + 𝑦𝑖
2 (5.12) 

21Figure 5.4. Schematic drawing of a Kieffer test force-distance curve 

 

All 27 samples were tested by ultrasonic and rheological measurements in triplicate for the 

purpose of accuracy, following a randomized design. Examination of all samples indicated that a 

few were outliers, causing a high standard deviation for most parameters of those samples. For 

instance, replicate number 3 of kansui sample with 2.5% BBG made with AC Barrie variety at 5 

lamination steps was an outlier replicate of this specific sample, i.e., there was a high standard 

deviation for stress relaxation, uniaxial extension and ultrasonic parameters as a result of its 

inclusion. Consequently, that specific replicate of the sample mentioned above could no longer be 

considered as a sound replicate. Therefore, where an anomalous replicate was observed within the 

replication series it was removed from the data set prior to statistical analysis. All statistical 

analyses were carried out using SAS (SAS Institute, Cary, NC) version 9.2. Analysis of variance 
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using Proc GLM and pairwise comparisons by Tukey’s test were made at P<0.05 unless otherwise 

stated. 

5.4. Results and discussion 

5.4.1. Strand stress relaxation parameters 

Investigation of stress relaxation parameters of raw kansui noodles revealed that significant 

changes in 𝐾1, 𝐾2, 𝑆𝑅20 and 𝐸𝐼 values of the samples were attributable to the flour variety and 

BBG content of the noodles (Table 5.1). 

8Table 5.1. General Linear Model analysis on noodle strands 

Treatments Mean squares 

𝐾1 𝐾2 𝑆𝑅20s  𝐸𝐼 

Flour variety 2.18 * 0.0763 * 112 * 30.8 * 

BBG 35.5 * 1.49 * 201E+1 * 677 * 

Work input 0.0273 n.s. 8.32E-4 n.s. 0.347 n.s. 0.513 n.s. 

Superscripts n.s. and * indicate non-significance and significance at P˂0.001, respectively. 

The effects of flour variety, BBG content and sheeting work input (lamination) on stress 

relaxation parameters of kansui noodles are shown in Figure 5.5. Samples made with SY 985 

possessed higher 𝐾1, 𝐾2 and 𝐸𝐼 and lower 𝑆𝑅20 than samples made with CWRS varieties at all 

BBG contents and lamination levels. 𝐾1 is indicative of the initial rate of decay of the applied 

mechanical stress and 𝐾2 is the extent of relaxation which addresses the residual stress remaining 

on the noodle at infinite time (t = ∞). Additionally, percent stress relaxation at 20 seconds (𝑆𝑅20) 

and elasticity index (𝐸𝐼) offer a comparative indication of the viscoelastic character of the noodle 

(Bellido and Hatcher 2009).  
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22Figure 5.5. Stress relaxation parameters of raw kansui noodle samples 

 

 

Since noodles with higher values of 𝐾1, 𝐾2 and 𝐸𝐼 and lower values of 𝑆𝑅20 would show 

a greater elastic behavior, it can be concluded that the flour SY 985 produced firmer noodles 

compared to the CWRS varieties. A firmer structure of noodles made with SY 985 variety 

compared to other samples is in agreement with larger farinograph DDT and extensograph Rmax 

values for SY 985 variety compared to CWRS varieties. As SY 985 variety has about 2% less 

protein content than CWRS varieties, a firmer structure of SY 985 noodles could be attributable 

to a higher protein quality of SY 985 variety compared to CWRS varieties. Stress relaxation 

parameters of samples prepared with CWRS varieties were also significantly different from each 

other in most cases; Unity VB samples were more elastic/firmer than AC Barrie samples. This 
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difference between the CWRS varieties could be attributed to the difference in their protein quality 

which also caused significant differences in their DDT and MTI values (Table 4.1). However, a 

higher firmness of Unity VB samples compared to AC Barrie samples is in contrast to a lower 

extensograph Rmax of the wheat flour doughs made with Unity VB variety, at optimum water 

absorption level, compared to those made with AC Barrie variety (Table 4.2). All raw noodles of 

this study were prepared at 37% water absorption, regardless of the fact that Unity VB flour needs 

more water than SY 985 and AC Barrie flours to achieve its optimum dough development (Tables 

4.1 and 4.2). Therefore, raw noodles made with Unity VB variety might be hydrated to a lesser 

extent than those made with SY 985 and AC Barrie varieties. As a consequence, Unity VB noodles 

were firmer than what we expected them to be. As a summary, difference in water absorption 

levels used in proximate analyses (Tables 4.1 and 4.2) and noodle preparation (37%) played a role 

in the difference between firmness of Unity VB and AC Barrie noodles. 

In addition, results plotted in Figure 5.5 illustrate that samples with different BBG levels 

are significantly different from each other. A significant increase in 𝐾1 , 𝐾2  and 𝐸𝐼  and a 

significant decrease in 𝑆𝑅20  of noodles were observed when more BBG was used in the 

preparation of samples. As  reported by Hatcher et al. (2008), Hatcher, Bellido, and Anderson 

(2009), Hatcher et al. (2011) and Hatcher et al. (2014), an increase in 𝐾1 and 𝐾2 values of noodles 

is indicative of greater elasticity/firmness in their texture. Lower 𝑆𝑅20 values of samples with 

more BBG content showed their enhanced firmness by dissipating the compressional energy 

slower than the samples with less BBG content. Additionally, elevated BBG levels in the noodle 

formulation resulted in higher 𝐸𝐼 values which reflects that addition of BBG leads to an increase 

in the noodle’s resistance to deformation (Hatcher et al. 2011; Hatcher et al. 2014). As previously 

shown by Symons and Brennan (2004), BBG has a high water retention capacity (i.e., water 
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holding or water binding capacity (Robertson et al. 2000)) which would lead to significant changes 

in the hydration of flour particles, especially starch granules. As evidence for the high water 

binding capacity of BBG, Skendi et al. (2010) demonstrated lower water loss of BBG-fortified 

breads during storage compared to the controls. Also, as reported by Skendi, Papageorgiou, and 

Biliaderis (2009) and Skendi et al. (2010), farinograph water absorption values of BBG-fortified 

bread doughs were significantly higher than that of control doughs. Additionally, the influence of 

BBG as a viscous and gel forming food hydrocolloid on the rheological behavior of starch 

polymers has been investigated by other researchers (Kim and Setser 1992; Biliaderis et al. 1997). 

Therefore, the underlying mechanism for an increased firmness of the dough induced by BBG is 

believed to be the role of BBG in promoting competition between flour components (starch and 

protein) for the restricted amount of water available in a noodle dough. Dehydration of the 

previously formed gluten sheets, by BBG molecules, would lead to a dryer, more fibrous (Bache 

and Donald 1998), network of gluten on the micron-length scale. Consequently, the resulting 

dough would be expected to display more firmness and less extensibility at the same time (as 

shown in section 3.2). Skendi et al. (2010) also showed that addition of BBG to a bread dough 

formulation results in higher resistance to extension and lower extensibility as measured by 

extensograph test (Skendi et al. 2010). 

Despite a significant effect of sheeting work input on resilience of raw noodles during 

preparation, stress relaxation parameters of noodles (measured 1 hr after preparation) were not 

significantly changed (P<0.05) by sheeting work input (Table 5.1). A 1-hour resting of noodles 

after preparation might be the responsible factor for such observation. 
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5.4.2. Uniaxial extension parameters 

Uniaxial extension test (Kieffer extensibility) results showed that by changing the flour 

variety and BBG addition rate, significant changes occur in extensibility-related parameters of raw 

noodle samples (Table 5.2). Due to a non-significant effect of sheeting work input on uniaxial 

extension parameters at P<0.05, these parameters were averaged over three lamination levels and 

are plotted in Figure 5.6. 

9Table 5.2. Mean squares from GLM analysis on noodle strands 

Treatments Mean squares 

𝐴𝐸𝑉1 𝐴𝐸𝑉𝑟 𝐸𝑅 𝐸  𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 

Flour variety 3.10E-3 n.s. 0.829 ** 0.611 ** 4.62E-3  n.s. 1.27E-3  * 

BBG 0.355 ** 1.16 ** 8.21 ** 0.461 ** 0.133 ** 

Work input 3.17E-3 n.s. 0.0462 n.s. 0.0444 n.s. 5.99E-3  n.s. 2.45E-4 n.s. 

Superscripts n.s., * and ** indicate non-significance and significance at P˂0.01 and 0.001, respectively. 
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23Figure 5.6. Effect of flour variety and BBG on extension parameters of raw kansui noodles 
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Two apparent extensional viscosities ( 𝐴𝐸𝑉 ) were defined for raw kansui noodles 

including 𝐴𝐸𝑉1 and 𝐴𝐸𝑉𝑟. The point at which 𝐴𝐸𝑉1 was determined corresponds to t=1 sec after 

the hook touched the sample and is located in the elastic (linear) region of the uniaxial extension 

curve (Force-time plot). 𝐴𝐸𝑉𝑟 was calculated as the ratio of the stress to the apparent strain rate 

at rupture (equation 5.1). The viscous behavior of samples within the elastic region was completely 

different from that at rupture. According to a constant hook speed settings (𝑣=3.3 mm/s) used for 

the extension test, 𝐴𝐸𝑉1  of all samples was calculated at a displacement equal to 3.3 mm. 

Therefore, any change in 𝐴𝐸𝑉1 values of samples represents a change in the tensional stress 

required to stretch samples to 3.3 mm. Within the elastic region, fortified SY 985 samples 

possessed larger 𝐴𝐸𝑉1 values than fortified AC Barrie samples (Figure 5.6a). This indicated the 

direct effect of protein quality (gluten strength; longer DDT) on noodle’s resistance to extension 

that has been previously mentioned by other researchers (Gras, Carpenter, and Anderssen 2000; 

Salazar-Garcia et al. 2003; Tronsmo et al. 2003; Liao, Chung, and Tattiyakul 2007). In addition, 

the insufficient hydration of Unity VB noodles than AC Barrie noodles, discussed in section 5.4.1, 

is presumed to be the responsible factor for a higher 𝐴𝐸𝑉1 of fortified Unity VB noodles compared 

to fortified AC Barrie noodles. It was observed that the difference between samples in terms of 

their 𝐴𝐸𝑉1 increased with increasing their BBG content. This implies that the addition of BBG to 

kansui noodle formulation not only enhanced noodle’s 𝐴𝐸𝑉1, but it also magnified the extent by 

which the wheat protein quality affected the sample’s resistance to extension (Figure 5.6a). It can 

be suggested that a decrease in protein content of the flours used in this study resulted in an increase 

in fortified noodle’s apparent extensional viscosity. A similar statement has been made by 

Tronsmo et al. (2003), Salazar-Garcia et al. (2003) and Liao, Chung, and Tattiyakul (2007) for 

non-fortified wheat flour doughs. It is believed that an increase in the proportion of monomeric 
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proteins with increasing protein content (Gupta, Batey, and MacRitchie 1992) of the studied flours 

is the responsible factor for such observations. Comparable 𝐴𝐸𝑉1 values of Unity VB and SY 985 

noodles indicate the strong effect of water absorption discussed earlier, as Tables 4.1 and 4.2 

clearly show a significantly higher protein quality of SY 985 variety compared to Unity VB 

variety. 

𝐴𝐸𝑉𝑟  was directly influenced by protein content as SY 985 samples possessed 

significantly smaller 𝐴𝐸𝑉𝑟 values than AC Barrie samples (Figure 5.6b). Moreover, the water 

absorption would also be a factor, since AC Barrie and Unity VB samples with comparable protein 

contents displayed significantly different 𝐴𝐸𝑉𝑟 values. Unity VB and SY 985 varieties, although 

having significantly different gluten strength (Table 4.2), exhibited the same 𝐴𝐸𝑉𝑟 values for non-

fortified samples due to the role of water absorption. Comparing Figure 5.6a and 5.6b revealed 

that the effect of flour variety on 𝐴𝐸𝑉𝑟 was more pronounced compared to that on 𝐴𝐸𝑉1, i.e., 

𝐴𝐸𝑉𝑟 is more sensitive to flour variety than 𝐴𝐸𝑉1 at all BBG levels. The reason for the difference 

in the behavior of 𝐴𝐸𝑉1 and 𝐴𝐸𝑉𝑟 can be understood by looking at the dependence of 𝐴𝐸𝑉 on 

the extensional force applied to samples as well as the samples’ deformation. As discussed earlier 

in section 5.2.5, the apparent extensional viscosity at any point (𝐴𝐸𝑉 =
𝜎

�̇�
) is a function of the 

strain rate and the stress at that point. To find out the dependence of apparent extensional viscosity 

on the applied force and the deformation, equations (5.2) and (5.4) can be combined to result in: 

휀̇ =
(𝑦𝑡 + 𝑦0)𝑣

[7.232 + (𝑦𝑡 + 𝑦0)2]
 (5.13) 

Combining equations (5.2) and (5.5) and introducing the result into equation (5.6) yields: 
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𝜎 =
𝐹𝑚 [7.232 + (𝑦𝑡 + 𝑦0)2]

 𝑉(𝑦𝑡 + 𝑦0)
 (5.14) 

Consequently we will have the following equation for determination of apparent 

extensional viscosity, by introducing equations (5.13) and (5.14) into the apparent extensional 

viscosity equation (𝐴𝐸𝑉 =
𝜎

�̇�
): 

𝐴𝐸𝑉 =
𝐹𝑚 [7.232 + (𝑦𝑡 + 𝑦0)2]2

𝑉𝑣(𝑦𝑡 + 𝑦0)2
 (5.15) 

Knowing the volume of the sample (𝑉) and that the test’s hook speed (𝑣) remains constant 

during the uniaxial extension measurements, the following proportionality can be derived from 

equation (5.15): 

𝐴𝐸𝑉 ∝ 𝐹𝑚 𝑦𝑡
2 (5.16) 

According to the proportionalities 𝑙𝑡 ∝ 𝑦𝑡  and 𝐹𝑑 ∝
𝐹𝑚 𝑙𝑡

 𝑦𝑡
 found in equations (5.2) and 

(5.5), respectively, 𝐹𝑚  (measured extensional force) can be replaced by 𝐹𝑑  (extensional force 

acting on noodles) to yield: 

𝐴𝐸𝑉 ∝ 𝐹𝑑  𝑦𝑡
2 (5.17) 

Therefore, the apparent extensional viscosity of noodle samples is directly proportional to 

the tensional force as well as the square of its corresponding deformation (𝑦𝑡
2). Consequently, the 

sample’s deformation affects the apparent extensional viscosity much more than its resistance to 

extension does. At 𝑡 = 1 𝑠, where the deformation is the same for all samples (𝑦𝑡 = 3.3 𝑚𝑚), the 

extensional force is the determinant factor in calculating 𝐴𝐸𝑉. As a result, the 𝐴𝐸𝑉 in the elastic 

region (𝐴𝐸𝑉1) can be considered as the resistance of the samples to extensional deformation. 
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However, at rupture the deformation or the extensibility is the dominant factor in determining the 

𝐴𝐸𝑉, since both 𝐹𝑚 and 𝑦𝑡 are different for different samples. Although being in contrast to its 

meaning, the 𝐴𝐸𝑉𝑟 was demonstrated to be a good indicator of sample’s extensibility while 𝐴𝐸𝑉1 

was a more suitable indicator of a sample’s resistance to extensional deformation. 

Addition of BBG to the noodle formulation caused a significant increase in the 𝐴𝐸𝑉1 and 

a significant decrease in the 𝐴𝐸𝑉𝑟. Therefore, fortification of kansui noodles with BBG leads to 

firmer noodles with higher resistance to extension (higher 𝐴𝐸𝑉1) and lower extensibility (lower 

𝐴𝐸𝑉𝑟) due to the effect of BBG on the protein-starch matrix (Ahmed 2015). The effect of BBG 

addition to raw kansui noodles was more pronounced in 𝐴𝐸𝑉1 than its effect on 𝐴𝐸𝑉𝑟. Therefore, 

one may conclude that BBG influences dough elasticity to a greater extent than it does dough 

viscosity. This hypothesis can be proven by looking at the results reported by current studies on 

the effect of BBG on longitudinal moduli and tan𝛿 of raw noodles where the effect of BBG on the 

elastic modulus (𝑀′) was more significant than its effect on the loss (viscous) modulus (𝑀") 

(Salimi-Khorshidi et al. 2013 and 2014; Hatcher et al. 2014 and 2015).  

Comparing extension ratios (𝐸𝑅) of samples made with different flours at different BBG 

addition levels demonstrated significant effects of both flour variety and BBG addition. 𝐸𝑅, or the 

extension ratio, was defined as the ratio of a sample’s length at rupture to its initial length. Different 

noodle samples had different initial length due to the difference between their sagging (bending) 

prior to the test (see section 5.2.5). 𝐸𝑅 of raw kansui noodles prepared at all BBG levels increased 

significantly with increasing protein content. This indicates that higher protein content was 

accompanied by a more viscous behavior and a weaker association of protein structural elements 

within the network caused by an increased proportion of monomeric proteins (Tsiami et al. 1997; 
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Tronsmo et al. 2003; Liao, Chung, and Tattiyakul 2007). Moreover, this result is consistent with 

𝐴𝐸𝑉𝑟 results as well as the results obtained by Extensograph measurements on the flours of this 

study (Table 4.2). An increase in kansui noodle’s BBG content was shown to result in a significant 

decrease in 𝐸𝑅 (Figure 5.6c), demonstrating the contribution of BBG in formation of a tougher 

network with a decreased extensibility. As a hydrophilic component, BBG is believed to slow 

down protein hydration via competing with starch granules and protein molecules in absorbing the 

available water of the dough. As a consequence, hydrophobic interactions and hydrogen bonding, 

which are two important factors in the formation of a uniform protein matrix, are hindered (Preston 

1989; Singh and MacRitchie 2001; Wellner et al. 2003). As a result, the dough would lack a 

developed structure with strong interactions among dough components which results in a reduced 

extensibility. Additionally, more firmness of the noodle samples would be observed due to a 

reduced hydration of the dough proteins. Hamed, Ragaee, and Abdel-Aal (2014) mentioned the 

role of BBG in disrupting the formation of gluten-starch network in bread dough, resulting in a 

less uniform gluten network with detached starch particles. They also demonstrated that replacing 

10% of wheat flour by BBG-enriched barley flour results in bread doughs with higher resistance 

to extension and lower extensibility. These observations were believed to be attributed to the effect 

of BBG on water distribution in the dough system (Hamed, Ragaee, and Abdel-Aal 2014). 

Additionally, in studies by Cleary and Brennan (2006) and Chillo, Ranawana, and Henry (2011), 

an increase in cooking loss of pasta was demonstrated to be attributed to greater discontinuity of 

the protein matrix caused by elevated BBG levels. Changes in protein-starch associations due to 

the addition of BBG was demonstrated by Cleary and Brennan (2006) using a scanning electron 

microscopy (SEM) analysis of raw and cooked BBG-fortified pasta.  It should be noted that the 

degree of discontinuity observed in the protein network of pasta, as a result of BBG addition, 
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would definitely be more than that of noodles, since the preparation of pasta lacks the sheeting 

process which significantly enhances protein network development. As a result we deal with a 

more developed network compared to that in pasta, but still dry due to the presence of BBG in the 

noodle dough system. In other words, care must be taken in a direct comparison of the results 

obtained from rheological testing of noodle dough with that of pasta dough.  

The ratio of stress to strain was determined within the elastic region of the extension curve 

(at t=1 s) and also at rupture and named as 𝐸  (Young’s modulus) and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸  (apparent 

Young’s modulus), respectively. No significant effect of flour variety on 𝐸 of raw kansui noodles 

with 0 and 2.5% BBG was observed. At 5% BBG content, the Young’s modulus increased with 

increased gluten strength (SY 985 possessed the highest 𝐸). Therefore, as mentioned in literature, 

there is an interaction between BBG content and flour quality (Skendi, Papageorgiou, and 

Biliaderis 2009; Skendi et al. 2010; Skendi, Papageorgiou, and Biliaderis 2010). This interaction 

can again be observed in Figure 5.6e in which 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 was able to discern the difference 

between AC Barrie variety and the other varieties only in BBG-fortified samples. As expected, 

both 𝐸 and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 of samples significantly increased, indicating more elastic and solid-like 

behavior with increasing BBG content. The contribution of BBG in enhancing dough elasticity 

and strength was previously mentioned by Izydorczyk, Hussain, and MacGregor (2001). 

As a brief conclusion to this section, the parameters 𝐴𝐸𝑉𝑟  and 𝐸𝑅  were capable of 

differentiating flours in this study at all BBG addition levels. There was an interaction between 

flour variety and BBG content reflected in the parameters 𝐴𝐸𝑉1, 𝐸 and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸, where BBG 

enhanced the ability of these parameters to discern differences in protein quality of AC Barrie and 

SY 985 varieties. Additionally, it can be concluded that adding BBG to the noodle formulation 
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enhanced its elasticity (increase in 𝐸 and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸) and its resistance to extension (increase in 

𝐴𝐸𝑉1) and reduced its extensibility (decrease in 𝐴𝐸𝑉𝑟 and 𝐸𝑅). This outcome is in agreement 

with our findings discussed in the previous section. Also, it was discussed that higher protein 

content is not always an indicator of dough strength, since it can correspond to a greater proportion 

of monomeric proteins in the flour and results in a lack of elasticity in the resulting dough. As 

demonstrated in section 5.4.1, among the flours used in this study, AC Barrie with the highest 

protein content seemed to be the weakest one. Nonetheless, higher resistance to extensional 

deformation was observed for the gluten prepared from the flour with higher protein content in 

uniaxial extension measurements by Abang Zaidel et al. (2008). In their rheological study of 

glutens from two wheat flours with 8.8% and 12.3% protein content, Abang Zaidel et al. (2008) 

demonstrated that the high protein flour gluten required higher force to fracture compared to the 

low protein flour gluten. The difference between their findings and ours could be potentially 

attributed to: differences in the water absorption levels (59.5% and 63.4% of their work versus 

37% of ours), difference between protein contents of samples (3.5% in their work vs  1.8% in 

ours), and finally in their work, the role of effective starch-starch and starch-protein interactions 

was removed by washing out the dough samples (Abang Zaidel et al. 2008). 

5.4.3. Noodle disk stress relaxation parameters 

Noodle disk stress relaxation measurements demonstrated no significant effects of sheeting 

work input and flour variety on the parameters 𝐾1, 𝐾2, 𝑆𝑅20 and 𝐸𝐼 (Table 5.3). However, BBG 

addition was found to be significantly changing the stress relaxation parameters of raw kansui 

noodle disks. Results averaged over three sheeting work input levels are plotted in Figure 5.7. 
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10Table 5.3. General Linear Model analysis on noodle dough disks 

Treatments Mean squares 

𝑈𝑆 𝐾1 𝑈𝑆 𝐾2 𝑈𝑆 𝑆𝑅20  𝑈𝑆 𝐸𝐼 

Flour variety 65.1 n.s. 2.48 n.s. 6.36 n.s. 18.9 n.s. 

BBG 270 * 30.3 ** 51.5 ** 1.05E+3 ** 

Work input 7.70 n.s. 3.75 n.s. 5.59 n.s. 6.27 n.s. 

Superscripts n.s., * and ** indicate non-significance and significance at P˂0.01 and 0.001, respectively. 

24Figure 5.7. Effect of flour variety and BBG on stress relaxation parameters of noodle disks 

  

 

 BBG-fortified samples exhibited significantly higher 𝑈𝑆𝐾1 , 𝑈𝑆𝐾2  and 𝑈𝑆𝐸𝐼  and 

significantly lower 𝑈𝑆𝑆𝑅20 than control samples, reiterating that BBG inclusion in the noodle 
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formulation led to a more solid-like product texture. This was in agreement with the results of 

strand stress relaxation and uniaxial extension measurements where BBG was found to confer 

elasticity and firmness in raw kansui noodle doughs. However, there was no significant difference 

between BBG fortified noodle disks in terms of their stress relaxation behavior. Therefore, noodle 

disk stress relaxation parameters were not as sensitive to increasing sample’s BBG content (from 

2.5% to 5%) as noodle strand stress relaxation parameters. This discrepancy could potentially be 

attributed to the differences in the two test systems such as the shape of the test pieces and the 

amount of applied stresses. 

Assuming a three dimensional network in noodle dough samples, the relaxation process 

involves the responses of the protein matrix components (in all three dimensions) to the applied 

stress (Gao et al. 2016). It is not only the recovery in the direction of compression (thickness 

dimension) that contributes to a sample’s contraction during relaxation in the other dimensions, so 

that the recoveries in the other two dimensions are playing a role. Due to a dimensional difference 

between a strand and a disk (Figure 5.8), the distribution of the applied compressional stress within 

samples would be different in the two tests, although the thickness was the same for noodle strands 

and noodle disks.  

25Figure 5.8. Recovery in 20% strained noodle strands (a) and noodle disk (b) during relaxation 
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It should be noted that the noodle dough sheets resulted from the sheeting process were cut 

into noodle strands longitudinally, i.e., in the direction of sheeting. In the case of noodle strands, 

the sample experienced an unequal distribution of compressional stress in surface dimensions 

(length and width) due to large size difference between its length and width (
width

length
≈ 0.15). As a 

result, during the dough relaxation, the network formed in the length dimension contributed to the 

recoil of samples much more than that in the width direction (Figure 5.8a). For noodle disks, on 

the other hand, the compressional stress was distributed equally in length and width dimensions 

(length = width = diameter (i. e. , 2R)). Consequently, the total response of the sample to the 

compressional stress involved equal recoil of the protein network in length and width (diameter) 

dimensions (Figure 5.8b). Accordingly, the response of the noodle disk to compressional 

deformation would be greater than that of the noodle strand, thus the former is expected to possess 

higher 𝐾1, 𝐾2 and 𝐸𝐼 and lower 𝑆𝑅20 compared to the latter. 

To test this hypothesis, and to compare mechanical properties of the two systems, mean 

values of the stress relaxation parameters of noodle strands and noodle dough disks averaged over 

the three lamination levels, are provided in Table 5.4. 
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11Table 5.4. Stress relaxation parameters for raw noodle strands and raw noodle disks 

Flour 

variety 

BBG 

(%) 
Noodle strands  Noodle disks 

𝐾1 (𝑠) 𝐾2 𝑆𝑅20 

(%) 

𝐸𝐼 (%)  𝑈𝑆 𝐾1 

(𝑠) 

𝑈𝑆 𝐾2 𝑈𝑆 𝑆𝑅20 𝑈𝑆 𝐸𝐼 

(%) 

AC Barrie           

 0 2.25±0.14 1.37±0.01 67.4±0.9 4.84±0.35  37.6 ± 4.2 5.91±0.90 13.1 ± 1.9 39.6 ± 5.6 

 2.5 3.58±0.22 1.63±0.02 55.4±1.0 9.90±0.58  40.6 ± 8.6 7.70±1.9 10.9 ± 3.2 51.2 ± 8.6 

 5 4.69±0.21 1.87±0.04 47.6±1.2 15.2 ± 0.8  40.6±11.8 8.13±1.8 10.4 ± 2.9 55.8 ± 6.8 

Unity VB           

 0 2.57±0.20 1.43±0.02 64.1±1.2 5.79±0.44  37.1 ± 2.4 6.52±1.0 12.1 ± 1.5 44.3 ± 4.4 

 2.5 3.80±0.23 1.66±0.03 54.2±1.4 10.7 ± 1.0  42.7 ± 5.9 7.58±1.31 10.5 ± 1.8 53.0 ± 4.6 

 5 5.01±0.53 1.91±0.09 46.4±2.4 16.4 ± 2.1  47.2 ± 3.2 8.93±1.20 8.97 ± 1.05 53.6 ± 12.6 

SY 985           

 0 2.93±0.22 1.49±0.02 61.3±1.2 7.08±0.79  37.9 ± 4.3 5.89±0.71 13.0 ± 1.5 42.6 ± 3.5 

 2.5 4.10±0.26 1.73±0.04 51.9±1.5 12.0 ± 0.8  45.3 ± 5.3 7.47±0.63 10.3 ± 0.9 53.2 ± 3.5 

 5 5.28±0.21 1.99±0.03 44.5±0.8 17.6 ± 0.8  44.2 ± 6.8 7.90±1.5 10.2 ± 2.0 54.9 ± 5.7 

It can be concluded from Table 5.4 that noodle dough disks showed much more solid-like 

behavior than the noodle strands did, i.e., differences of ≈1000% in 𝐾1, 300% in 𝐾2, 400% in 

𝑆𝑅20 and 350% in 𝐸𝐼. The magnitude of these differences could not solely be attributed to the 

difference in the amount of applied stress, since the stress applied on noodle disks (~29.6 kPa) was 

somewhat similar to that applied to the noodle strands (~53.2 kPa), i.e., a difference of 80%. 

Therefore, it is probable that the contribution of the width dimension in strain recovery of the 

noodle dough disks was responsible for such huge differences. In other words, the protein network 

development in the width direction seemed to be effective, although to a lesser extent than that in 

the length direction, since the gluten is believed to be developed and aligned in the sheeting (or 

length) direction (Nagao 1996; G.G. Hou et al. 2010; Widjaya 2010). However, for the samples of 

this study, the 90° rotation of the dough sheets during the lamination process (see section 2.1) 

should have caused some gluten alignment in the width direction as well.  
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5.4.4. Ultrasonic parameters 

Analysis of the ultrasonic measurement data showed significant effects of flour variety, 

BBG addition and sheeting work input on most ultrasonic parameters of raw kansui noodle doughs 

(Table 5.5).  

12Table 5.5. Mean squares from GLM analysis on raw kansui noodles ultrasonic parameters 

Treatments Mean squares 

𝛼 𝑉𝑝 𝑀′ 𝑀"  tan𝛿 

Flour variety 5.66 *** 21.5 *** 0.050 *** 0.019 * 0.023 * 

BBG content 0.988 ** 5.43 n.s. 0.011 ** 0.006 n.s. 0.003 n.s. 

Work input 0.141 n.s. 8.15 * 0.009 ** 0.012 n.s. 0.007 n.s. 

Superscripts n.s., *, ** and *** indicate non-significance and significance at P˂0.05, 0.01 and 0.001, 

respectively. 

Flour variety possessed the highest mean squares among all treatments within each column. 

In addition, it was the only treatment that caused significant changes in all ultrasonic parameters 

(Table 5.5). Also, adding BBG to the noodle formulation significantly changed the attenuation 

coefficient (𝛼) and longitudinal storage modulus (𝑀′) of the samples. In addition, incorporation of 

work input during the sheeting process significantly changed phase velocity (𝑉𝑝) and 𝑀′ of raw 

kansui noodle doughs. 

Figure 5.9 represents mean values of each parameter averaged over the treatment which 

had no significant effect on that parameter (based on the results shown in Table 5.5). For instance, 

graph 5.9a includes 𝛼  mean values averaged over the work input levels, whereas graph 5.9c 

includes 𝑀′ values at various levels of all treatments. Error bars are standard errors of the means. 

In the case of 𝑀" and tan𝛿, with only flour variety having a significant effect, the parameter was 
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averaged over the treatment that had the least mean square value, i.e.,  BBG content for 𝑀" and 

work input for tan𝛿 (Figures 5.9d, e). 

26Figure 5.9. Effects of different treatments on ultrasonic parameters of raw kansui noodle disks 
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Analysis of the data showed no significant difference between samples made from CWRS 

varieties (AC Barrie and Unity VB) (Figure 5.9). However, changing the flour variety from CWRS 

varieties to CPSR variety SY 985 caused significant increase in α and a significant decrease in 𝑀′ 

at all BBG contents and all lamination levels. As per Diep et al. (2014), these findings confirm it 

is not solely the difference in protein contents of the flours that is responsible for the differences 

in attenuation coefficients of their noodle doughs. If noodle doughs entrain air similarly to bread 

doughs, then as stated by other researchers, the presence of intercellular air spaces in the dough 

structure is the major factor increasing the attenuation of ultrasound in the 0.5-5 MHz frequency 

range (Elmehdi, Page, and Scanlon 2004; Leroy et al. 2008; Mehta et al. 2009). Based on the fact 

that SY 985 flour produced more elastic noodles compared to CWRS varieties, discussed in section 

5.3.1, the higher α in SY 985 noodle doughs could be attributed to their enhanced elastic ability of 

entrapping tiny air bubbles. SY 985 samples with more entrapped air in their protein matrix would 

attenuate the ultrasound to a greater extent compared to CWRS varieties with less air space in their 

microstructure. The significant change in dough microstructure caused by trapped air in the protein 

matrix of SY 985 noodle disks also led to a significant decrease in their 𝑀′. A slight difference 

between density values of the noodles prepared with different flour varieties is demonstrated in 

Figure 5.10. According to Figure 5.10, in general, noodle samples prepared with SY 985 variety 

exhibited slightly smaller density values than those prepared with CWRS varieties.  Slight changes 

in noodle density, presumably due to the inclusion of air in the noodle dough structure, could cause 

significant decrease in the magnitude of the ultrasound signal leading to an increase in the 

attenuation coefficient. 
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27Figure 5.10. Density values of raw kansui noodles prepared at different conditions 

 

In addition, a significant effect of flour variety on 𝑉𝑝, longitudinal loss modulus (𝑀") and 

tan𝛿 (𝑀"/ 𝑀′) of most samples was observed. Flour from the SY 985 variety resulted in raw kansui 

noodle doughs with lower 𝑉𝑝 and 𝑀" values compared to CWRS varieties (Figures 5.9b, d). A 

similar result was demonstrated in a low frequency ultrasonic study by Diep et al. (2014), where 

they found a positive and significant relationship between flour protein content and ultrasonic 

velocity. Also, it should be pointed out that SY 985 noodle doughs dissipate less energy 

presumably due to their stronger network compared to CWRS ones. Figure 5.9c-e indicate that 

although samples made with SY 985 possessed significantly smaller 𝑀′ and 𝑀" than samples 

made with AC Barrie, no significant difference between their tan𝛿 was observed. This outcome 

makes it difficult to draw a definitive conclusion on the effect of protein content on the overall 

elastic/viscous balance in noodle dough disks. However, it can be concluded that at the 

microstructural level, probed by ultrasound waves, protein content is not the only determinant 

factor in governing the rheological behavior of dough samples. 
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In general, addition of BBG to the noodle formulation resulted in a significant decrease 

and increase in α and 𝑀′ of raw kansui noodle doughs, respectively. However, there was no 

significant difference between α and 𝑀′ values of 2.5% BBG-fortified samples compared with 

those of 5% BBG-fortified samples. Additionally, the firmness enhancing ability of BBG at the 

microscopic level (detected by ultrasound) was not as pronounced as it was at the macroscopic 

level (detected by large deformation measurements). It is believed that small scale interactions 

among dough components are influenced by the addition of BBG in the dough formulation 

(Skendi, Papageorgiou, and Biliaderis 2009). Therefore, a small deformation rheological test such 

as ultrasound would be more reliable than a large deformation test for understanding the 

microscopic phenomena contributing to the changes in rheological behavior of the noodle dough. 

In the case of bread dough with water absorption values of 55-65%, two mechanisms for the 

influence of BBG as a water-soluble fiber on dough rheology have been proposed by Skendi, 

Papageorgiou, and Biliaderis (2009). The first mechanism involves the disruption of the 

continuous gluten-starch network, due to a reduced hydration of the gluten and starch particles, as 

a result of a higher hydrophilicity of BBG compared to flour components. Consequently, a 

decrease in the viscoelastic moduli of the dough will be observed. The second mechanism is the 

formation of: 1) BBG chains which entrap starchy particles and 2) BBG dispersions with high 

viscosity, leading to an increase in dough viscosity and subsequently viscoelastic moduli (𝐺′ and 

𝐺"). The authors (Skendi, Papageorgiou, and Biliaderis 2009) related the overall effect of BBG 

addition on the rheological properties of the dough to the BBG molecular size and the flour quality. 

In noodle dough samples of this study with a water absorption value of 37%, the BBG could not 

be fully hydrated to form a continuous chain around starch particles. As a result, a part of BBG 

incorporated into the noodle dough would be hydrated and act as a soluble fibre while a part of it 
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would act as insoluble fibre. In a study by Bonnand-Ducasse et al. (2010) the mechanisms by 

which water-soluble and water-insoluble wheat dietary fibres affect bread dough rheology have 

been discussed. According to their study, insoluble fibres function as fillers in the protein-starch 

matrix leading to higher viscoelastic moduli of the fortified dough. Moreover, in an SEM study of 

wheat flour doughs fortified with 5% barley β-glucan concentrate, Ahmed (2015) demonstrated 

that a fine gluten structure, in which BBG particles are embedded, is formed as a result of mixing. 

The influence of BBG addition on 𝑀′ of samples with 3 laminations was not significant 

while it was for samples with 5 and 10 laminations. Therefore, it can be presumed that using more 

lamination steps resulted in more uniformity of the dough structure, i.e., the development of a 

network in which BBG particles were embedded more effectively. In other words, lamination of 

the noodle dough may have caused better integration of dry BBG particles within the partially 

dehydrated gluten-starch network, i.e., BBG particles appear to be well bonded filler particles in 

the matrix (Bonnand-Ducasse et al. 2010). Moreover, the reduced effect of BBG on ultrasonic 

parameters compared to that on large deformation mechanical properties could be because of an 

interaction between kansui reagent and BBG at the microscopic level. In a comparison between 

white salted and kansui noodles, Salimi-Khorshidi et al. (2014) demonstrated that the effect of 

BBG on ultrasonic parameters of noodles was heavily counteracted in kansui samples compared 

to its significant effect in white salted noodles. They hypothesized that the high pH of the kansui 

noodle dough inhibited the firming effect of BBG.  

In contrast to the results obtained from large deformation measurements, sheeting work 

input (lamination) was found to be significantly affecting mechanical properties of kansui noodle 

doughs via changing their 𝑉𝑝 and 𝑀′. This would be an indication of the point that sheeting work 

input caused microscopic changes in the dough structure. Significant amounts of work have been 
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carried out on the effect of the sheeting process on the protein structure and rheological properties 

of wheat flour dough (Kilborn and Tipples 1974; Feillet, Fevre, and Kobrehel 1977; Moss 1980; 

Edwards et al. 1996; Morgenstern et al. 1999; Zheng et al. 2000; Sutton et al. 2003; Qi et al. 2008; 

Chakrabarti-Bell et al. 2010; Patel and Chakrabarti-Bell 2013). The sheeting process is of critical 

importance in noodle making, since protein development in the noodle dough primarily takes place 

during the sheeting process (Oh, Seib, Deyoe, et al. 1985; Oh, Seib, and Chung 1985; Fu 2008). 

Generally, noodle dough disks prepared at 10 laminations displayed smaller 𝑉𝑝 and 𝑀′ than those 

prepared at 3 laminations, while samples with 5 laminations were not significantly different from 

the others. The decrease in 𝑉𝑝 and 𝑀′ of samples as a result of an increase in lamination steps is 

more pronounced for samples prepared with SY 985. Furthermore, noodle dough disks of SY 985 

laminated 10 times possessed significantly lower 𝑀"  and tan𝛿  than those laminated 3 times 

(Figures 5.9d, e). Therefore, sheeting work input induced through the lamination process, led to 

increasing elastic to viscous ratio for only the SY 985 samples. A decrease in 𝑉𝑝, coupled with a 

decrease in the tan𝛿  of noodle dough disks, implies that there are at least two factors at the 

microscopic level that govern the effect of sheeting work input on the rheological properties of 

noodle dough samples. The first factor would be the disruption of dough protein structure which 

leads to a decrease in 𝑉𝑝 of the ultrasound propagating through the sample. The disruption (or 

discontinuity) of the protein matrix could result from overdeveloping of the dough protein due to 

an excessive stress applied to the dough during sheeting (Morgenstern et al. 1999). Another factor 

contributing to the decrease in tan𝛿 is believed to be the formation of an evenly developed protein 

network as a result of repeated association and dissociation of protein molecules during the 

sheeting process (Feillet, Fevre, and Kobrehel 1977; Sutton et al. 2003). Unfortunately, the extent 

to which each of these factors contributes to the final rheological properties of the noodle dough 
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disk is unknown (Sutton et al. 2003). More investigation is required to examine these hypotheses 

and to uncover the underlying phenomena responsible for such change made by the sheeting 

process on noodle dough properties. 

5.5. Conclusion 

The effects of flour characteristics, such as protein content as well as protein quality, the 

impact of dietary fiber incorporation into the noodle formulation, and the influence of sheeting 

work input on the mechanical properties of kansui noodles were comprehensively investigated. 

Ultrasonic measurements were carried out along with fundamental rheological measurements, 

stress relaxation and uniaxial extension, to understand the mechanisms by which the mechanical 

properties of kansui noodles changed. Ultrasonic results were useful in determining the effect of 

dietary fiber addition on the noodle texture and were in good agreement with the results of stress 

relaxation and uniaxial extension tests. Critically, the ultrasonic measurements can provide 

information on how sheeting work input affects the noodle dough structure which other tests were 

unable to provide. However, the underlying factors that affect noodle dough structure during the 

sheeting process need to be further studied. Overall, the ultrasound technique was shown to be 

capable of discerning differences in raw kansui noodles prepared with various levels of ingredients 

and lamination steps. 
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6. Use of Ultrasound to Evaluate the Effects of Salt 

and Kansui on Rheological Properties of Raw Asian 

Noodles Made with Canadian Wheat Flours 
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6.1. Abstract 

The effect of the ratio of salt (NaCl) to the alkaline reagent “kansui” on the rheological 

properties of raw noodles made with three Canadian wheat varieties AC Barrie, Unity VB and SY 

985 was investigated. Various levels of sheeting work input, through using several lamination 

steps, and dietary fiber addition, via addition of barley β-glucan (BBG) into the noodle 

formulation, were also incorporated in the noodle preparation. Ultrasonic measurements at a 

frequency of 1.4 MHz were carried out along with conventional rheological measurements, 

including stress relaxation and uniaxial extension measurements. A significant effect of the salt to 

kansui ratio (formula) on the rheological parameters of raw noodles was observed. The formula 

was found to change the extent to which BBG content and sheeting work input affected the 

rheological properties of raw noodles. Higher sensitivity of salted noodles to sheeting work input 

compared to kansui-containing (high pH) noodles might be due to the formation of a larger amount 

of non-covalent interactions in the former during the sheeting process. High pH noodles exhibited 

higher elasticity/firmness and viscosity, as well as a lower extensibility than salted noodles, 

probably due to strong covalent bonds between their protein molecules. A comparison between 

the results of the rheological tests revealed a dominant role of protein-starch interactions in 

determining the mechanical behavior of noodles in small-strain measurements. Accordingly, lower 

longitudinal moduli (𝑀′ and 𝑀") of high pH noodles compared to salted noodles was attributable 

to weaker protein-starch interactions in the structure of the former compared to the latter. The 

results of ultrasonic measurements provided an insight into microscopic mechanisms responsible 

for differences in the rheological properties of raw noodles prepared at different conditions. 
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6.2. Introduction 

The importance of Asian wheat noodles in the daily diet of southeast Asian countries can 

clearly be recognized by looking at wheat flour consumption, i.e., 20-50%, for noodle production 

in these countries (G. Hou 2001). Different types of noodles have originated and been 

manufactured based on local preferences of various textures, colors and flavors which can be 

adjusted by adding specific amounts of different ingredients (G. Hou 2001). The selection of 

different salts has a major effect on all quality aspects of Asian wheat noodles mentioned above, 

although changes in textural attributes of Asian wheat noodles have attracted more attention from 

cereal scientists (Hatcher and Anderson 2007; Fu 2008; Hatcher 2010). 

Flour quality, e.g., protein content, starch damage and ash content, has also considerable 

effects on the quality of the final product (G. Hou and Kruk 1998; Hatcher 2001). Therefore, 

selection criteria have been defined by noodle manufacturers to produce noodles with all the 

desirable quality attributes expected by their customers (G. Hou and Kruk 1998; G. G. Hou et al. 

2010). The effect of flour protein (content and quality), particle size and starch damage on different 

quality aspects of Asian wheat noodles, especially the texture, have been studied extensively 

(Ross, Quail, and Crosbie 1997; Park and Baik 2004; Ross 2006; Hatcher, Edwards, and Dexter 

2008; Ong, Ross, and Engle 2010; Diep et al. 2014). For example, Park and Baik (2004) reported 

that brighter cooked instant noodles with firmer and more elastic texture were obtained when 

wheat flours with higher protein content and higher SDS sedimentation volume (a flour protein 

quality measure) were used. Also, Hatcher, Edwards, and Dexter (2008) demonstrated that using 

wheat flours with finer particle size resulted in yellow alkaline noodles with a significantly firmer 

structure. 
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The effects of different salts and alkaline reagents on the structure and rheology of wheat 

flour doughs have previously been discussed in the literature (Terada, Minami, and Yamamoto 

1978; Danno and Hoseney 1982; Hoseney and Brown 1983; Preston 1989; Kim and Bushuk 1995; 

Larsson 2002; Wellner et al. 2003). Also, different hypotheses have been discussed about the 

molecular interactions between NaCl or alkaline reagents and the protein-starch network of both 

raw and cooked noodle doughs (Moss, Miskelly, and Moss 1986; Chung and Kim 1991; Edwards 

et al. 1996; Shiau and Yeh 2001; Shiau and Yeh 2004; Wu, Beta, and Corke 2006; Widjaya 2010). 

However, the mechanisms by which different salts affect noodle dough rheology are complicated 

(Wu, Beta, and Corke 2006; Hatcher, Bellido, and Anderson 2009; Rombouts et al. 2014). One of 

the reasons is the influence of flour quality as well as the type and concentration of salts on such 

interactions (Wu, Beta, and Corke 2006; Hatcher and Anderson 2007). For instance, Kim and 

Bushuk (1995) demonstrated that wheat flours with a greater amount of glutenin molecules were 

more sensitive to aggregation by NaCl. They also mentioned the role of subunit composition of 

glutenin in how flour protein interacts with salt to strengthen the resulting dough (Kim and Bushuk 

1995). Furthermore, Rombouts et al. (2014) reported that an optimal firmness of the noodles of 

their study was obtained at either 0.2-1.5% kansui or 2.0% salt concentration. Accordingly, 

drawing a firm conclusion on the mechanisms responsible for salt/alkali reagent-wheat flour 

interactions appears to be a challenge for cereal scientists (Ong, Ross, and Engle 2010). 

To investigate textural properties of Asian wheat noodles, different techniques have been 

used, such as empirical methods, e.g., MCS (maximum cutting stress) (Hatcher, Edwards, and 

Dexter 2008) and rheological methods at small deformation, e.g., dynamic oscillatory test (Wu, 

Beta, and Corke 2006), and large deformation, e.g., stress relaxation test (Hatcher, Bellido, and 

Anderson 2009), conditions. Kruger, Anderson, and Dexter (1994) used MCS, resistance to 
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compression (RTC) and surface firmness to evaluate the effect of flour refinement on the textural 

quality of raw Cantonese noodles. Hatcher et al. (2002) investigated the effects of two flour quality 

aspects, particle size and starch damage, on rheological properties of white salted noodles using 

dynamic oscillatory and creep tests. Ong, Ross, and Engle (2010) characterized mechanical 

behavior of salted and alkaline noodles using a Lubricated Squeezing Flow (LSF) technique. Gulia 

and Khatkar (2015) employed a Kieffer dough/gluten extensibility rig to study the effect of wheat 

gluten quality on textural properties of instant noodles. 

To achieve a good understanding of the macroscopic and microscopic changes that govern 

differences in mechanical behavior of different noodle samples, a comparison among the results 

of different tests appears to be beneficial (Sasaki et al. 2004). Recent advances in the use of 

ultrasound to study rheological properties of Asian wheat noodles made an easy and inexpensive 

microscopic investigation of noodle dough texture possible (Bellido and Hatcher 2010; Hatcher et 

al. 2013 and 2014; Diep et al. 2014). Employing a high-frequency ultrasound technique, Salimi-

Khorshidi et al. (2013, 2014 and 2015) studied the effects of dietary fiber addition, flour quality, 

formula (NaCl to alkaline salt ratio) and work input on the mechanical properties of raw noodles. 

The authors also used large deformation rheological methods, i.e., stress relaxation and uniaxial 

extension, to obtain information on how noodles respond both macroscopically and 

microscopically to changes in ingredients and processing conditions. In one of their most recent 

works, Salimi-Khorshidi et al. (2015) reported good agreement among the results of small and 

large deformation measurements on the mechanical properties of raw Asian wheat noodles, as they 

were affected by barley β-glucan (BBG) addition and sheeting work input. However, discrepancies 

between the results of the two methods were observed when the effects of flour quality and formula 

on the rheological properties of raw noodles were investigated. The authors attributed such 
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discordances to inherent differences between what is being probed by small strain (ultrasound) and 

large strain (stress relaxation and Kieffer extensibility) measurements. 

The influences of flour quality, barley β-glucan (BBG) addition and sheeting work input 

on the mechanical properties of raw kansui noodles obtained by ultrasonic and conventional 

rheological measurements were discussed in the last chapter. The objective of this chapter is to 

evaluate the effect of formula on the rheological properties of raw noodles made with three 

Canadian wheat varieties having diverse flour qualities. Furthermore, possible interactions among 

treatments (flour variety, BBG content, work input and formula) will be studied in microscopic 

and macroscopic levels using the results of the ultrasonic and conventional rheological 

measurements. 

6.3. Materials and methods (Salimi-Khorshidi et al. 2015) 

6.3.1. Sample preparation 

Wheat flour from the 2011 harvested crops of two CWRS varieties, AC Barrie and Unity 

VB and the CPSR variety SY 985, whose properties are shown in Tables 4.1 and 4.2, were used 

in experiments. Flour (~50 g), 1% w/w (flour basis) salt solution (for salted samples) or 2% salt-

kansui, i.e., a combination of 1% salt and 1% kansui (9:1 sodium: potassium carbonate), solution 

(for SK samples) were mixed with BBG concentrate, Glucagel®, as indicated in Chapter 5. A 

water absorption level of 37% was used for all samples and BBG was incorporated into the 

formulation at three levels, 0, 2.5 and 5% w/w (flour basis). Also, three lamination passes, 3, 5 and 

10, were used prior to the sheet reduction process, as described in Chapter 4. 

After the reduction sheeting process, the noodle dough sheet was cut into two pieces, of 

which one piece was cut into noodle strands for density and conventional rheological 
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measurements after resting for 1 hour in sealed plastic containers. The second piece was also kept 

in a sealed plastic container for 1 hour before being cut into two 4cm diameter disks for ultrasonic 

measurements. 

6.3.2. Density measurement 

A deionized water displacement method was used to measure sample density (Diep 2014). 

In this method, two strands of noodle dough were weighed and placed in a 10 ml specific gravity 

bottle previously filled with deionized water. Density was calculated from the weight of water 

displaced. 

6.3.3. Ultrasonic measurements 

Simultaneous measurements of ultrasonic characteristics and stress relaxation parameters 

of the raw noodle disks were carried out using the ultrasonic experimental set up shown in chapter 

5 (Figure 5.1). The same procedures described in Chapter 5 (section 5.2.3) for ultrasonic and stress 

relaxation measurements were followed in this Chapter. Using phase velocity and attenuation 

coefficient data at 1.4 MHz, obtained from the ultrasonic measurements, as well as the measured 

noodle density, the longitudinal moduli (𝑀′ and 𝑀") and tan𝛿 were calculated as per Elmehdi, 

Page, and Scanlon (2004). The mean values of the ultrasonic parameters of the samples presented 

in this chapter were obtained from averaging the data over 300 seconds of relaxation. 

6.3.4. Noodle strand stress relaxation measurements 

Conventional stress relaxation measurements were performed five times on sets of three 

noodle strands by applying 5 gforce to achieve a 20% strain followed by 30 seconds of relaxation. 

𝐾1 (initial rate of relaxation) and 𝐾2 (extent of relaxation) were determined by the method of 

Peleg (1979), with transformation of the force-time measurements calculated using a macro 
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provided with the TX-XT Plus unit. Additionally, 𝑆𝑅20 (stress relaxation percent at 20 s) and 𝐸𝐼 

(elasticity index) were calculated as per Hatcher et al. (2011).  

6.3.5. Uniaxial extension measurements 

Uniaxial extension measurements were performed using the Kieffer dough and gluten 

extensibility rig for the TA-XT Plus Texture Analyzer (Texture Technologies, Scarsdale, NY). 

The same procedure described in Chapter 5 (section 5.2.5) for determining uniaxial extension 

parameters 𝐴𝐸𝑉1, 𝐴𝐸𝑉𝑟, 𝐸𝑅, 𝐸 and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 was followed for this study. 

All 54 (27 salted and 27 SK) samples were examined by ultrasonic and rheological 

measurements in triplicate for the purpose of accuracy, following a randomized design. Where an 

anomalous replicate was observed within the replication series it was removed from the data set 

prior to statistical analysis (details in Chapter 5). Using SAS (SAS Institute, Cary, NC) version 

9.2, analysis of variance employing Proc GLM and pairwise comparisons by Tukey’s test were 

made at P<0.05, unless otherwise stated. 

6.4. Results and discussion 

Since, the effects of flour variety, BBG content and work input on rheological properties 

of raw (kansui) noodles were previously studied in chapter 5, only the trends that are significantly 

different from those discussed in chapter 5 will be elaborated here. Where the effect of a treatment 

on mechanical parameters of salted and SK samples was statistically different from that of kansui 

samples (Chapter 5), the corresponding table cell was highlighted. The focus of this chapter is to 

discuss the effect of formula on: 1) the rheology of raw noodles and 2) how noodle rheology varies 

with variations in flour quality, BBG content and work input. 
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6.4.1. Strand stress relaxation parameters 

All stress relaxation parameters of raw salted and SK noodles including 𝐾1, 𝐾2, 𝑆𝑅20 and 

𝐸𝐼 were significantly affected by flour variety and BBG content (Table 6.1). Similar results were 

observed for kansui noodles of chapter 5 for these parameters (Table 5.1). In addition, work input 

during the lamination process significantly affected 𝐾2, 𝑆𝑅20 and 𝐸𝐼 values of salted noodles, 

while having no significant influence on any of the stress relaxation parameters of SK samples 

(Table 6.1) and kansui noodles (Table 5.1). 

13Table 6.1. General Linear Model analysis on raw noodle strands stress relaxation parameters 

Noodle type Treatment Mean squares 

𝐾1 𝐾2 𝑆𝑅20  𝐸𝐼 

Salted      

Flour variety 3.37 ** 0.115 ** 249 ** 37.1 ** 

BBG 40.4 ** 1.42 ** 360E+1 ** 519 ** 

Work input 0.0694 n.s. 2.87E-3 * 5.40 * 1.78 * 

SK      

Flour variety 1.00 ** 0.0434 ** 65.3 ** 17.4 ** 

BBG 28.7 ** 1.29 ** 189E+1 ** 570 ** 

Work input 0.117 n.s. 1.97E-3 n.s. 3.88 n.s. 0.994 n.s. 

Superscripts n.s., * and ** indicate non-significance and significance at P˂0.01 and 0.001, respectively. 

Graphs of stress relaxation parameters of SK noodle strands and 𝐾1 of salted ones (not 

shown here) exhibited exactly the same trends as those of kansui noodle strands demonstrated in 

Figure 5.5 and will not be presented here. To find out why a significant effect of lamination work 

input on 𝐾2, 𝑆𝑅20 and 𝐸𝐼 was observed only for salted noodles, graphs of 𝐾2, 𝑆𝑅20 and 𝐸𝐼 of 

salted noodles are presented in Figure 6.1. 
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28Figure 6.1. Stress relaxation parameters of raw salted noodle strands 

 

 

As illustrated in Table 6.1 and Figure 6.1, the extent of the effect of lamination work input 

on 𝐾2, 𝑆𝑅20 and 𝐸𝐼 of salted noodles was less than that of the effects of flour variety and BBG. 

In Table 6.1, the lowest mean squares values amongst the treatments corresponded to work input, 

indicating that minor changes in 𝐾2 , 𝑆𝑅20  and 𝐸𝐼  values of salted noodles were caused by 

lamination work input. In a few of the cases (~30%) shown in Figure 6.1, salted noodles prepared 

with 10 lamination steps possessed significantly higher 𝐾2 and 𝐸𝐼, and significantly lower 𝑆𝑅20, 

than those prepared with 3 lamination steps. This is in agreement with the fact that a more 

developed gluten-starch network is formed in the wheat flour dough as a result of the sheeting 
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process (Feillet, Fevre, and Kobrehel 1977; Hatcher 2001; Sutton et al. 2003). However, as stress 

relaxation parameters of kansui and SK noodles did not change significantly with increasing 

lamination steps, this suggests that the inclusion of kansui in the noodle dough formulation makes 

the stress relaxation parameters of noodles insensitive to the lamination process. A possible 

hypothesis for such observation will be discussed later in this section. 

In order to assess the effect of formula (salt to kansui ratio) on the stress relaxation 

parameters of raw noodles and to study possible interactions between formula, flour variety and 

BBG content, Table 6.2 is provided below. This table represents mean values of strand stress 

relaxation parameters averaged over work input levels. Table 6.2 reveals that salted noodles 

possessed significantly smaller 𝐾1, 𝐾2 and 𝐸𝐼 as well as significantly larger 𝑆𝑅20 values than 

kansui and SK noodles, regardless of the flour variety and the BBG content of the samples. This 

indicates a firmer structure of raw kansui and SK noodles compared to salted ones. Similar results 

were demonstrated by Salimi-Khorshidi et al. (2014). Rombouts et al. (2014) also reported that 

the firmness of noodles containing 1% kansui was significantly larger than that of noodles with 

1% NaCl. Moreover, as per Ong, Ross, and Engle (2010), the level of extractable glutenin 

macropolymer in salted noodles was more than that in alkaline noodles. Using a lubricated 

squeezing flow (LSF) technique, the same authors also reported higher residual force and longer 

relaxation time values of alkaline doughs compared to salted doughs (Ong, Ross, and Engle 2010). 
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14Table 6.2. Mean values of stress relaxation parameters for raw noodle strands 

Flour variety BBG %  Formula Noodle strands stress relaxation parameters 
𝐾1 (𝑠) 𝐾2 𝑆𝑅20 (%)  𝐸𝐼 (%) 

AC Barrie       

 0 Salted 1.35 ± 0.09 1.19 ± 0.01 79.8 ± 0.81 1.56 ± 0.20 

  Kansui 2.25 ± 0.14 1.37 ± 0.01 67.4 ± 0.9 4.84 ± 0.35 

  SK 2.28 ± 0.14 1.37 ± 0.02 67.3 ± 1.0 4.86 ± 0.34 

       

 2.5 Salted 2.61 ± 0.27 1.39 ± 0.03 65.7 ± 1.8 5.26 ± 0.63 

  Kansui 3.58 ± 0.22 1.63 ± 0.02 55.4 ± 1.0 9.90 ± 0.58 

  SK 3.38 ± 0.22 1.59 ± 0.02 56.9 ± 0.98 9.23 ± 0.57 

       

 5 Salted 3.86 ± 0.18 1.64 ± 0.03 54.6 ± 1.0 10.2 ± 0.62 

  Kansui 4.69 ± 0.21 1.87 ± 0.04 47.6 ± 1.2 15.2 ± 0.8 

  SK 4.46 ± 0.20 1.83 ± 0.03 48.8 ± 0.93 14.4 ± 0.73 

Unity VB       

 0 Salted 1.55 ± 0.07 1.21 ± 0.01 77.6 ± 0.73 2.09 ± 0.21 

  Kansui 2.57 ± 0.20 1.43 ± 0.02 64.1 ± 1.2 5.79 ± 0.44 

  SK 2.38 ± 0.12 1.40 ± 0.01 65.9 ± 0.72 5.72 ± 0.46 

       

 2.5 Salted 2.80 ± 0.27 1.42 ± 0.02 64.3 ± 1.6 5.82 ± 0.66 

  Kansui 3.80 ± 0.23 1.66 ± 0.03 54.2 ± 1.4 10.7 ± 1.0 

  SK 3.47 ± 0.38 1.61 ± 0.05 56.2 ± 2.2 9.85 ± 1.4 

       

 5 Salted 4.07 ± 0.24 1.67 ± 0.04 53.4 ± 1.3 10.9 ± 0.76 

  Kansui 5.01 ± 0.53 1.91 ± 0.09 46.4 ± 2.4 16.4 ± 2.1 

  SK 4.62 ± 0.24 1.86 ± 0.05 47.9 ± 1.5 15.2 ± 0.92 

SY 985       

 0 Salted 1.91 ± 0.15 1.27 ± 0.01 73.2 ± 1.0 3.00 ± 0.38 

  Kansui 2.93 ± 0.22 1.49 ± 0.02 61.3 ± 1.2 7.08 ± 0.79 

  SK 2.74 ± 0.19 1.45 ± 0.02 62.9 ± 1.1 6.55 ± 0.70 

       

 2.5 Salted 3.34 ± 0.20 1.51 ± 0.02 59.7 ± 1.1 7.45 ± 0.68 

  Kansui 4.10 ± 0.26 1.73 ± 0.04 51.9 ± 1.5 12.0 ± 0.8 

  SK 3.75 ± 0.25 1.67 ± 0.04 53.9 ± 1.5 10.7 ± 0.67 

       

 5 Salted 4.80 ± 0.24 1.84 ± 0.04 48.2 ± 1.2 13.9 ± 1.0 

  Kansui 5.28 ± 0.21 1.99 ± 0.03 44.5 ± 0.8 17.6 ± 0.8 

  SK 4.87 ± 0.25 1.92 ± 0.04 46.3 ± 1.1 16.5 ± 1.0 

The proposed mechanisms by which NaCl and alkali reagents, such as kansui (a mixture 

of sodium and potassium carbonates), affect the dough characteristics are different. NaCl is 
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believed to reduce electrostatic repulsions among charged protein groups via ionic shielding 

(Preston 1989), and as a consequence, protein aggregation is promoted resulting in an increase in 

the dough strength (Kim and Bushuk 1995). However, alkaline salts promote intermolecular 

disulfide bond formation, via oxidation of the gluten proteins or SH-SS interchange reactions, 

which leads to a stronger dough protein structure (Shiau and Yeh 2001; Ong, Ross, and Engle 

2010; Rombouts et al. 2014). Therefore, NaCl and alkali salts promote aggregation of gluten 

proteins in wheat flour doughs via manipulating non-covalent and covalent interactions between 

these proteins, respectively (Ukai, Matsumura, and Urade 2008; Rombouts et al. 2014). 

A comparison between stress relaxation parameters of salted and SK noodles suggests that 

kansui reagent introduces firmness to salted noodle dough structure when added (1%) to the noodle 

formulation. Chung and Kim (1991) demonstrated that when alkaline reagent was added to a salted 

dough formulation, the farinograph development time and stability increased. On the other hand, 

comparing stress relaxation parameters of kansui noodles and those of SK noodles showed no 

effect of NaCl addition on the rheology of kansui noodles. According to the strengthening effect 

of salt on wheat flour doughs reported in the literature (Danno and Hoseney 1982; Preston 1989; 

Kim and Bushuk 1995; Larsson 2002), this observation implies that the alkaline reagent hindered 

the mechanism by which NaCl introduces firmness to the noodle dough structure. As per Chung 

and Kim (1991), there is an interaction between salt and alkali reagent, as a result of which the 

effect of salt on reducing farinograph absorption was masked by the alkaline reagent. One possible 

reason would be the role of high pH, i.e., pH=9-11 caused by kansui reagent (Moss, Miskelly, and 

Moss 1986; Shiau and Yeh 2001), so that it induces greater charge numbers on the proteins 

(leading to repulsive forces between polymers) (Wu, Beta, and Corke 2006). In other words, the 

kansui reagent might augment repulsive forces in the dough to an extent that they could not be 
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shielded effectively by the same amount of NaCl used in the non-alkaline dough. As a result, the 

strengthening effect of NaCl on noodle doughs at a high pH is much less than that on noodle 

doughs at a normal pH. 

Given an understanding of the mechanisms involved in strengthening of noodle doughs by 

addition of NaCl and kansui, the reason behind different responses of kansui-containing (high pH) 

and salted noodles to lamination work input can now be hypothesized. Cereal scientists have 

known for decades that one of the most important factors in formation of the gluten network in 

wheat flour doughs is disulfide (S-S) crosslinking (Shewry and Tatham 1997; Don et al. 2003). 

The degree of gluten network development, thus that of disulfide crosslinking, is believed to 

increase during dough sheeting (Sutton et al. 2003; Fu 2008). However, by comparing the 

mechanical dough development (MDD) mixing and the sheeting process, Sutton et al. (2003) 

stated that dough development is mainly attributable to non-covalent interactions such as 

hydrophobic bonds and hydrogen bonds between protein chains. Similar statements on the major 

role of non-covalent interactions in dough development were made by Wesley et al. (1998) and 

Callaghan and Gil (1999). As mentioned earlier, kansui salt increases dough strength by promoting 

the formation of disulfide bonds while NaCl does the same task via enhancing non-covalent 

interactions between dough proteins. It is probable that an increase in the extent of non-covalent 

bonds with increasing lamination steps is more pronounced in salted samples than in kansui-

containing samples. Therefore, the salted samples look more sensitive to the lamination process 

than the kansui and SK samples do. 
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6.4.2. Uniaxial extension parameters 

Statistical analysis of uniaxial extension test data demonstrated that all extension 

parameters of both salted and SK noodles were significantly affected by BBG concentration (Table 

6.3), to the same extent as those of kansui noodles (Table 5.2). Compared to what was observed 

for kansui noodles in Chapter 5, the significance of flour variety effect on 𝐴𝐸𝑉1, 𝐴𝐸𝑉𝑟 and 𝐸𝑅 of 

salted noodles as well as 𝐸  and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸  of SK noodles was changed. Additionally, a 

comparison between Tables 5.2 and 6.3 reveals a significant influence of lamination work input 

on 𝐴𝐸𝑉𝑟, 𝐸𝑅 and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 only in the case of SK noodles. It seems that using NaCl and 

kansui together in the noodle formulation made 𝐴𝐸𝑉𝑟 , 𝐸𝑅  and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸  sensitive to the 

lamination work input. 

15Table 6.3. General Linear Model analysis on noodle strands uniaxial extension parameters 

Noodle type Treatment Mean squares 

𝐴𝐸𝑉1 𝐴𝐸𝑉𝑟 𝐸𝑅 𝐸 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 

Salted       

Flour variety 5.99E-3 ** 3.00 n.s. 3.87 n.s. 0.0170 n.s. 3.01E-3 *** 

BBG content 0.217 *** 57.6 *** 106 *** 0.183 *** 9.59E-2 *** 

Work input 3.13E-4 n.s. 0.669 n.s. 0.127 n.s. 8.36E-4 n.s. 9.45E-5 n.s. 

SK       

Flour variety 2.53E-3 n.s. 0.925 *** 0.369 * 9.10E-3 * 1.43E-4 n.s. 

BBG content 0.313 *** 3.31 *** 12.8 *** 0.408 *** 0.113 *** 

Work input 2.67E-4 n.s. 0.363 *** 0.404 * 7.03E-4 n.s. 1.15E-3 * 

Superscripts n.s., *, ** and *** indicate non-significance and significance at P˂0.05, 0.01 and 0.001, 

respectively. 

A comparison between uniaxial extension parameters of salted, kansui and SK noodles is 

found in Table 6.4 which presents their mean values averaged over the lamination levels. 
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16Table 6.4. Mean values of uniaxial extension parameters for raw noodle strands 

Flour variety BBG %  Formula Noodle strands uniaxial extension parameters 

𝐴𝐸𝑉1 

(𝑀𝑃𝑎. 𝑠) 

𝐴𝐸𝑉𝑟 

(𝑀𝑃𝑎. 𝑠) 
𝐸𝑅 

𝐸 

(𝑀𝑃𝑎) 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 

(𝑀𝑃𝑎) 

AC Barrie        

 0 Salted 0.139±0.03 4.82±1.7 6.98 ± 1.3 0.204±0.09 0.0491±0.00 

  Kansui 0.208±0.04 2.21±0.34 3.52±0.37 0.255±0.09 0.109±0.01 

  SK 0.213±0.38 2.69±0.01 3.90±0.40 0.250±0.03 0.105±0.03 

        

 2.5 Salted 0.232±0.05 1.52±0.92 3.10±1.1 0.290±0.08 0.104±0.02 

  Kansui 0.309±0.04 1.81±0.20 2.69±0.21 0.356±0.06 0.169±0.01 

  SK 0.321±0.21 1.93±0.01 2.75±0.19 0.373±0.03 0.171±0.05 

        

 5 Salted 0.310±0.05 1.22±0.13 2.38±0.23 0.351±0.06 0.157±0.03 

  Kansui 0.437±0.03 1.66±0.17 2.22±0.14 0.494±0.06 0.250±0.01 

  SK 0.420±0.17 1.78±0.02 2.33±0.15 0.476±0.04 0.238±0.06 

Unity VB        

 0 Salted 0.165±0.05 3.03±2.4 5.23±2.6 0.279±0.15 0.0598±0.02 

  Kansui 0.228±0.04 1.78±0.20 3.08±0.27 0.265±0.05 0.120±0.02 

  SK 0.220±0.33 2.14±0.01 3.45±0.26 0.269±0.03 0.110±0.05 

        

 2.5 Salted 0.245±0.03 1.06±0.07 2.54±0.10 0.299±0.04 0.114±0.01 

  Kansui 0.334±0.03 1.61±0.18 2.49±0.13 0.395±0.05 0.180±0.01 

  SK 0.339±0.22 1.78±0.02 2.65±0.21 0.409±0.04 0.173±0.06 

        

 5 Salted 0.360±0.02 1.06±0.04 2.07±0.03 0.429±0.04 0.193±0.01 

  Kansui 0.464±0.05 1.55±0.11 2.11±0.11 0.534±0.07 0.268±0.02 

  SK 0.458±0.17 1.64±0.02 2.22±0.15 0.544±0.04 0.248±0.07 

SY 985        

 0 Salted 0.149±0.02 3.85±1.0 6.15±0.80 0.187±0.04 0.0532±0.00 

  Kansui 0.206±0.03 1.81±0.25 3.18±0.30 0.231±0.04 0.114±0.01 

  SK 0.204±0.37 2.19±0.02 3.64±0.84 0.241±0.04 0.106±0.05 

        

 2.5 Salted 0.242±0.02 1.13±0.10 2.60±0.15 0.285±0.03 0.115±0.01 

  Kansui 0.327±0.02 1.45±0.16 2.37±0.14 0.375±0.03 0.185±0.01 

  SK 0.321±0.12 1.60±0.01 2.54±0.09 0.385±0.02 0.172±0.02 

        

 5 Salted 0.371±0.02 1.03±0.05 2.01±0.04 0.433±0.03 0.201±0.01 

  Kansui 0.461±0.03 1.31±0.18 1.98±0.10 0.543±0.05 0.265±0.01 

  SK 0.445±0.22 1.42±0.02 2.10±0.18 0.524±0.03 0.247±0.04 
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The uniaxial extension data provided in Table 6.4 indicates higher apparent viscosity, 

elasticity and resistance to deformation as well as lower extensibility of kansui-containing noodles 

compared to salted noodles. As discussed in section 6.3.1, kansui-containing noodles possessed a 

more elastic and firmer structure compared to salted noodles. Generally, the addition of alkali 

reagents is believed to reduce dough extensibility and enhance extensograph maximum resistance 

(Hatcher 2001). Moss, Miskelly, and Moss (1986) reported a higher extensograph maximum 

resistance and a lower extensibility of wheat flour doughs with 1% kansui salt (0.9% Na2CO3 + 

0.1% K2CO3) compared to doughs with 1% NaCl. Moreover, Ong, Ross, and Engle (2010) 

reported that alkaline noodle doughs exhibited higher LSF maximum force and biaxial extensional 

viscosity than salted noodle doughs. The authors related the higher viscosity of alkaline doughs 

compared to salted doughs to the greater absorption capacity of the former at a constant water 

absorption. The reason for a higher viscosity of alkaline doughs compared to salted ones could be 

attributable to a larger extent of strong covalent bonds between protein chains of the high pH 

noodles compared to salted ones whose protein chains are mostly linked via weak non-covalent 

bonds. As a result, high pH samples will exhibit higher extensional viscosity with a firmer/more 

elastic texture compared to the salted ones (Shiau and Yeh 2004; Liao, Chung, and Tattiyakul 

2007). Conducting an LSF study on alkaline and salted noodle doughs, Ross and Ohm (2006) 

reported that the former were more elastic compared to the latter. 

In order to find out how salt/kansui combination interacted with the effect of flour variety 

and work input on uniaxial extension parameters, graphs of 𝐴𝐸𝑉1 of salted noodles as well as 

𝐴𝐸𝑉𝑟, 𝐸𝑅 and 𝐸 of SK noodles are shown in Figures 6.2 and 6.3. Since lamination work input 

had no significant effect on the 𝐴𝐸𝑉1 of salted and 𝐸 of SK noodles (Table 6.3), values of these 

parameters were averaged over work input levels and are presented in Figure 6.3. 
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29Figure 6.2. Effects of different treatments on (a) 𝐴𝐸𝑉𝑟 and (b) 𝐸𝑅 of raw SK noodles 

 

30Figure 6.3. Effect of flour variety on (a) 𝐴𝐸𝑉1 of raw salted and (b) 𝐸 of raw SK noodles 

 

A highly significant (P<0.001) effect of work input on 𝐴𝐸𝑉𝑟 of raw SK noodles was 

observed, while none was detected in raw salted and kansui noodles (Tables 5.2 and 6.3). 𝐴𝐸𝑉𝑟 

and 𝐸𝑅 values of SK noodles decreased and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 increased with increasing lamination 

steps which is in agreement with the positive role of the sheeting process in strengthening the 

gluten-starch network (Feillet, Fevre, and Kobrehel 1977; Hatcher 2001; Sutton et al. 2003). There 

was minimal difference between the trends of 𝐸𝑅  and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸  of salted, kansui and SK 

noodles to variations in work input level (graphs not shown here). Therefore, the reason why 𝐴𝐸𝑉𝑟 
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of SK noodles varied significantly with changes in work input, while 𝐴𝐸𝑉𝑟 of salted and kansui 

noodles did not is important. It should be mentioned that SK noodle doughs contained a total of 

2% salts as a combination (1% NaCl + 1% kansui), whereas salted and kansui noodles contained 

1% NaCl and 1% kansui reagent, respectively. Therefore, the competition between flour protein 

and starch for the available water in SK noodle doughs is probably larger than that in both the 

salted and kansui noodle doughs. In other words, more variations in water distribution in the SK 

dough system would be expected compared to that in salted and kansui doughs. Thus, the balance 

between extensibility and resistance to extension (both involved in the definition of 𝐴𝐸𝑉𝑟) in SK 

noodles could change differently from that in salted and kansui noodles during the lamination 

process. As a consequence of this difference, whose mechanism and extent is unknown, the 𝐴𝐸𝑉𝑟 

of SK noodles became more sensitive to the lamination process than the 𝐴𝐸𝑉𝑟 of salted and kansui 

noodles. However, other phenomena, such as possible changes in protein charges as a result of 

salt/kansui combination addition at this level, might also play a role. More investigation is required 

to fully understand salt-kansui interactions, at the molecular level, and their influence on the 

dependence of dough 𝐴𝐸𝑉𝑟 on work input. 

Similar to that of kansui-containing noodles, 𝐴𝐸𝑉1 values of regular (non-fortified) salted 

noodles were not affected by flour variety (Figure 6.3a). In the case of BBG-fortified salted 

noodles, the AC Barrie variety produced noodles with smaller 𝐴𝐸𝑉1 values compared to Unity 

VB and SY 985 varieties, especially in salted noodles with 5% BBG content where the difference 

was significant. The reason a statistically significant effect of flour variety on 𝐴𝐸𝑉1 of only salted 

noodles (Tables 5.2 and 6.3) was observed is that at 5% BBG, the difference between 𝐴𝐸𝑉1 of 

AC Barrie and that of other varieties was more pronounced in salted noodles compared to kansui-

containing noodles (Figure 6.3a). The ability of 𝐴𝐸𝑉𝑟  and 𝐸𝑅  to discern differences between 
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different varieties was greater in kansui-containing noodles than in salted noodles (Tables 5.2 and 

6.3). For example, the difference between 𝐸𝑅 of samples made with AC Barrie and that of samples 

made with other varieties was more pronounced in high pH noodles (Table 6.4). As a conclusion, 

addition of kansui to noodle formulation led to a lower sensitivity of viscosity and a higher 

sensitivity of extensibility to changes in flour characteristics. Moreover, at 5% BBG content, 𝐸 

and 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐸 of salted noodles were more sensitive to flour variety than those of high pH 

noodles. Therefore, as mentioned in chapter 5, an interaction between BBG content and flour 

quality exists (Skendi, Papageorgiou, and Biliaderis 2009; Skendi et al. 2010; Skendi, 

Papageorgiou, and Biliaderis 2010). 

6.4.3. Noodle disk stress relaxation parameters 

Table 6.5 includes the results of the statistical analysis of noodle disk stress relaxation 

parameters. With the exception of one case (𝑈𝑆𝐾1 of SK samples), none of the stress relaxation 

parameters for salted, kansui (Table 5.3) and SK noodle disks were significantly affected by flour 

variety. Graphs of stress relaxation parameters of kansui and SK noodle disks (not shown here) 

showed exactly the same trends, except for the effect of flour variety on 𝑈𝑆𝐾1 , where an 

unexpected result occurred. That is, SK samples made with AC Barrie had significantly higher 

𝑈𝑆𝐾1 values than those made with Unity VB, while AC Barrie was repeatedly shown by other 

stress relaxation parameters to be a weaker variety than Unity VB  (Figures 5.7 and 6.4). 
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17Table 6.5. General Linear Model analysis on raw noodle disks stress relaxation parameters 

Noodle type Treatments Mean squares 

𝑈𝑆 𝐾1 𝑈𝑆 𝐾2 𝑈𝑆 𝑆𝑅20  𝑈𝑆 𝐸𝐼 

Salted      
Flour variety 4.88 n.s. 3.44 n.s. 12.0 n.s. 89.2 n.s. 

BBG content 686 ** 56.5 ** 418 ** 4.24E+3 ** 

Work input 339 * 11.3 ** 75.3 ** 363 ** 

SK      

Flour variety 231 * 1.44 n.s. 15.1 n.s. 74.6 n.s. 

BBG content 407 ** 36.7 ** 117 ** 1.07E+3 ** 

Work input 47.3 n.s. 1.54 n.s. 3.90 n.s. 2.33 n.s. 

Superscripts n.s., * and ** indicate non-significance and significance at P˂0.01 and 0.001, respectively. 

31Figure 6.4. Effects of flour variety and BBG content on 𝑈𝑆𝐾1 of raw SK noodle dough disks 

 

Addition of BBG to the noodle dough formulation led to significant changes in the values 

of all parameters of the three noodle types. Among all treatments, BBG was the most effective 

with highest mean squares values within each column for all noodle types. Work input during the 

lamination process significantly influenced stress relaxation parameters (except 𝑈𝑆𝐾1) of salted 

noodle disks, although it did not cause any significant change in the corresponding parameters of 
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SK noodle disks. Similar observations were reported in section 6.3.1, i.e., a significant effect of 

work input on stress relaxation parameters (except 𝐾1) of salted noodles only. Therefore, an 

interaction between formula and work input is confirmed to be present. The underlying factor 

behind this outcome might be the formation of non-covalent bonds during the lamination process, 

the extent of which is presumed to be larger in salted noodles compared to kansui-containing 

noodles. To assess the influence of work input on stress relaxation parameters of salted noodle 

dough disks, Figure 6.5 is provided. 

32Figure 6.5. Stress relaxation parameters of raw salted noodle dough disks 
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Using more lamination steps in noodle dough disk preparation led to an increase in 𝑈𝑆𝐾1, 

𝑈𝑆𝐾2 and 𝑈𝑆𝐸𝐼 as well as a decrease in the 𝑈𝑆𝑆𝑅20 of the product (Figure 6.5). More work input 

corresponded to the formation of a more elastic and solid-like noodle dough which resulted from 

a more developed protein-starch-BBG network as a result of the lamination process. In almost all 

cases illustrated in Figure 6.5, no significant difference between noodle disks prepared with 5 and 

10 lamination steps was distinguishable by noodle disk stress relaxation parameters. As mentioned 

in chapter 4, although using more lamination steps enhances protein network development, it also 

causes more dryness of the dough which is detrimental to its resilience. Therefore, the positive 

effect of dough development on its resilience is partially counteracted by dough dryness as a result 

of a long lamination process. As a consequence, the difference between noodle doughs prepared 

with 10 and 5 lamination steps was not as large as it was between noodle doughs prepared with 5 

and 3 lamination steps. 

A comparison between stress relaxation parameters of noodle disks and those of noodle 

strands (data not shown here) results in the same conclusion made in chapter 5 regarding the 

important role of width direction in strain recovery of noodle samples. In other words, raw salted 

and SK noodle dough disks possessed considerably higher 𝐾1, 𝐾2 and 𝐸𝐼 and lower 𝑆𝑅20 than 

their strand counterparts. This observation is believed to result from the fact that the contribution 

of the width direction in the total recovery of noodle disks is larger than that of noodle strands. 

Stress relaxation parameters of raw noodle strands were able to discriminate between the flour 

varieties of this study, while those of raw noodle disks were not. According to chapter 5, there is 

a substantial difference between the ways noodle disks and noodle strands respond to the applied 

stress. It is plausible that such a difference could change the sensitivity of stress relaxation 

parameters to the differences between the flour varieties of this study. As a result, stress relaxation 
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parameters of noodle dough disks were not able to differentiate flour varieties (Tables 5.3 and 6.5), 

while those of noodle strands were (Table 5.1 and 6.1). To evaluate the effect of formula on stress 

relaxation parameters of raw noodle disks, mean values of the parameters averaged over the 

lamination levels are presented in Table 6.6. 

Similar to their noodle strand counterparts, kansui and SK noodle disks are firmer than 

salted ones, exhibiting higher 𝑈𝑆𝐾1, 𝑈𝑆𝐾2 and 𝑈𝑆𝐸𝐼 as well as lower 𝑆𝑅20 in kansui and SK 

noodle disks compared to salted samples (Table 6.6). Based on the stress relaxation parameters 

illustrated in Table 6.6, the order of firmness for noodle dough disks of this study would be: 

Kansui>SK>salted. A similar result was observed in section 6.3.1 indicating the greater strength 

of disulfide bonds (whose formation is more promoted in high pH doughs) compared to 

hydrophobic interactions and hydrogen bonds (more abundant in salted doughs) (Wu, Beta, and 

Corke 2006; Ong, Ross, and Engle 2010; Rombouts et al. 2014). 
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18Table 6.6. Mean values of stress relaxation parameters for raw noodle disks 

Flour variety BBG%  Formula Noodle strands stress relaxation parameters 
𝑈𝑆 𝐾1 (𝑠) 𝑈𝑆 𝐾2 𝑈𝑆 𝑆𝑅20 (%)  𝑈𝑆 𝐸𝐼 (%) 

AC Barrie       
 0 Salted 31.0 ± 8.4 3.54 ± 0.78 20.6 ± 5.0 19.1 ± 5.7 

  Kansui 37.6 ± 4.2 5.91 ± 0.90 13.1 ± 1.9 39.6 ± 5.6 

  SK 37.6 ± 4.4 5.66 ± 0.92 13.5 ± 2.0 38.2 ± 5.9 

       

 2.5 Salted 38.7 ± 8.5 5.77 ± 1.2 13.5 ± 2.9 36.6 ± 4.9 

  Kansui 40.6 ± 8.6 7.70 ± 1.9 10.9 ± 3.2 51.2 ± 8.6 

  SK 40.3 ± 8.1 7.01 ± 1.6 11.7 ± 3.1 50.0 ± 8.2 

       

 5 Salted 49.6 ± 7.5 7.31 ± 2.4 11.1 ± 3.9 44.6 ± 13 

  Kansui 40.6 ± 11 8.13 ± 1.8 10.4 ± 2.9 55.8 ± 6.8 

  SK 43.1 ± 5.2 7.75 ± 1.5 10.4 ± 1.7 54.3 ± 4.9 

Unity VB       

 0 Salted 34.6 ± 8.5 3.92 ± 0.99 18.5 ± 4.1 21.4 ± 5.5 

  Kansui 37.1 ± 2.4 6.52 ± 1.0 12.1 ± 1.5 44.3 ± 4.4 

  SK 29.0 ± 6.0 5.02 ± 1.4 16.5 ± 4.6 37.5 ± 8.6 

       

 2.5 Salted 42.6 ± 8.2 5.85 ± 1.5 13.0 ± 2.6 39.1 ± 7.0 

  Kansui 42.7 ± 5.9 7.58 ± 1.3 10.5 ± 1.8 53.0 ± 4.6 

  SK 36.1 ± 6.3 6.66 ± 1.7 12.4 ± 3.3 50.2 ± 8.6 

       

 5 Salted 41.6 ± 8.8 6.58 ± 1.3 11.9 ± 2.3 48.7 ± 7.7 

  Kansui 47.2 ± 3.2 8.93 ± 1.2 8.97 ± 1.1 53.6 ± 13 

  SK 40.9 ± 6.3 7.64 ± 1.4 10.6 ± 2.0 52.9 ± 5.9 

SY 985       

 0 Salted 36.0 ± 7.5 3.35 ± 0.43 19.9 ± 3.7 18.3 ± 3.2 

  Kansui 37.9 ± 4.3 5.89 ± 0.71 13.0 ± 1.5 42.6 ± 3.5 

  SK 37.6 ± 3.8 5.29 ± 0.79 14.2 ± 2.0 47.9 ± 29 

       

 2.5 Salted 40.4 ± 5.7 5.12 ± 0.46 14.1 ± 1.5 36.6 ± 2.9 

  Kansui 45.3 ± 5.3 7.47 ± 0.63 10.3 ± 0.9 53.2 ± 3.5 

  SK 39.4 ± 5.3 6.26 ± 1.1 12.4 ± 1.8 48. 6 ± 6.9 

       

 5 Salted 40.9 ± 11 6.21 ± 1.8 13.0 ± 3.7 45.5 ± 9.3 

  Kansui 44.2 ± 6.8 7.90 ± 1.5 10.2 ± 2.0 54.9 ± 5.7 

  SK 43.9 ± 9.6 7.86 ± 1.2 10.1 ± 1.6 54.5 ± 4.7 
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6.4.4. Ultrasonic parameters 

Results from statistical analysis of raw salted and SK noodles ultrasonic parameters are 

summarized in Table 6.7. 

19Table 6.7. General Linear Model analysis on raw noodle disks ultrasonic parameters 

Noodle type Treatment Mean squares 

𝛼 𝑉𝑝 𝑀′ 𝑀"  tan𝛿 

Salted       

Flour variety 1.36 *** 4.51E-3 n.s. 13.9E-3 *** 4.71E-3 n.s. 1.44E-2 n.s. 

BBG content 5.51 *** 1.20E-3 n.s. 24.8E-3 *** 8.39E-3 n.s. 14.5E-2 *** 

Work input 1.51 *** 1.25E-3 n.s. 4.66E-3 n.s. 7.65E-3 n.s. 5.63E-2 ** 

SK       

Flour variety 6.22 *** 26.5E-3 *** 57.5E-3 *** 22.2E-3 ** 1.11E-2 n.s. 

BBG content 2.01 *** 0.505E-3 n.s. 4.95E-3 * 1.58E-3 n.s. 3.71E-2 ** 

Work input 0.329 * 2.71E-3 n.s. 3.16E-3 n.s. 5.18E-3 n.s. 1.19E-2 n.s. 

Superscripts n.s., *, ** and *** indicate non-significance and significance at P˂0.05, 0.01 and 0.001, 

respectively. 

The attenuation coefficient of raw noodles was sensitive to the changes made in treatment 

levels, i.e., significant effect of all treatments on α in Table 6.7. Comparing Tables 6.7 and 5.5 

clarifies that the presence of salt in the noodle dough formulation made α sensitive to variations in 

work input levels, whereas it made 𝑉𝑝 and 𝑀′ insensitive to work input. The effects of flour variety 

and BBG content on ultrasonic parameters of kansui and SK samples were the same, except for 

tan𝛿. Also, the effect of BBG on ultrasonic parameters of the three noodle types was the same, 

except for tan𝛿. In fact, addition of salt led to greater sensitivity of tan𝛿 to BBG content, i.e., 

significant effect of BBG on tan𝛿 of salted and SK samples (Table 6.7) versus no effect of BBG 

on tan𝛿 of kansui samples (Table 5.5). Phase velocity (𝑉𝑝) and loss modulus (𝑀") of salted noodles 
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were not significantly affected by any of the treatments, while those of kansui and SK noodles 

were influenced significantly by the flour variety. Therefore, addition of kansui to the noodle 

formulation (with or without salt) enhanced the effect of flour variety on 𝑉𝑝 and 𝑀" of noodle 

dough disks. In general, BBG content and flour variety were the most effective treatments for 

salted and kansui-containing noodle dough disks, respectively, indicating the role of kansui in 

weakening the influence of BBG on ultrasonic parameters. A detrimental effect of kansui reagent 

on the mechanism by which BBG causes changes in ultrasonic parameters of noodle dough disks 

has already been mentioned by Salimi-Khorshidi et al. (2014). As discussed in Chapter 5, BBG in 

noodle dough is presumed to hydrate partially, and as a result its strengthening effect would be via 

a combination of chain forming (acting as a soluble fiber) and filler-like (acting as an insoluble 

fiber) mechanisms. 

In order to see how the addition of salt changed the sensitivity of 𝛼 and tan𝛿 to variations 

in flour variety and BBG content, mean values of these parameters are plotted in Figures 6.6 and 

6.7, respectively. In the case of tan𝛿, mean values averaged over flour varieties were plotted, due 

to a non-significant effect of flour variety on tan𝛿 of salted and SK samples. 
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33Figure 6.6. Attenuation coefficient of (a) salted and (b) SK noodle dough disks 

 

34Figure 6.7. tan𝛿 of (a) salted and (b) SK noodle dough disks 

 

    Attenuation coefficient showed the same response to changes in flour variety and BBG 

content in salted, kansui and SK noodle dough disks. However, 𝛼 of salt-containing samples was 

sensitive to changes in work input (Table 6.7), while that of kansui samples was not (Table 5.5). 

Using more lamination steps led to a significant decrease in 𝛼 and tan𝛿 of raw salted noodle disks, 

demonstrating a more uniform and stronger gluten network in salted noodle doughs subject to 

more sheeting work input (Figures 6.6a and 6.7a). This was in agreement with the fact that dough 

sheeting promotes the formation of a closely interconnected protein structure with a strong and 
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uniform gluten matrix (Morgenstern et al. 1999; Zheng et al. 2000; Sutton et al. 2003; Fu 2008). 

Also, increasing the lamination steps from 5 to 10 did not cause any significant change in 𝛼 and 

tan𝛿 of raw salted noodle disks. As mentioned earlier, this observation could arise from the fact 

that noodle dough dryness, due to a long lamination process, hinders in part the positive influence 

of gluten network development on dough elasticity/firmness. In the case of SK samples, 𝛼 of 

samples without BBG was significantly decreased with increasing lamination steps from 3 to 5, 

while 𝛼 of BBG-fortified samples was not significantly affected by lamination work input (Figure 

6.6b). Also, a significant decrease in tan𝛿  values of regular SK noodle disks with increasing 

lamination steps was observed (Figure 6.7b). Therefore, BBG inclusion appears to limit the extent 

to which the lamination process causes changes in high pH noodle dough microstructure. In Figure 

6.7, tan𝛿 values of BBG-fortified samples with 3 laminations were comparable to those of regular 

samples with 10 laminations, indicating that the BBG-fortified doughs have already nearly reached 

their maximum firmness (or development). As a consequence, greater work input did not cause 

any significant change in their structure. Also, 𝛼 of salted and SK samples made from the SY 985 

variety were affected the least by lamination work input. The reason is associated with the larger 

farinograph DDT of SY 985 compared to that of CWRS varieties (Table 4.1), that is, SY 985 

doughs require more work input than the other varieties to reach their maximum development. 

Therefore, SY 985 doughs would be less sensitive (exhibiting slower response) to work input 

compared to AC Barrie and Unity VB doughs. 

To achieve a better understanding of the influence of different formulas on dough structure 

at microscopic level, detected by ultrasound signals, ultrasonic parameters of noodle dough disks 

with different salt to kansui ratios must be compared. For this purpose, mean values of the 
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ultrasonic parameters of salted, kansui and SK noodle dough disks averaged over lamination levels 

are provided in Table 6.8.  

20Table 6.8. Mean values of ultrasonic parameters for raw noodle disks 

Flour variety BBG %  Formula Ultrasonic parameters for raw noodle disks 

𝛼 (𝑚𝑚−1) 𝑉𝑝 (𝑚/𝑠) 𝑀′(𝐺𝑃𝑎) 𝑀" (𝐺𝑃𝑎) tan𝛿 

AC Barrie        

 0 Salted 7.39±0.39 797 ± 30 0.518±0.04 0.479±0.05 0.925±0.08 

  Kansui 7.34±0.43 742 ± 40 0.480±0.05 0.400±0.06 0.832±0.07 

  SK 7.50±0.70 743 ± 40 0.475±0.06 0.404±0.04 0.855±0.08 

        

 2.5 Salted 6.26±0.59 829 ± 40 0.621±0.05 0.488±0.07 0.786±0.11 

  Kansui 6.89±0.46 754 ± 50 0.507±0.03 0.403±0.08 0.791±0.12 

  SK 7.09±0.36 741 ± 40 0.491±0.04 0.392±0.06 0.796±0.09 

        

 5 Salted 6.04±0.32 786 ± 40 0.591±0.05 0.415±0.06 0.701±0.07 

  Kansui 6.93±0.24 764 ± 50 0.517±0.04 0.417±0.07 0.803±0.09 

  SK 6.95±0.24 736 ± 50 0.493±0.05 0.381±0.07 0.768±0.07 

Unity VB        

 0 Salted 7.17±0.62 806 ± 40 0.540±0.06 0.486±0.07 0.903±0.12 

  Kansui 7.12±0.55 728 ± 40 0.477±0.06 0.371±0.05 0.779±0.05 

  SK 7.77±0.42 732 ± 30 0.449±0.02 0.397±0.05 0.884±0.10 

        

 2.5 Salted 6.37±0.41 819 ± 30 0.605±0.04 0.476±0.05 0.788±0.08 

  Kansui 6.82±0.46 740 ± 50 0.500±0.05 0.381±0.07 0.758±0.10 

  SK 6.95±0.42 748 ± 20 0.504±0.03 0.395±0.04 0.784±0.06 

        

 5 Salted 6.53±0.49 819 ± 30 0.593±0.04 0.486±0.08 0.818±0.11 

  Kansui 6.85±0.28 760 ± 40 0.521±0.05 0.408±0.05 0.783±0.04 

  SK 6.96±0.29 738 ± 40 0.494±0.04 0.383±0.06 0.773±0.07 

SY 985        

 0 Salted 7.42±0.29 804 ± 40 0.525±0.04 0.494±0.06 0.940±0.08 

  Kansui 8.07±0.20 678 ± 40 0.396±0.03 0.333±0.05 0.837±0.07 

  SK 8.21±0.34 679 ± 30 0.394±0.04 0.337±0.04 0.855±0.04 

        

 2.5 Salted 6.83±0.20 781 ± 40 0.543±0.03 0.443±0.06 0.812±0.08 

  Kansui 7.62±0.31 710 ± 40 0.439±0.03 0.365±0.06 0.827±0.08 

  SK 8.01±0.24 692 ± 40 0.410±0.03 0.351±0.05 0.852±0.07 

        

 5 Salted 6.93±0.38 778 ± 40 0.535±0.04 0.442±0.07 0.823±0.09 

  Kansui 7.86±0.45 706 ± 30 0.428±0.04 0.364±0.04 0.851±0.06 

  SK 7.96±0.29 685 ± 40 0.406±0.03 0.341±0.05 0.836±0.08 
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Statistical analysis of the ultrasonic results (not shown here) indicated that the regular 

kansui-containing (especially SK) samples possessed significantly higher α and significantly lower 

𝑉𝑝 , 𝑀′ , 𝑀"  and tan𝛿  than regular salted samples. Furthermore, in most cases, no significant 

difference between 𝑀′, 𝑀" and tan𝛿 of kansui and SK noodle dough disks were observed (Table 

6.8). Similarly, Wu, Beta, and Corke (2006) reported no significant difference between dynamic 

rheological properties, i.e., 𝐺′, 𝐺" and δ, of noodles with 1% kansui and noodles with 1% SK (1:9 

w/w mixture of kansui:NaCl), when a flour with 11.8% protein content was used. However, they 

mentioned significantly higher 𝐺′, 𝐺" and δ values of kansui-containing noodles compared to 

noodles containing 1% NaCl (Wu, Beta, and Corke 2006). The differences in samples preparation 

conditions, e.g., rest time before testing = 30 min, and the flour quality would have caused 

differences between the results of Wu, Beta, and Corke (2006) and our study. As per Shiau and 

Yeh (2004), when interactions between proteins in a dough system increase by the formation of 

disulfide bonds, the interactions between protein and starch will decrease. Moreover, at small 

strain conditions, starch-starch and protein-starch interactions are the determinant factors of the 

dough’s rheological properties (Amemiya and Menjivar 1992; Khatkar and Schofield 2002a, b; 

Tronsmo et al. 2003). In fact, it can be suggested that starch-starch and starch-protein interactions 

masked protein-protein interactions in noodle dough disks at our small deformation, i.e., 

ultrasonic, measurements. Accordingly, weakened starch-starch and protein-starch interactions in 

high pH samples will be reflected in their smaller 𝑉𝑝 , 𝑀′  and 𝑀"  values compared to salted 

samples. However, kansui-containing samples still exhibited smaller tan𝛿  than salted ones, 

pointing to a more solid-like behavior of the former compared to that of the latter. With the addition 

of BBG to noodle dough disks, the balance between elastic and viscous properties of noodle dough 

is changed, so that the tan𝛿 values of high pH samples with BBG became comparable to those of 
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BBG-fortified salted samples. This observation is an indication of a strong interaction between 

kansui reagent and BBG mentioned previously (Salimi-Khorshidi et al. 2014). Because high pH 

noodle doughs have a greater extent of disulfide crosslinks between their protein chains compared 

to salted noodle doughs, weaker protein-starch-BBG interactions in the former would be formed. 

Therefore, it can be assumed that BBG molecules cannot interact with the protein-starch network 

of high pH noodle doughs as effectively as they interact with the gluten-starch network of salted 

noodle dough. As a result, tan𝛿 values of BBG-fortified salted, kansui and SK noodle disks are 

comparable, whereas tan𝛿 values of regular salted noodle disks were larger than those of regular 

kansui and SK samples. 

6.5. Conclusion  

The effects of formula and the interactions between formula, flour variety, BBG content 

and lamination work input on the rheological properties of raw noodle disks and raw noodle strands 

were investigated using small and large deformation measurements. Greater strength of covalent 

disulfide bonds compared to non-covalent hydrogen bonds and hydrophobic interactions might 

account for the greater firmness/elastic behavior and lower extensibility of high pH (kansui and 

SK) noodles compared to salted noodles. Samples with higher elasticity/firmness and lower 

extensibility showed weaker protein-starch interactions, as detected by the use of ultrasound. The 

strengthening effect of BBG on noodle dough structure was not as pronounced when disulfide 

bonds were promoted by the pH elevating function of the kansui salt. According to a higher 

sensitivity of salted noodles to lamination work input compared to dough at high pH, the influence 

of lamination on noodle dough elasticity/firmness was hypothesized to be through an enhancement 

of non-covalent interactions between gluten proteins. Overall, the use of ultrasound provided an 

insight into the possible microscopic phenomena responsible for diverse rheological behaviors of 
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different noodle dough samples. Due to the complexity of the interactions involved in the effects 

of formula and other treatments on the rheology of raw noodles of this study, further investigations 

are recommended. 
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In this thesis, the capability of a recently developed ultrasound technique (𝑓 = 1.4 𝑀𝐻𝑧) 

to evaluate the effects of flour characteristics, dietary fiber addition, different ratios of NaCl and 

kansui and the work input during the lamination process on the rheological properties of raw Asian 

noodles has been examined. For this purpose, two large-deformation rheological methods, i.e., 

stress relaxation and uniaxial extension, as well as an ultrasonic transmission technique with a 

unique assembly developed by the ultrasonics research group at the University of Manitoba, 

(Salimi-Khorshidi et al. 2015b), have been employed for this thesis. 

7.1. Capability of ultrasound for noodle texture evaluation 

To enrich Asian noodles with barley β-glucan (BBG) while maintaining an acceptable 

textural quality of the final product, a set of preliminary studies was conducted and the capability 

of ultrasound to evaluate the effect of BBG on the mechanical properties of raw noodles was 

examined (Chapter 3). An enhanced resistance to deformation of fortified noodles compared to 

control noodles was reflected in the results of both the ultrasound and stress relaxation 

measurements, indicating the potential of ultrasound as a complementary small-strain technique 

to large-strain rheological investigations of Asian noodles. 

To further examine the capability of ultrasound as a reliable tool for evaluating the 

rheological properties of Asian noodles, the influences of flour characteristics, salt to kansui ratio 

and sheeting work input, on the rheology of raw noodles were studied by ultrasound (Chapters 5 

and 6). An agreement between the results of ultrasound, stress relaxation and uniaxial extension 

measurements on the strengthening effect of BBG and lamination work input on raw noodle 

properties confirmed this texture assessment capability of ultrasound (Chapters 5 and 6).  
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It was demonstrated in Chapters 5 and 6 that the effect of flour protein quality on the 

rheology of Asian noodles dominated over the effect of flour protein content. The reason may be 

attributable to a higher amount of monomeric proteins in flour varieties with higher protein content 

compared to those with a lower protein content, as previously mentioned by Gupta, Batey, and 

MacRitchie (1992) and Tronsmo et al. (2003). Differences in the ranking of wheat varieties for 

extensograph and Kieffer micro-extensograph measurements were also apparent (Chapters 5 and 

6). Difference in the water absorption levels used in the two tests, i.e., ≈62% and 37% w/w flour 

basis, respectively, is believed to cause this effect. Also, other factors such as difference in time of 

the tests and the presence of additives in noodle dough samples might play a role.  

The results of ultrasonic measurements on the effects of flour variety and formula on raw 

noodle firmness/elasticity were in contrast to the results of stress relaxation and uniaxial extension 

measurements (Chapters 5 and 6). That is, noodles made with SY 985 were reported to be more 

elastic/firmer than other noodles by conventional rheological tests, while being found less 

elastic/firm by ultrasound. Additionally, kansui noodles were found to be more elastic/firmer than 

salted ones by conventional methods, while being assessed as less elastic/firm by ultrasound. The 

reason was attributed to the dominance of protein-starch interactions in determining the rheology 

of noodle dough disks at small strain conditions (Amemiya and Menjivar 1992; Khatkar and 

Schofield 2002). 

7.2. Role of gluten alignment in noodle texture 

Although the gluten in machine-made noodles is believed to be mostly aligned to the 

sheeting direction (Baik 2010), 90° rotations during the lamination process in this study were 

believed to enhance gluten alignment in the width direction as well (Chapters 5 and 6). 

Accordingly, a greater elasticity/firmness of raw noodle dough disks compared to raw noodle 
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strands was observed in a comparison of their stress relaxation parameters. Comparing the shapes 

of the samples showed that in noodle disks: 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 𝐿𝑒𝑛𝑔𝑡ℎ = 𝑊𝑖𝑑𝑡ℎ , and in noodle 

strands: 𝑊𝑖𝑑𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ⁄ ≅ 0.15. Consequently, the difference in mechanical properties was due 

to the equality of length and width in the noodle disks, reflecting the gluten network development 

in the width direction to a much larger extent than noodle strands did. 

7.3. Time-dependent effect of kansui on noodle rheology 

The higher elasticity/firmness and lower extensibility of kansui-containing noodles 

compared to salted noodles was observed in the results of conventional rheological measurements 

in Chapter 6. In contrast, kansui noodles exhibited lower resilience in the sheeting process as 

reported in Chapter 4. As per Edwards et al. (1996), the firmness of kansui noodle doughs, i.e., as 

assessed by 𝐺′  from shear oscillatory measurements, increased over time, indicating a time-

dependent effect of pH on noodle dough structure. The authors also demonstrated a dramatic 

change in the firmness of NaOH-containing noodles with time (2.5-24 hrs), while the firmness of 

salted noodles was reported unchanged as time passed (Edwards et al. 1996). A mild oxidation of 

the gluten proteins at high dough pH (Terada, Minami, and Yamamoto 1978; Shiau and Yeh 2004), 

which was shown by Hatcher, Bellido, and Anderson (2009) to be a time-dependent phenomenon, 

is believed to be the responsible mechanism. 

Therefore, the results obtained from the sheeting parameters defined in Chapter 4 

(𝐿𝑒𝑛𝑔𝑡ℎ𝐼, 𝑊𝑖𝑑𝑡ℎ𝐼 and 휀𝑟𝑓/휀𝐻𝑓) on the impact of salt/kansui on noodle dough firmness are not 

useful for predicting the texture of kansui containing noodle doughs based on their formula. That 

is, due to the time-dependent influence of pH on noodle dough structure, the order of 

elasticity/firmness for noodles with different salt/kansui ratios would vary with time. However, 
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comparing the results of Chapter 4 with those of Chapters 5 and 6 reveals that sheeting parameters 

are still a reliable means of determining the effects of flour characteristics and sheeting work input 

on the mechanical characteristics of different noodle types.  

7.4. Role of air entrapment in noodle rheology 

A lower longitudinal storage modulus (𝑀′) of noodles made with SY 985 compared to 

those prepared from AC Barrie, indicating lesser firmness of the former, was observed in Chapters 

5 and 6. This was in contrast to the results of stress relaxation measurements that showed that SY 

985 noodles were the firmest amongst all samples. A greater ability of SY 985 to entrap air 

bubbles, due to its higher protein quality, compared to other varieties was hypothesized to lead to 

more air spaces in its protein matrix. Examining attenuation coefficient (𝛼) values of noodles from 

these flour varieties revealed larger 𝛼 values of SY 985 noodles compared to AC Barrie ones. 

Moreover, slightly smaller density values of noodles prepared with SY 985 compared to those 

from AC Barrie for most of the samples (data not shown here) might be considered as proof for 

the above hypothesis. Therefore, a higher air content of SY 985 noodles compared to those made 

from AC Barrie is believed to be the reason for a lower longitudinal storage modulus (𝑀′) of the 

former compared to the latter. In contrast to our result on noodle dough density, Campbell et al. 

(1993) demonstrated that bread doughs made from strong flours entrapped less air during mixing 

than those made from weak flours, i.e., larger density values of the former compared to the latter. 

The discrepancy between our results and those of Campbell et al. (1993) can be attributable to 

differences in water contents and processes used for dough preparation in the two studies. Noodles 

in this study were produced at a water content of 37% (w/w flour basis), while bread doughs of 

Campbell et al. (1993) were made using 61% water absorption. Also, noodles in this study were 

prepared using a high speed mixer (3000 rpm for 30 s) followed by a noodle sheeting machine (7 
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sheet reduction passes), while bread doughs were prepared using a Tweedy 10 laboratory mixer to 

a total work input of 10 Wh/kg of dough. 

Moreover, the reason for a higher attenuation coefficient of kansui-containing noodles 

compared to salted noodles could be the role of strong disulfide bonds (more abundant in high pH 

samples than salted ones). That is, disulfide bond formation enhanced by dough alkalinity (Shiau 

and Yeh 2001; Ong, Ross, and Engle 2010; Rombouts et al. 2014) strengthened the dough matrix 

(with a closely interconnected protein structure) in high pH noodle doughs.  As a consequence, 

during noodle preparation, air bubbles are entrapped in the dough matrix of high pH noodles to a 

larger extent compared to salted ones. To examine this hypothesis, the density values of noodle 

dough samples prepared with different formulas should be assessed. The dependence of raw 

noodle density on different treatments was studied by GLM analysis of the raw noodle density 

data (Table 7.1). 

21Table 7.1. Mean Squares values from General Linear Model analysis of raw noodle density 

Treatment Mean Squares 

Flour variety 6.73E-5 n.s. 

BBG content 16.1E-5 n.s. 

Work input 13.5E-5 n.s. 

Formula 229E-5 * 

Superscripts n.s. and * indicate non-significance and significance at P˂0.001, respectively. 

Salt to kansui ratio (formula) was the only treatment that significantly changed the density 

of noodles (Table 7.1). For a quantitative comparison of noodle densities, mean values of the 

density of noodles with different BBG contents, averaged over lamination levels, are presented in 

Table 7.2.  
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22Table 7.2. Mean values of raw noodle density 

BBG (%) Flour variety Formula Density (g/cm3) 

0    
 AC Barrie Salted 1.281 ± 0.003 

  Kansui 1.279 ± 0.005 

  SK 1.280 ± 0.003 

    
 Unity VB Salted 1.283 ± 0.005 

  Kansui 1.270 ± 0.005 

  SK 1.278 ± 0.002 

    
 SY 985 Salted 1.289 ± 0.004 

  Kansui 1.272 ± 0.005 

  SK 1.277 ± 0.003 

2.5    
 AC Barrie Salted 1.288 ± 0.005 

  Kansui 1.277 ± 0.004 

  SK 1.283 ± 0.003 

    
 Unity VB Salted 1.287 ± 0.004 

  Kansui 1.276 ± 0.004 

  SK 1.280 ± 0.003 

    
 SY 985 Salted 1.292 ± 0.004 

  Kansui 1.277 ± 0.004 

  SK 1.277 ± 0.004 

5    
 AC Barrie Salted 1.283 ± 0.003 

  Kansui 1.280 ± 0.003 

  SK 1.280 ± 0.003 

    
 Unity VB Salted 1.289 ± 0.003 

  Kansui 1.279 ± 0.004 

  SK 1.279 ± 0.004 

    
 SY 985 Salted 1.293 ± 0.004 

  Kansui 1.278 ± 0.004 

  SK 1.276 ± 0.004 

The difference between the density values of salted noodles compared to those of high pH 

noodles is more pronounced when the flour varieties Unity VB and SY 985 were used for noodle 

preparation (Table 7.2). Based on the hypothesis mentioned earlier in this section, it is expected 

that the difference between the density of salted noodles and that of kansui-containing noodles 
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increases with increasing lamination steps, i.e., more laminations correspond to a greater chance 

of air entrapment in the noodle dough matrix. To find out how lamination manipulates the densities 

of different noodle types, mean values of the density of noodles from Unity VB and SY 985 at 

different lamination levels are plotted in Figure 7.1. 

35Figure 7.1. Density values of noodles from (a) Unity VB and (b) SY 985 varieties 

 

According to Figure 7.1, a decrease in density with increasing lamination work input was 

more pronounced for kansui noodles compared to salted and SK noodles. Also, there was no 

significant difference between density values of salted and kansui noodles when 3 lamination steps 

were used for noodle preparation. At higher lamination levels, i.e., 5 and 10, kansui noodles 

exhibited significantly smaller density values than salted noodles. Since a stronger protein network 

leads to greater air entrapment (Diep 2014), the formation of a stronger protein network in kansui 

noodles leads to its smaller density. This difference was more pronounced in noodles made with 

SY 985, indicating that flour quality interacts with the effect of high pH on protein network 

development. In most cases shown in Figure 7.1, SK noodles had smaller density values than salted 

ones. This was an indication of the role of kansui reagent in strengthening the gluten network so 

that the dough entraps air bubbles to a larger extent compared to that of salted noodles.  
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7.5. Potential future works 

In regards to the hypothesis on the presence of air bubbles in raw noodle doughs, a potential 

follow-up research study could be the use of ultrasound techniques over a broad frequency range 

to examine the presence of air bubbles and their size distribution in raw noodle doughs prepared 

with different formulas.  

The mechanism by which BBG enhanced noodle dough firmness was hypothesized to be 

due to a combination of its viscosity elevating function as a water-soluble fiber (Skendi, 

Papageorgiou, and Biliaderis 2009), and its filler-like action as a water-insoluble fiber (Bonnand-

Ducasse et al. 2010). As mentioned in Chapter 5, the extent to which each mechanism contributes 

to an enhanced noodle firmness is unknown. The use of scanning electron microscopy (SEM) 

(Ahmed 2015) to examine the structure of noodles fortified with various levels of BBG may help 

us quantify the extent of such mechanisms. Furthermore, the mechanisms of interactions between 

the treatments mentioned in Chapters 5 and 6 may be better understood. For instance, the nature 

of how more lamination steps make dry BBG particles integrate more within the partially 

dehydrated gluten network (Chapter 5) might be observable in the scanning electron micrographs 

of BBG-fortified noodles prepared with various lamination steps. 

A simple, fast, easy and low-cost method was proposed (Chapter 4) for a quick 

investigation of noodle dough mechanical behavior, reflected in the noodle’s resilience. As 

mentioned earlier, this method enables one to estimate how flour quality, lamination work input, 

sheeting process and BBG content impact the rheology of fresh raw noodles. However, a 

discrepancy between the results of this method and those of conventional rheological methods was 

observed when examining the effect of formula on noodle dough rheology. Therefore, a potential 

future work could be to subject raw noodles right after preparation to rheological measurements 
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to conduct a quantitative investigation of the time-dependent influence of high pH on noodle dough 

rheology. An SEM study of the microstructure of raw noodle doughs (made with various 

salt/kansui ratios) examined at various times after preparation is recommended to carry out such 

inspection. 

The role of 90° rotations during the lamination process in the formation of a two-

dimensional gluten alignment in raw noodles was hypothesized to be the reason for a more 

elastic/firmer structure of noodle dough disks compared to noodle strands. A closer look at, and a 

comparison of, the protein networks of noodle disks and noodle strands would possibly reveal the 

extent to which such a phenomenon governed the difference in the rheology of the two test 

specimens. Therefore, another follow-up study could be comparing the scanning electron 

micrographs of noodle dough disks and noodle strands prepared with various levels of rotations 

during the lamination process. 

Additionally, a feasibility study on the use of a non-contact ultrasonic setup that could be 

attached to the noodle making machine, which is being carried out, would be beneficial as the time 

and cost associated with off-line ultrasonic measurements might be omitted in an in-line ultrasonic 

assessment of noodles. Also, ultrasonic investigation of cooked noodles, instead of raw noodles, 

would be beneficial as noodle texture evaluation methods are usually used for cooked noodles 

instead of raw samples. 

In conclusion, ultrasound was shown to be capable of evaluating the influences of BBG 

content and lamination work input on the mechanical properties of raw noodles. Differences 

between the results of ultrasound and those of conventional rheological measurements, regarding 

the effects of flour variety and formula on the rheology of raw noodles, were attributable to the 
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difference in the strain scales employed in the two methods. The ultrasound technique informed 

us of the presence of a few potential microscopic mechanisms responsible for changes in noodle 

dough rheology, which could not be detected by conventional methods. 
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