
ABSTRACT 
 
 

CAKIR, ESRA. Understanding Textural Properties of Protein-Based Soft-Solid Structures 
using Oral Processing. (Under the direction of Dr. E. Allen Foegeding.) 
 
  
 Understanding the mechanisms responsible for texture formation is essential when 

tailoring food to meet nutritional needs, while maintaining an acceptable level of quality. 

Oral processing breaks down the physicochemical structure of food and leads to sensory 

perception. Analyzing the modulation of chewing physiology in response to food structure 

offers a means of understanding texture perception during oral food processing. Accordingly, 

the overall goal of this research was to provide insight into the dynamics of oral texture 

perception by assessing the modifications in masticatory pattern, arising from chewing of 

protein based soft-solid textures with different microstructures. 

  

 The initial study established the ability of protein micro-phase separation, protein-

polysaccharide segregative phase separation and inversion to generate a range of gel 

structures and textures. Starting with a homogenous or particulate protein gel, the 

microstructure transformed to protein continuous or coarse stranded, to bicontinuous and 

finally to carrageenan continuous as observed by confocal laser scanning microscopy 

(CLSM). The extent of modification on the microstructure and the rheological properties of 

the gel depended on the concentration of к-carrageenan, pH and ionic strength. The gel 

strength and firmness were reinforced when carrageenan-rich droplets were dispersed in a 

continuous protein-rich matrix. Changing the continuous network from protein to κ-

carrageenan caused a drastic decrease in mechanical and water holding properties. Two 



mechanisms were involved in reinforcement of gel rigidity: segregative phase separation at 

pH 6.5 with low к-carrageenan concentration (0.075 %) and network inversion at pH 5.5 

with high к-carrageenan concentration (0.3 %).  

The model gels were used to investigate the translation of structural properties into 

sensory perception. The masticatory and residual sensory attributes as well as large 

deformation and breakdown properties were related to the microstructural characteristics. 

Overall, five out of six microstructures were discriminated in their texture properties. Two 

main attributes, recoverable energy and water holding capacity, had key impacts on the 

breakdown properties. Mechanical properties before, at, and after fracture and sensory 

properties at first compression, first bite, and after five to eight chews were highly correlated 

and varied according to microstructure.  

The simultaneous measurement of jaw-muscle electromyography (EMG) and jaw 

movements during mastication of model gels was used to evaluate modifications in the 

masticatory pattern in response to specific structural properties. Evaluation of oral processing 

parameters at various stages helped explain the dynamic changes in sensory perception. A 

high correlation was established between relative muscle activities and the fracture properties 

as well as sensory firmness (first bite attributes). Chewing durations and velocity of jaw 

movements at the initial stage of oral processing were related to chewdown properties while 

jaw movements during the last stage prior to swallowing were linked to the residual sensory 

attributes. These associations support the hypotheses that masticatory parameters are mainly 

controlled by sensory input and are closely related to food material properties.  

  



A validation study was performed using real food systems including Cheddar cheeses 

with varying fat contents and caramels with two different formulations. Fat reduction in 

cheese resulted in a firm, springy texture with a low degree of breakdown, cohesiveness, and 

adhesiveness. Oral processing adapted to increased hardness of the cheese by eliciting higher 

muscle activity and more chews to provide sufficient breakdown and lubrication. Higher 

degree of breakdown and cohesiveness was associated with shorter chewing time. Greater 

adhesiveness of caramels with changing composition resulted in increased jaw opening 

muscle activity and duration, slower chewing velocity, and increased jaw movements.  

This study demonstrated how defined physical and sensorial properties of soft-solid 

foods can be generated by modifying the gel microstructure through colloidal interactions. 

Moreover, the study confirmed the multi-parameter nature of texture and that a complete 

understanding of texture can only be obtained through collaboration among different 

disciplines. 
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What is Texture? 

 Texture is one of the main determinants of food product identity and it is connected to 

the sensations experienced while food is transformed in the oral cavity. The International 

Organization for Standardization (1992) defines texture as “all the mechanical, geometrical 

and surface attributes of a product perceptible by means of mechanical, tactile, and where 

appropriate, visual and auditory receptors.” Another definition by Szczesniak (2002) states 

that “texture is the sensory and functional manifestation of the structural, mechanical and 

surface properties of foods detected through senses of vision, hearing, touch and kinesthetic.” 

These definitions clearly point out that texture is a sensory property, detected by complex 

senses, which originates from the products structure. Here, “structure” represents the 

arrangement of molecules in a particular geometry in space and molecular interactions 

among the components at the nano and micro-levels. It must be noted that the structure may 

change depending on the length scale considered (van Vliet, van Aken, de Jongh, & Hamer, 

2009). The development of desirable product characteristics through textural manipulation 

depends on advances in understanding the structure-texture relationship (Renard, van de 

Velde, & Visschers, 2006). Since texture is one of the main determinants for consumer 

acceptance, the knowledge of how food structure controls sensory texture is of great 

importance to food manufacturers. An understanding of what aspects of structure determines 

sensory texture will improve the flexibility of ingredient choice and will assist in creating 

similar food structures from different molecular compositions.   

 Sensory texture perception is a multi-parameter attribute and requires a synthesis of 

information from several senses. Even prior to placing food in the mouth, a substantial 
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amount of information can be gathered on food texture through visual, tactile and auditory 

stimuli. Various aspects of appearance including color, size, shape or structural features (i.e., 

openness, lumpiness, smoothness) create anticipation about the perception. Manual 

manipulation or handling with tools (i.e., cutting with a knife, stabbing with a fork or 

spooning) contributes to our impression of the texture as well. However, the most important 

phase of the textural assessment is the first manipulations in the mouth and/or the first bite. If 

the food is fluid or semi-solid, oral processing does not require fragmentation by teeth, thus 

the food is deformed with the movement of the tongue by compressing it towards the upper 

palate and moving to the back side of the mouth (van Aken, Vingerhoeds, & de Hoog, 2007). 

Under these conditions, characteristics such as viscosity, elasticity, and stickiness to the 

palate are perceived (Shama & Sherman, 1973). In the case of solid foods additional 

masticatory behaviors including first bite, chewing, transportation, bolus formation, and 

swallowing are necessary for food manipulation. During the initial bite, a high degree of 

deformation is achieved and the food is mostly broken down into pieces. Attributes that are 

related to mechanical characteristics (i.e., hardness, crispness, brittleness, plasticity) are 

detected at this initial stage. As the food is chewed, the main change that occurs in food 

structure is the particle size reduction (Heath & Prinz, 1999). Saliva is also secreted into the 

bolus as it is further kneaded prior to swallowing. Textural attributes perceived are those that 

relate to the particle nature (i.e., size, distribution, smoothness, and coarseness), consistency 

(i.e., cohesiveness, creaminess, and wetness) and adhesion to the oral surfaces (i.e., 

stickiness). After swallowing, residual particles remain adhered to the tongue, oral mucosa 

and teeth cause mouthcoating sensations.  
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Several empirical methods have been developed to establish relationships between 

texture perception and physical measurements of food structure (i.e., the mechanical 

properties). Texture Profile Analysis (TPA), the most commonly used imitative method, 

utilizes a two-cycle uniaxial compression test for characterization of texture features 

including hardness, cohesiveness, brittleness, gumminess, adhesiveness, chewiness and 

elasticity (Fig. 1). Although the imitative tests can generate parameters correlating with 

sensory terms, they fail to provide any fundamental information on the relationship between 

the chemical interactions and physical structures responsible for texture formation 

(Foegeding, 2007). In addition, many sensory attributes can not be related to a single 

physical property of the food in a simple way (Rosenthal, 1999). On the other hand, 

fundamental rheological tests can be linked to chemical properties of molecules and they are 

advantageous in the objectivity and the reproducibility of the experimental data. Large 

deformation rheological tests, frequently used in investigating food texture, result in 

breakdown of the sample into pieces and provide a good indication of force and deformation 

associated with “first bite” (Borwankar, 1992). However, during consumption food is chewed 

beyond the initial breakdown and various stimuli arising from the chewing process form the 

overall texture sensations (Nishinari, 2004). Although, the first bite is an important aspect of 

texture perception and provides information on hardness of the product, it represents only 2-

10 % of the total mastication time (Bourne, 1975). With subsequent chews, the food is 

reduced in size and mixed with saliva, where other textural attributes including adhesiveness, 

cohesiveness, and water release become more apparent. However, instrumental methods fail 

to predict these types of sensation mainly due to difficulty in imitating the complex and 
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dynamic nature of in mouth conditions, including changes in temperature and moisture along 

with secretion of saliva (Rosenthal, 1999).  

 

 

Fig. 1. Generalized instrumental texture profile curve obtained with the General Foods 

Texturometer (Adapted from Szczesniak, 2000).  

 

Sensory evaluations relate directly to human perception but in a descriptive analysis a 

significant amount of training is required for the panel to ensure objectivity. Understanding 

and quantifying the dynamic changes of foods during oral processing is a key for texture 

studies. From this perspective, Hutchings and Lillford (1988) proposed a model to explain 

dynamic aspects of texture perception. According to this model, during mastication the 

breakdown pathway of each food involves a specific pattern. The breakdown process occurs 
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over a period of time and the key attributes that affect the process are the degree of structure 

and the degree of lubrication (Fig. 2).  

 

Fig. 2. Model for in mouth processing of food. (Adapted from Hutchings & Lillford, 1988).  

 

 The search for a better understanding of the physical breakdown mechanism of food 

in the mouth has revealed the importance of research on oral processing (Chen, 2009). As 

was pointed out by several researchers, there has been a limited understanding of the role 

physiological elements in texture perception (Foegeding, 2007; Guinard & Mazzucchelli, 

1996; Wilkinson, Dijksterhuis, & Minekus, 2000). To take into account all the factors 

affecting texture perception, the knowledge from different disciplines needs to be combined. 

The physical properties of the food at nano and micro length scales (structure), structural 
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breakdown properties (rheological properties), the process of which food goes through in the 

mouth (oral physiology), and the reception of the stimulus by the brain (sensory science) are 

the main factors defining the texture perception. (van Vliet et al., 2009; Wilkinson et al., 

2000). 

Biopolymer gels as a model system  

 One of the major challenges of relating food structure to texture is choosing the right 

model system. An appropriate model system should have the capability of generating a range 

of rheological and fracture properties (Foegeding, 2007). Food biopolymer gels (protein and 

polysaccharide) are useful in this context because their composition is relatively simple, they 

can form homogenous, isotropic structures (van Vliet, 2002), and structural characteristics 

can be systematically altered using the molecular interactions (Foegeding, 2007; van den 

Berg, van Vliet, van der Linden, van Boekel, & van de Velde, 2007a). In addition, textural 

properties and sensory characteristics of several processed foods (i.e., yogurt, gelatin desserts, 

cheese, custard processed meat, and cooked egg white) are directly related to the formation 

of gels. Alterations in the structure of food polymers gels can be achieved by: 1) changing 

polymer concentration, 2) changing solvent conditions (e.g., pH or ionic strength for 

proteins) and 3) combining different polymers to obtain single or two-phase systems. A 

comparison between the two major classes of biopolymer gels, protein and polysaccharide, 

reveal different characteristics (Nishinari, Zhang, & Ikeda, 2000). Polysaccharide gels are 

known by their fine texture and transparency which is achieved at low polymer concentration. 

Polysaccharide gels can be formed by heating and cooling, specific ion addition and pH 

adjustment. On the other hand, protein gels require five to ten fold higher critical 
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concentration for gelation. Gelation of proteins is achieved almost exclusively by heat 

denaturation (Mulvihill & Kinsella, 1987), as well as high pressure treatment (Ipsen, Otte, 

Dominguez, & Qvist, 2000) or by cold gelation process (Alting, Hamer, de Kruif, & 

Visschers, 2003; Barbut & Foegeding, 1993). 

Whey protein gels 

Whey proteins are used in numerous food products as a functional ingredient and 

texturing agent due to their gel forming abilities. Whey protein gels are most commonly 

produced using heat treatment (Mulvihill & Kinsella, 1987). Both covalent and non-covalent 

interactions play an important role during gelation of whey proteins. The application of heat 

induces intermolecular and intramolecular changes in whey protein structure. When heat is 

applied to globular proteins above their denaturation temperature, a critical conformational 

transition occurs where hydrophobic side groups located in the interior core of native 

molecules are exposed to the aqueous solvent (Bowland, Foegeding, & Hamann, 1995; 

Verheul & Roefs, 1998a). The changes in molecular conformation trigger the interactions 

between proteins and promote formation of aggregates. When the number and size of 

aggregates is sufficient to entangle, a three-dimensional network is formed, resulting in a 

gelled system (Hoffmann & van Mil, 1997). The formation of aggregates during gelation 

involves relatively weak, reversible physical cross-links (hydrophobic, electrostatic, ionic 

and van der Waals) and the strong, permanent covalent cross-links (disulfide bonds). The 

properties of gel network structure depend on the protein concentration, pH, and ionic 

strength of the system, as well as the heat treatment (Barbut, 1995; Clark, Judge, Richards, 

Stubbs, & Suggett, 1981; Langton & Hermansson, 1992). Based on the microstructural 
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observations by transmission electron microscopy, two types of gels can be formed by whey 

proteins: fine-stranded and particulate (Barbut, 1995; Langton & Hermansson, 1992; 

McGuffey & Foegeding, 2001). The mechanism of gelation for fine-stranded and particulate 

gels is given in Fig. 3. Translucent “fine stranded” gels are formed when electrostatic 

repulsion among aggregates is high (pH far from the isoelectric point (pI) and low ionic 

strength). The association of strands with various lengths but with diameters on the level of 

several molecules forms fine-stranded gels (Clark et al., 1981). However, the fundamental 

structural elements of fine stranded gels formed at pH’s below of pI (generally ≤ 3.5) and 

above of pI (generally ≥ 6.5) demonstrate differences. At low pH values gels are weak and 

brittle whereas, at high pH values strong and elastic gels are formed. Opaque “particulate” 

gels are formed under conditions of minimum charge repulsion (i.e., pH close pI or high 

ionic strength) where relatively large spherical particles with diameters in the micrometer 

range loosely bound to each other in a random manner (Stading & Hermansson, 1991). 

Increasing the particulate nature of a gel network transforms the network into micro phase-

separated structure (Ako, Nicolai, Durand, & Brotons, 2009), resulting in poor water holding 

capacity (Langton & Hermansson, 1992; McGuffey & Foegeding, 2001) and increased 

permeability (Verheul & Roefs, 1998b), but the changes in fracture stress, fracture strain and 

viscoelastic properties vary depending on the gelation conditions (McGuffey & Foegeding, 

2001). 
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Fig. 3. Mechanisms of denaturation and aggregation of β-lactoglobulin for fine-stranded and 

particulate gels (Adapted from Lefevre & Subirade, 2000) 

 

Κappa-carrageenan gels 

Кappa-carrageenan is an anionic sulphated polysaccharide extracted from red 

seaweed. The structure comprises repeating galactose units and 3,6-anhydrogalactose joined 

by alternating α-(1,3) and β-(1,4) glycosidic links (Fig. 4). It is widely used as a thickening 

and gelling agent in the food industry (Imeson, 2000).  

 

Fig. 4. Representing units of κ-carrageenan structure (adapted from www.glycomix.eu) 

 

Kappa-carrageenan hydrates at high temperatures and exhibits a low fluid viscosity. 

At temperatures above the gelling point of the solution, thermal agitation overcomes the 
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tendency of the carrageenan to form helices causing the polymer to exist in solution as 

random coils (Fig. 5). Gelation of к-carrageenan occurs upon cooling in a two step process 

(Morris, Rees, & Robinson, 1980); the first step involves a coil-helix transition where soluble 

clusters or “domains” consisting typically of about 10 chains are formed without causing 

gelation (Gel I, Fig. 5). In the second step, a gel matrix is formed by junction zones (i.e., 

side-by-side association of double helices) between individual helices in the presence of 

appropriate cations (Gel II, Fig. 5). Depending on the type and concentration of cations 

present in the solution, a range of gel textures can be created (Imeson, 2000). In the presence 

of potassium ions (K+), κ-carrageenan gels are rigid and brittle with noticeable syneresis 

(Stanley, 1990). Carrageenan gels are thermally reversible as they re-melt upon heating and 

gel again on cooling. The gelling temperature of κ-carrageenan ranges between 35°C and 

65°C. Carrageenan solutions lose viscosity and gel strength at pH values below 4.3, due to 

autohydrolysis of 3,6-anhydrogalactose linkage in the molecule (Hoffmann, Russell, & 

Gidley, 1996).   
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Fig. 5. Schematic representation of the domain model of carrageenan gelation (Adapted from 

Morris et al., 1980). 

 

Mixed biopolymer gels  

The mixture of two different types of biopolymer (i.e., protein and polysaccharide) 

exhibit various phase behaviors upon mixing in an aqueous medium. Phase behavior mainly 

arises from varying affinities of the biopolymers for the solvent and for each other (Schmitt, 

2000). In the case of an equivalent interaction within the mixture, proteins and 

polysaccharides distribute evenly within the solvent, creating a macroscopic single-phase 

system, referred to as co-solubility. However, depending on the nature of the biopolymers 

(e.g., concentration, molecular weight, conformation or charge density) or solvent conditions 

(e.g., pH and ionic strength) protein and polysaccharide interactions can be attractive or 
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repulsive, leading to complexation or thermodynamic incompatibility, respectively 

(Tolstoguzov, 1995; Turgeon, Beaulieu, Schmitt, & Sanchez, 2003). When the biopolymers 

exhibit high affinity for the solvent, and exert repulsive interactions to each other, the system 

generally separates into two phases, one being enriched with the polysaccharide and the other 

being enriched with the protein. This behavior is known as thermodynamic incompatibility or 

segregative phase separation (Beaulieu, Turgeon, & Doublier, 2001; Bertrand & Turgeon, 

2007; Grinberg & Tolstoguzov, 1997; Ipsen, 1995; Syrbe, Bauer, & Klostermeyer, 1998; 

Turgeon & Beaulieu, 2001). Incompatibility is favored under conditions that promote 

biopolymer self-association, such as an increase in ionic strength and pH values near the 

protein pI (de Kruif & Tuinier, 2001; Doublier, Garnier, Renard, & Sanchez, 2000). Phase 

separation between the whey protein aggregates and polysaccharides is possibly driven by 

the depletion of polysaccharide chains at the surface of the aggregates (Tuinier, Dhont, & de 

Kruif, 2000). Depletion interactions lead to an effective mutual attraction between the whey 

protein aggregates which accelerates their growth rate without modifying their structure until 

a gel is formed (Croguennoc, Nicolai, Durand, & Clark, 2001). Principally, the phase 

separation occurs before the gel point, where sufficient aggregation of whey proteins is 

obtained to reach a critical size. 

In the case of strong attractive interactions between protein and polysaccharide, 

biopolymers associate to form complexes. This type of associative phase separation is known 

as complex coacervation (de Kruif & Tuinier, 2001; Turgeon & Beaulieu, 2001). The 

complexes generally further aggregate to form a three dimensional network that contains 

both types of biopolymers (Schmitt, 2000).  
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In order to form mixed gels from different biopolymers, the concentration of each 

hydrocolloid in the mixed solution needs to exceed the minimum concentration for gelation. 

In a mixture of incompatible biopolymers, the minimum concentration for gelation decreases 

due to an excluded volume effect or water redistribution between phases during gelation 

(Renard et al., 2006). In micro-phase separated systems, the final structure and morphology 

of the mixed gels depends on the interactions between the phases. A broad range of structures 

having varying physical properties have been created using the interactions between whey 

proteins and several polysaccharides including carrageenan (Ould Eleya & Turgeon, 2000), 

guar gum (Fitzsimons, Mulvihill, & Morris, 2008), xanthan (Bryant & McClements, 2000), 

pectin (Beaulieu et al., 2001), cassia gum (Gonçalves, Torres, Andrade, Azero, & Lefebvre, 

2004) and locust bean gum (Tavares & Lopes da Silva, 2003).   

Gel microstructure  

It has been well established that the microstructure of whey protein gels are either 

fine stranded or particulate (Clark et al., 1981; McGuffey & Foegeding, 2001). The 

microstructure of particulate gels is composed of large aggregates, with diameters in the 

range of 100-1000 nm, as determined by the gelation conditions (Langton & Hermansson, 

1992; Stading & Hermansson, 1991). On the other hand, the network structure of fine 

stranded gels consists of flexible (curved) strands or more rigid fibrils (5-12 nm in diameter), 

depending on pH and ionic strength (Durand, Gimel, & Nicolai, 2002; Langton & 

Hermansson, 1996; Veerman, Ruis, Sagis, & van der Linden, 2002). Gels containing 

stranded networks are optically transparent because of the low scattering efficiency of the 
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thin protein strands, whereas particulate networks with larger diameters have strong light 

scattering efficiency (Barbut, 1995).  

 The phase separated networks are the most commonly observed type of mixed gels in 

food systems. The microstructure of cold-set WPI/polysaccharide mixed gels has been 

studied using confocal laser scanning microscope (CLSM) at micrometer length scale (van 

den Berg et al., 2007a) and using scanning electron microscopy (SEM) at sub-micron length 

scale (van den Berg, Rosenberg, van Boekel, Rosenberg, & van de Velde, 2009). The 

microstructure of cold-set WPI gels is homogenous on a 10 µm length scale, since the 

morphology of WPI aggregates (size, shape and connectivity) is below the resolution of 

CLSM. On the other hand, spherical protein aggregates (85 nm) are clearly visible in SEM 

images. In the case of mixed gels, various microstructures are formed with different degrees 

of phase separation at a micrometer length scale as observed by CLSM (van den Berg et al., 

2009). Phase separated mixed gels can be classified as coarse stranded, protein continuous 

and bicontinuous microstructures. Protein continuous gels contain large (around 10 µm in 

diameter) spherical droplets of dispersed serum phase in a continuous protein gel network, 

while coarse stranded and bicontinuous gels contain continuous channels of serum phase 

penetrating through the protein gel network. The main difference between the coarse 

stranded and bicontinuous microstructures is the thickness of the protein strands being 1-3 

and 3-15 µm, respectively (van Vliet et al., 2009). The nature of the polysaccharide; its 

charge density and concentration (de Jong & van de Velde, 2007), pH, ionic strength and 

temperature were found to be the major factors determining the microstructure. Increasing 

polysaccharide concentration increases the degree of phase separation and alters the gel 
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microstructure. For instance, microstructure of WPI gel moves from homogenous to protein 

continuous at 0.01 % xanthan then to bicontinuous at 0.04 % xanthan addition. Above a 

certain polysaccharide concentration the microstructure passes a phase inversion point, 

leading to a polysaccharide continuous network. The microstructure of phase inverted gels is 

highly heterogeneous, consisting of spherical protein-rich domains surrounded by pools of 

serum. Under the conditions used in the study of de Jong and van de Velde (2007) 

(concentration and ionic strength), the gels were no longer self-supporting. 

Sensory perception of gels  

 The microstructure of multiphase foods at 0.1 to 100 µm length scale defines the 

majority of their distinctive properties (Aguilera, 2008). Designing new products with 

desired sensory quality depends on a comprehensive understanding of the relationship 

between microstructure and sensory texture. Despite the extensive amount of research on the 

microstructure of whey protein gels, a limited number of studies concentrate on the sensory 

properties of these gels. Gwartney, Larick, and Foegeding (2004) investigated the effect of 

gel structure and amount of lipid on texture of whey protein isolate (WPI) gels containing 0-

20% emulsified fat. Stranded gels formed at low salt concentration (25 mM NaCl) are 

characterized as being springy with smooth, slippery surfaces and breakdown into large, non-

homogeneous particles with minimal release of fluid during mastication. The particles do not 

form a cohesive mass or stick to the teeth during chewing. In contrast, particulate gels 

formed with higher ionic strength (25 mM NaCl and 10 mM CaCl2) breakdown rapidly into 

small, homogenous particles that form a cohesive mass and adhere to teeth during chewing. 

Particulate gels also release detectable amount of fluid during mastication. The presence of 
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lipid in the network acts as filler particles and increases firmness and chewiness of the gels 

independent of gel structure type (Gwartney et al., 2004). In another study, Langton, Åström, 

and Hermansson (1996) investigated the influence of microstructure on the sensory quality of 

whey protein gels. The microstructure of particulate WPI gels was altered by changing the 

pH, salt and heating rate. It was found that the texture of particulate whey protein gels 

exhibits two main sets of attributes. Properties such as grittiness, creaminess, and “falling 

apart” (how easily the sample disintegrates during chewing) are dependent on microstructural 

parameters including pore size, particle size and amount of network threads. Increasing 

volume or size of particles increases the perception of grittiness, while increasing pore 

volume causes the structure to fall apart or disintegrate more rapidly during chewing. On the 

other hand, attributes of soft and springy, as evaluated by the application of light pressure 

with forefinger, are negatively correlated with each other and relate to the strand 

characteristics of particulate gels. Gels having many strands in the shape of strings of beads 

are perceived as more springy than gels formed of particles associated in clusters or 

conglomerates (Langton, Aström, & Hermansson, 1997).  

 Flavor and texture perception in food is complex phenomena because of interactions 

between taste, aroma and texture modalities (González-Tomás, Bayarri, Taylor, & Costell, 

2008; Tournier et al. 2009). Barden et al. (2010) investigated whether the presence of flavor 

has an effect on texture perception of stranded and particulate whey protein gels. The 

structure of WPI gels were altered by a combined mechanism of ionic strength (0 or 10 mM 

CaCl2) and pH (pH 6.0 or 7.0) with and without flavor addition. By an increase in ionic 

strength and a decrease in pH, the microstructure move from stranded to particulate. The 
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texture of stranded WPI gels (pH 7.0 without CaCl2) is smooth and show low residual 

mouthcoating compare to particulate gels (pH 6.0 without CaCl2 or pH 7.0 with CaCl2). On 

the other hand, particulate WPI gels prepared at pH 6.0 with the addition of CaCl2 are firm, 

adhesive, and cohesive, as well as high in degree of breakdown, moisture release, and 

residual mouth coating. The addition of flavor has no influence on any gel texture attribute as 

perceived by panelists within the same gel type.   

 The texture of mixed gels containing WPI and several different polysaccharides were 

investigated by van den Berg et al. (2007a, 2007b, 2008a, 2008b). Mixed gels are classified 

in two groups based on principal component analysis; with coarse stranded gels perceived as 

spreadable, while protein continuous and bicontinuous gels as firm and crumbly (van den et 

al., 2007a). The texture perception was related to the breakdown pattern of the mixed gels, as 

observed by confocal microscopy. Phase separated gels (protein continuous and 

bicontinuous) fracture at a few places in the protein network and they are perceived as firm 

and crumbly. In contrast, coarse stranded gels showing multiple micro-cracks during 

deformation produce a large number of pieces after chewing and are perceived as spreadable. 

Another distinctive property of phase separated gels is their low water holding capacity, 

allowing extensive serum release from the gel network during chewing. High porosity of 

bicontinuous and coarse stranded gels also causes high serum release and a watery sensation 

(van den Berg et al., 2007b). The channels of serum phase penetrating into the protein 

network provide for easy movement of fluid and increased water release. 

However, using low polymer concentrations in preparation of cold-set mixed gels 

leads to the formation of semi-solid textures that can be manipulated in the mouth by 
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palateing (compressing between the palate and tongue). Therefore those gels can not provide 

information on the texture of soft-solids which require fragmentation by teeth.  

Fracture properties of gels 

 Fracture properties of gels have reasonable correlations with sensory texture 

perception (Montejano, Hamann, & Lanier, 1985; Pereira, Singh, Munro, & Luckman, 2003). 

According to van Vliet and Walstra (1995), fracture in materials occur when “bonds between 

the structural elements of a material in a certain macroscopic plane break, resulting in a 

breakdown of the structure of the material over length scales much larger than the structural 

elements, and ultimately a falling apart of the material”. Crack propagation theory begins 

with the assumption that solid materials contain inhomogeneities in the form of cracks, pores, 

flaws or weak regions that initiate the fracture. During deformation of a solid material, these 

defects (or cracks) propagate and form new surfaces that cause the material to ultimately 

break down (Luyten, van Vliet, & Walstra, 1992). At the surface of an imperfection, the local 

stress is larger than the overall stress in the material. Fracture initiates when the local stress at 

the tip of a crack is higher than the adhesion and cohesion stresses between the structural 

elements (Walstra, 2003). Therefore, the first criterion for fracture to occur is the stress 

intensity factor at the crack tip has to exceed a critical value, KC, which is known as fracture 

toughness. After that, if the strain energy supplied to the crack tip exceeds a critical value, GC, 

the crack propagates spontaneously (Alvarez, Saunders, Vincent, & Jeronimidis, 2000).  

Performing real-time measurements on the mechanical behavior of biopolymer gels 

with varying microstructures provides unique opportunities to explore the relationship 

between structural characteristics and rheological properties. Plucknett, Normand, Pomfret, 
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and Ferdinando (2000) developed a method for dynamic structural measurements of gel 

network using CLSM during tensile fracture. The density of gel network has a key effect on 

the fracture pattern at the microscopic level. A dense and firm gel, containing 12% β-

lactoglobulin, has higher fracture stress and smooth crack propagation compared to a less 

dense gel, containing 6% β-lactoglobulin (Öhgren, Langton, & Hermansson, 2004). 

Particulate WPI gels with porous network structure exhibit discontinuous crack propagation 

(Brink, Langton, Stading, & Hermansson, 2007). The step-wise crack growth is seen mainly 

due to micro-scale inhomogeneities and fewer connections between protein clusters. 

However, in the presence of a gelling compound, such as gelatin, the pores are filled so that 

the crack propagation is smooth and higher fracture stress values are observed (Brink et al., 

2007).  

 The fracture mechanics of solid materials was modeled based on brittle materials. 

When a viscoelastic material, such as biopolymer gels, is subjected to deformation, the 

supplied energy is partly stored elastically and partly dissipated. The fracture and 

macroscopic breakdown properties of viscoelastic gels can be explained by the energy 

balance in the material (van Vliet & Walstra, 1995). According to the model developed by 

van Vliet, Luyten, and Walstra (1991), the total energy supplied to a material (W) can be 

stored elastically (We), dissipated due to the viscous flow (viscoelasticity) of the gel (Wd,v), 

dissipated due to friction process between different components of the gel (Wd,c) or used to 

cause fracture (Wf):   

, ,e d v d cW W W W W= + + + f                                                                                             
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The dissipation of energy due to friction may result from the flow of serum through 

the gel network and/or friction between the filler phase and continuous phase (van den Berg 

et al., 2008a). This model demonstrates that the fracture process is influenced by the 

composition of the gel network, interactions between the molecules forming the network, and 

the structure of the gel. Whey protein gels may contain both covalent (disulfide bonds) and 

non-covalent (electrostatic interactions, hydrogen bonds and hydrophobic interactions) cross-

links. Under deformation, non-covalent cross-linked gels dissipated some energy due to the 

process of bending, breaking and reforming of low energy bonds (Foegeding, Gonzalez, 

Hamann, & Case, 1994; van Vliet & Walstra, 1995; Walstra, 1996). Bueche and Halpin 

(1964) proposed that network chains of viscoelastic materials first become fully extended 

(after viscoelastic rearrangement), before breaking, suggesting that deformation is a rate or 

time dependent behavior (van Vliet & Walstra, 1995). For instance, very small deformation 

rates provide the material enough time to relax before a considerable strain is attained 

(Walstra, 2003). A significant correlation between fracture strain and relaxation time for 

whey protein isolate (WPI) gels has been found, supporting this hypothesis (Foegeding, 

1992). For stranded WPI gels, an increase in fracture stress accompanied by a decrease in 

fracture strain was observed with increasing strain rate (Lowe, Foegeding, & Daubert, 2003).   

 As mentioned above, during deformation stored and dissipated energy defines the 

fracture characteristics of gels. In a uniaxial compression test, recoverable work (the area 

under the force-deformation curve during compression) represents the contribution of the 

stored energy while that of the irrecoverable work (are during decompression) represents the 

dissipated energy (Kaletunc, Normand, Johnson, & Peleg, 1991). The ability of gels to store 
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energy within their network during compression is related to the breakdown pattern of the 

gels. The crumbliness (‘falling apart in small pieces upon compression between tongue and 

palate’) of WPI/polysaccharide mixed gels is found to be highly correlated (r2 of 0.87) with 

recoverable energy as measured by compression-decompression test (van den Berg et al., 

2008a). Gels having high elastically stored energy showed a rapid decrease in normalized 

force after fracture, allowing the material to fracture via a free-running crack (van Vliet et al., 

1991; Walstra, 2003). Therefore, these gels are perceived as highly crumbly. In contrast, gels 

with slower normalized force decrease and high serum release are sensed to be the least 

crumbly.  

 Overall, when describing the large deformation and fracture behavior of materials 

several parameters are necessary. In addition to the fracture stress and strain, other 

mechanical properties measured before, during and after fracture can provide a better 

understanding of the relationships between the dynamic texture perception and physical 

properties of foods. Physical properties such as Young’s modulus (or stiffness), serum 

release (van den Berg et al., 2007b), energy storage during deformation i.e., recoverable 

energy (van den Berg et al., 2007a), critical stress intensity factor (Vincent, Saunders, & 

Beyts, 2002) and macroscopic breakdown (van den Berg et al., 2008a) are shown to be 

closely relevant to sensory perception in foods and model systems.  

Oral processing  

Mastication is the first stage of the digestive process. Mastication involves highly 

coordinated muscles activities creating a rhythmical mandibular movement while food being 

manipulated and crushed by the teeth. During the process of chewing, food particles are 
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reduced in size through a combination of compressive, shearing and tensile forces, saliva is 

released to moisten the food and to bind fragmented particles into a coherent and slippery 

bolus that can be easily swallowed (Hiiemae et al., 1996; Hutchings & Lillford, 1988; Prinz 

& Lucas, 1995). Throughout this process, sensory properties such as flavor, texture and taste 

are perceived as the physical structure is broke down (Ross, 2009). The rhythmical activity of 

the chewing process is regulated by a “central pattern generator” (CPG) in the central 

nervous system (Dellow & Lund, 1971; Lund 1991). However, this basic rhythm is 

modulated by the precise sensory feedback obtained through sensors in the oral cavity 

(Hiiemae, 2004). These receptors provide information about the position and velocity of the 

mandible, forces acting on the mandible and teeth, the length and contraction velocity of the 

muscles during chewing. This information leads to modification of chewing muscles activity 

for the subsequent cycles, generating an anticipatory contraction (van der Bilt, Weijnen, 

Ottenhoff, van der Glas, & Bosman, 1995). According to van der Bilt et al. (1995), a biting 

force has two contributions; an anticipating component starting well before food contact, and 

a peripherally induced contribution, starting 23 ms after food contact. About 85% of the 

muscle activity needed to overcome food resistance is peripherally induced indicating that 

the muscle activity is sensory originated (van der Bilt, Engelen, Pereira, van der Glas, & 

Abbink, 2006). Therefore, the differences in the texture of food products influence the 

pattern of masticatory movements. Evaluating the adaptation of the basic masticatory 

sequence to different food textures allows correlating food physics with the physiology of 

oral processing and food sensory perception (Wilkinson et al., 2000). 
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Stages of Oral Processing  

Food oral processing can be divided in three main stages of transportation (Hiiemae, 

2004). The incision and the first manipulations are probably the most important phase for the 

assessment of texture. This initial preparatory step represents the transport of food from the 

front of the mouth to molar teeth for size reduction and involves low amplitude simple jaw 

movements.  Once the food is placed between the molars, the jaw closes and main chewing 

sequence starts. The major change that occurs in the second stage is the particle size 

reduction as the food is chewed. The number of cycles used in this stage is related to the bite 

volume and the consistency of the food (Heath & Prinz, 1999). The rate of particle size 

breakdown involves two analytically discrete components: the chance of a particle being 

contacted by the teeth, which is usually called the selection function, and the degree of 

fragmentation produced when a selected particle is loaded, known as breakage function 

(Lucas & Luke, 1983). The selection function depends on external physical attributes of 

foods such as particle size and shape, the total volume of particles ingested and their 

tendency to form a bolus as they get mixed with saliva. The breakage function is the 

measurement of the distribution of fragments of broken particles formed per chew, referred 

to the size of the parent particle. It depends on the internal mechanical properties of food 

(Lucas, Prinz, Agrawal, & Bruce, 2002). Agrawal, Lucas, Prinz and Bruce (1997) tested a 

range of food products varying in texture from soft processed cheese to raw vegetables and 

nuts. They showed a linear relationship between the breakage function of food (expressed as 

the change in the square root of the specific surface of the particles divided by the original 

particle) and a combined mechanical index calculated by the square root of the ratio of 
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fracture toughness and Young’s modulus (Lucas et al., 2002). The last stage of mastication is 

the preswallowing phase where the food bolus is further transported to the back of the tongue. 

After the food bolus is pushed into the pharynx by the tongue, the swallow occurs 

spontaneously by reflexes (Wilkinson et al., 2000). Hutchings and Lillford (1988) described 

the two thresholds for initiation of swallowing as food particle size and lubrication. Saliva 

mucins assist in binding food particles to form a coherent bolus (Lucas et al., 2002). At the 

end of the mastication sequence, the tongue attempts to remove remaining particles that are 

not incorporated into the bolus. However, the clearance action is not always entirely 

successful, and many food particles are left adhering to the tongue, oral mucosa and teeth, 

depending on the food structure.  

Oral physiology 

The process of mastication involves teeth, gums, palate, cheeks, tongue and lips, 

salivary glands, the lower (mandible) and upper (maxilla) part of the jaw, as well as joints 

and muscles of the jaw (Bourne, 2002). Texture perception results from the integration of 

sensations deriving from tactile (i.e., touch, pressure, and vibration) and kinesthetic (i.e., 

force, position, and velocity) receptors embedded in the skin, muscles and connective tissues 

of the face (Boyar & Kilcast, 1986). The three main mechanoreceptors responsible for 

texture and mouthfeel perception are located (1) in the superficial structures of the mouth 

such as hard and soft palate, tongue and gums; (2) in the periodontal membrane surrounding 

the roots of the teeth; and (3) in the mastication muscles and tendons (Guinard & 

Mazzucchelli, 1996). These mechanoreceptors contain specialized nerve endings. For 

instance, some of the periodontal mechanoreceptors responses to forces applied by the teeth 
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in a particular direction, while others are specialized in identifying and discriminating 

particle thickness (Trulsson, 2006; Turker, Sowman, Tuncer, Tucker, & Brinkworth, 2007). 

The motor control of the jaw muscles are monitored with an array of specialized receptors, 

muscle spindles and Golgi tendon organs are being the most important. When a muscle is 

stretched, the muscle spindles signal information about muscle length and changes in this 

length to the CNS, thereby playing an important role in regulating contraction of the muscle 

(Gordon & Ghez, 1991). Golgi tendon organs are stretch-sensitive and activated by muscle 

contraction to signal the level of tension. These receptors inform the brain about the position 

and movement of the mandible (i.e., proprioceptive information) (Hulliger, 1984). Through a 

complex series of feedback and feed-forward control mechanisms the motor actions are 

coordinated.  

Tongue, lips and cheeks can deform under the action forces, and are responsible to 

control and direct the food on the surfaces of the teeth. The tongue also plays an important 

role in deciding whether the particles of food are sufficiently small and moist to be 

swallowed easily (Boyar & Kilcast, 1986). The teeth form the occlusal area where food 

particles are fragmented. The fragmentation is dependent on the total occlusal area and the 

number of the teeth (van der Bilt, 2002). Throughout mastication, food is mixed with saliva 

that is secreted from salivary glands located under the tongue and between the lower jaw 

bones (sublingual glands), at the angle of the lower jaw (submandibular glands), and beneath 

each ear (parotoid glands). The flow rate and composition of saliva is influenced by the type 

of food and shows large variation between subjects (Aps & Martens, 2005).   
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The textural attributes related to resistance of the food to breakdown, such as firmness, 

elasticity, springiness, and chewiness, are sensed mainly in terms of food force-deformation 

behavior by the masticatory muscles and periodontal membranes (Ottenhoff, van der Bilt, 

van der Glas, & Bosman, 1992a,b; Trulsson, 2006; Turker et al., 2007). The tongue, soft 

palate, cheek and lips are responsible for perception of surface characteristics of foods such 

as particle size, size distribution (uniformity), stickiness, roughness, and bolus properties 

(Guinard & Mazzucchelli, 1996). 

Methods for measuring mastication 

Various methods used to monitor the mechanism of mastication have been reviewed 

by Boyar and Kilcast (1986). The techniques that have found the most common application 

are: (1) gnathosonics which is the study of sounds created by the masticatory mechanism; (2) 

cinematographic techniques including cinefluorography and X-rays; (3) synchro-transmitters 

and light-emitting diodes monitoring mandibular movements; (4) intra-oral miniature load 

cells, recording bite force versus time; (5) electromyography (EMG), the recording of the 

electrical activity of masticatory muscles; (6) kinesiology, the recordings of the jaw 

movements. 
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A B

Fig. 6. The EMG (A) and Jaw tracker (B) systems (BioResearch Inc., Milwaukee, WI) 

Electromyography (EMG)  

Electromyography (EMG) is a technique for recording the electrical activity produced 

by muscle fibers during contraction (Gonzalez, Montoya, Benedito, & Rey, 2004). In this 

technique, bipolar surface electrodes are attached on the right and left side of the main 

masticatory muscles to record the small electrical potentials created throughout the chewing 

sequence (Fig. 6a). The superficial masseter and anterior temporalis are two of the major 

masticatory muscles (Fig. 7) that are commonly used in mastication studies since they are 

easily accessible from the surface (Agrawal et al., 1997; Brown, 1994; Mioche, Bourdiol, 

Martin, & Noel, 1999). These two muscles function together during the closing of the jaw 

(elevation of the mandible) (Hylander, 2006). Anterior digastric muscle, facilitating the 
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opening movement of the jaw, has also been monitored in several studies (Hiiemae et al., 

1996; Plesh, Bishop, & McCall, 1986). Although EMG activity can be related to the specific 

muscles, the collected recordings are not necessarily attributed with certainty to one 

particular muscle. For instance, the electrodes placed over anterior digastric (Fig. 6a) may 

pick up activity from myohyoid, geniohyoid, genioglossus, mentalis, platysma, median 

pterygoid muscles (Boyar & Kilcast, 1986). 

 

 

Fig. 7. The jaw-closing muscles (A) temporalis and masseter (both a superficial and deep 

portion) and (B) the medial and lateral pterygoids. (Adapted from the 20th U.S. edition of 

Gray’s Anatomy of the Human Body, originally published in 1918). 

 

Various phases of a chewing cycle are attributed to contractions of different muscles. 

During the opening phase of a cycle, elevator muscles (i.e., temporalis and masseter) are 

silent (no potential activity). During closing, these muscles are activated and electrical 

potentials are recorded starting from the initiation of the closing movement, and gradually 
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increasing towards the end of the movement. At the beginning of an occlusal phase, very 

small activity is seen in EMG, while the greatest activity is recorded after this silent period. 

Approximately 75% of the total EMG activity occurs during the closing phase, while the rest 

is recorded during the occlusal phase (Boyar & Kilcast, 1986).  

First chew Swallow 

 Time (sec) 

 

Temporalis 

 

Masseter 

Digastric 

Fig. 8. EMG chewing response starting from the first chew to the swallow.  

 

EMG is a non-invasive technique, which interferes very little with normal chewing 

behavior. The noise in the data is prevented by attaching a ground electrode to the shoulder 

or ear lobe (Sakamoto, Harada, Matsukubo, Takaesu, & Tazaki, 1989). Chewing activity 

appears as a burst in the EMG output from each of the monitored muscles (Fig. 8). The 

measurement of muscular activity needs to be filtered, amplified and conditioned (Gonzalez 

et al., 2004). The EMG signals are recorded from the beginning of the first chew to end of 
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the complete swallow (Fig. 8). Several parameters are calculated to investigate the 

relationship between chewing pattern and product characteristics (Table 1).  

Table 1. Oral processing parameters extracted from EMG and Jaw tracking data analysis 
 

Parameter Definition 

Number of chews Number of chews from placement into mouth until last 
swallow 

Duration of chewing (s) Total duration of the chewing sequence 

Frequency (1/s) Number of cycle/seconds 

Cycle duration (ms) Time required for a single cycle of mandible. Includes 
opening, closing and occlusal phases 

Opening duration (ms) Time required for opening phase of cycle 

Closing duration (ms) Time required for closing phase of cycle 

Occlusal duration (ms) Time required for occlusal phase of cycle 

Vertical amplitude (mm) The total inferior movement of mandible during jaw opening 
for a chewing cycle 

Lateral amplitude (mm) The total mediolateral movement of mandible during jaw a 
chewing cycle 

Anterior/posterior 
amplitude (mm) 

The total anterior and posterior excursion of the jaw during a 
chewing cycle 

Opening velocity Average jaw opening speed. Calculated as vertical amplitude 
divided by time from start of opening to maximum jaw 
opening 

Closing velocity Average jaw closing speed. Calculated as vertical amplitude 
divided by time from maximum jaw opening to beginning of 
occlusal phase 

Total muscle activity of 
each muscle (temporalis, 
masseter, digastric) 

Integrated area under the r.m.s. EMG versus time curve for 
the entire chewing sequence. Total muscle activity can be 
calculated separately for right R and left side of each muscle 
as well as combination of right and left side 

Average muscle activity 
of each muscle 

The total muscle activity value of each muscle is divided by 
the number of chew in the sequence   
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In evaluation of oral processing, it needs to be noted that chewing pattern is highly 

variable among subjects due to morphology of the masticatory apparatus such as occlusal 

area of the teeth, muscle area, dental status, salivary flow rate, (Gambareli, Serra, Pereira, & 

Gaviao, 2007; Mioche et al,, 1999; van der Bilt, 2002), as well as the age, gender and 

personality differences (Brown, 1994; Rey, Gonzalez, Martinez-de-Juan, Benedito, & Mulet, 

2007; Woda, Foster, Mishellany, & Peyron, 2006). However, chewing pattern is highly 

reproducible within a subject (Lassauzay, Peyron, Albuisson, Dransfield, & Woda, 2000; 

Woda et al. 2006) and among different recording sessions provided placement of the 

electrodes is controlled. Brown (1994) confirmed that the chewing pattern is highly stable in 

each subject for each food they chew. They normalized the EMG activity of a given food 

using EMG activity measured during gum chewing by the same subject.  

The two main responsibilities of masticatory muscles during chewing are providing 

the required movement of the jaw and application of force to cut or grind food. A relatively 

very low level of muscle activity is required just for the basic rhythmic movements of the jaw. 

The major muscle activity is used to overcome the resistance of the food (van der Bilt et al., 

2006). Recordings of masticatory muscles allow for comparison between muscular activities 

developed during chewing of foods with different textures. Variables related to either 

amplitude of contraction (mean voltage) or time (contraction duration) were extracted for 

each muscle and chew (Mioche, 2004).  
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Jaw tracking systems 

The simultaneous recordings of electromyographic activities of chewing muscles and 

movements of the jaw makes it possible to study the dynamics of chewing by relating the 

time course of mandible motion with muscle activity during chewing. The movements of the 

lower jaw can be studied by following the position of a marker (i.e., magnet) attached to the 

lower incisors. A commonly used method is tracking the movement of a magnet by an array 

of sensors fit as a unit on the head (Fig. 6b) to record vertical, anterior-posterior and lateral 

components of jaw movement during mastication (Fig. 9). Different nomenclature has been 

used for this technique includes kinesiography, jaw tracking, and electrognatography.  

Using the simultaneous recordings of jaw movements and EMG muscle activities, 

various phases of an individual cycle and corresponding muscle activities can be identified 

(Brown & Braxton, 2000). Each masticatory cycle can be divided into three main phases: an 

opening, closing, and power stroke (Fig. 10). Opening phase corresponds to the movement 

trace of the jaw from the loss of intercuspation to maximum vertical opening. Closing phase 

is determined between the maximum vertical opening and the beginning of power stroke. 

Power stroke involves little vertical movement during which foods are broken down between 

the teeth. Opening movements during chewing cycles are relatively vertical while closing 

movements contain a strong horizontal component.  
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 A 

   

 

 

B  

                             

Anterior Posterior Left Right 

Vertical Vertical 

Fig. 9. An example of chewing cycles in vertical (Vert), anterior-posterior (A/P), and lateral 

(Lat) directions (A) frontal and sagittal views of of the jaw movements (B) recorded for a 

complete chewing sequence. 
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Fig. 10. Jaw movement during a single chewing cycle consisting of an opening, closing and 

power stroke. The vertical movement of the jaw is depicted along the y-axis. The opening 

phase begins from the upper and lower teeth contact (i) The jaw gape increases during the 

opening phase up to the maximum gape (ii). Gape decreases during the closing phase as the 

teeth move toward occlusal contact. The dotted line represents the start of power stroke as the 

upper and lower teeth contact food or each other (iii). Food is broken down at this time.  

 

It has been shown that the chewing rhythm and jaw movement pattern in humans are 

affected by food texture (Ahlgren, 1966; Brown, Eves, Ellison, & Braxton, 1998; Brown & 

Braxton, 2000; Foster, Woda, & Peyron, 2006; Horio & Kawamura, 1989). Masticatory 

cycles recorded during chewing a piece of gum are wide and round whereas, foods like carrot 

predominantly creates vertical chewing loops. Plesh et al. (1986) showed that chewing a 

harder gum requires prolonged opening and occlusal phases than soft gum resulting in slower 

chewing rates. In addition to mechanical properties, the physical characteristics of food such 

as size, shape, thickness has a great impact on chewing response. Larger bolus sizes or 
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thicknesses generate different chewing patterns by increasing the number of chews, the 

duration of the chewing sequence, the magnitude of jaw movements (particularly vertical 

movements), and the muscle recruitment (Bhatka, Throckmorton, Wintergerst, Hutchins, & 

Bushang, 2004; Ottenhoff et al., 1992a; Peyron, Maskawi, Woda, Tanguay, & Lunp, 1997 

van der Bilt et al., 1991).  

Food texture and mastication 

Studies using kinesthesiology and electromyography (EMG) on natural foods showed 

that masticatory forces, the mandibular jaw movements, the duration of the mastication cycle 

and the number of cycles until swallow are modified depending on the mechanical structure 

of the food. Food structure has been shown to influence various stages of the chewing 

process, from the characteristics of a single chew to the complete chewing sequence. 

Hardness, the force required to breakdown the food at first bite, is highly correlated with jaw 

muscle activity recorded during the first chewing cycle and over the first five cycles (Mioche, 

2004; Brown et al., 1998). Chewing cooked rice with high amylose content require greater 

masseter muscle activity, higher number of chews and longer masticatory time than rice with 

low amylose content (Kohyama, Ohtsubo, Toyoshima, & Shiozawa, 1998). Differences 

among rice varieties observed at the early stages of mastication, particularly during the first 

few chews, but the differences decreased at later stages. However, Kohyama et al. (2005) 

found that the number of chewing cycles, cycle duration and total duration of mastication 

have a higher correlation with adhesiveness and stickiness than with hardness. Alternatively, 

a more complex attribute, such as tenderness of meat, is linked to high strain mechanical 

properties and muscle activities in the middle and later stages of the mastication sequence 
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suggesting that tenderness assessment requires structural disintegration of food (Mathoniere, 

Mioche, Dransfield, & Culioli, 2000). The average muscle activity applied to a food product 

during jaw closing phase is also highly correlated to the hardness of the product measured by 

instrumental and/or sensory methods (Agrawal et al., 1998; Hiiemae et al., 1996; Horio & 

Kawamura, 1989; Mathevon, Mioche, Brown, & Culioli, 1995; Mioche et al., 1999). Greater 

EMG peak amplitude is seen with an increase in hardness of commercial type cheeses, as 

evaluated by quantitative descriptive analysis (QDA) and compression test (Jack, Piggott, & 

Paterson, 1993). Similarly, Brown et al. (1998) showed that the maximum tenderness 

intensity of roasted meats is significantly correlated with masticatory muscle activities. 

Increasing the cooking temperature of meat from 45 to 80 oC results in an increase in 

mechanical strength (measured by shear and compression test) and in elasticity of meat 

corresponded with higher total muscle activity and hardness score by trained panel 

(Mathoven et al., 1995). Significant differences are observed between the total muscle 

activities of trained and naïve panelists during chewing beef samples, with a larger variation 

among naïve group (Mioche & Martin, 1998). Gonzalez, Sifre, Benedito, & Nogues (2002) 

stated that the significantly higher muscle activity and longer chewing time for trained panel 

during chewing Mahon cheese might be related to the fact that trained panel is evaluative and 

goal driven. Longer chewing time and slower chewing rate can be linked to sensory 

assessment during chewing.      

The direction of the jaw movement throughout the chewing sequence is also an 

important factor to explain the differences in chewing patterns with varying textures. Oral 

processing of apple and carrot was found to be mainly depended on vertical compression 
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movement of the jaw while, the direction turns into horizontal shear as the sequence progress 

during biscuit chewing (Brown et al., 1998). Dry and hard products require higher numbers 

of chewing cycles and longer durations of chewing to allow for sufficient breakdown and 

lubrication by saliva. Buttering dry foods (cake, Melba toast) significantly reduces the 

number of chewing cycles of these foods (Brown, & Braxton, 2000) Adding butter to dry 

foods (i.e., cake and Melba toast) enhances lubrication and bolus formation by decreasing the 

time needed in the mouth to form a coherent bolus (van der Bilt et al., 2006).  

In addition to natural food products, the chewing pattern has been observed while 

chewing a range of model food systems (Foster et al., 2006; Lassauzay, et al., 2000; Peyron, 

Lassauzay, & Woda, 2002). The use of model systems offers the advantage of having 

designed structural and physical properties which can be systematically altered. They are 

consistent and reproducible in mechanical properties and standardization of the dimensions, 

shape, color, and taste/smell is possible. Peyron et al. (2002) measured the effect of increased 

hardness on jaw movement and muscle activity during chewing of viscoelastic model foods 

(gelatin gels).  The masticatory apparatus adapted to an increase in hardness by increasing 

muscle activity, number of chewing cycles and opening amplitude of the mandible.  

Foster et al. (2006) selectively studied the impact of mechanical and rheological 

properties on oral processing behavior by developing two sets of model foods having 

different rheological behaviors (i.e., elasticity and plasticity), and four hardness levels. They 

showed that variables associated with jaw muscle activity, number of cycles and duration of 

chewing were primarily related to hardness, while jaw movements and chewing frequency 

were adapted to rheological properties (i.e., elasticity and plasticity). However, the model 
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systems used in this study (gelatin gels and caramel confectioneries) possess complex 

structures and compositions that may affect chewing patterns. For example, gelatin gels melt 

in the mouth (i.e., low melting temperature), and caramel sticks to the teeth during chewing. 

Therefore, there is a need for a systematic and controlled study to evaluate complex sensory 

attributes of solid foods during oral processing.    

Research objectives  

The main aim of the research was to understand the textural properties of protein 

based soft-solid structures using oral processing. Oral processing is essential in breaking 

down the physicochemical structure of the food thus, it plays a significant role in establishing 

the relationship between food structure and texture. To have a complete understanding of 

texture perception, a multidisciplinary approach was applied that combined studies of food 

microstructure, with mechanical properties, sensory evaluation and oral physiology. 

Specifically, the objectives of the study were:  

 
i) to generate a wide range of soft-solid structures using WPI/polysaccharide mixed 

gels as model foods for the purpose of understanding how food structure 

translates into sensory texture 

ii) to explore mechanisms for generating defined physical and sensorial properties of 

soft-solid foods by modifying the gel microstructure through colloidal interactions   

iii) to investigate the effect of microstructural characteristics on overall breakdown 

pattern and masticatory and residual sensory attributes of food materials  
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iv) to understand the masticatory adaptation to specific structural and physical 

properties using simultaneous measurement of jaw-muscle electromyography and 

jaw movements during mastication      

v) to investigate how oral processing is altered in response to changes in texture of 

real food systems with varying compositions   

The next five chapters, chapter two through six, provide the publications arising from 

the research performed during 2007-2011. The appendices include the co-authored 

publications related to the research subject.  
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Abstract  

  Heat induced gelling behavior of whey protein isolate (WPI) and к-carrageenan 

mixed solutions at pH 5.5, 6.0 and 6.5 were evaluated. Gels were prepared with 5 % (w/v) 

WPI and varying concentrations of κ-carrageenan from 0 to 0.3 % (w/w). The microstructure 

of WPI gels alone moved from homogenous to micro-phase separated as the pH approached 

the isoelectric point. The addition of κ-carrageenan initially created micro-phase separated 

structures at all pH levels; however, increasing concentrations led to inversion of the 

continuous network from protein to κ-carrageenan. At pH 6.5, small concentrations of к-

carrageenan increased the aggregation rate of proteins by depletion induced attractions 

providing a higher gel modulus (G'). A major increase in gel modulus was observed at pH 

5.5 when the continuous network inversion occurred. The composition of the continuous 

network was the main determinant of the gelling behavior and final gel characteristics.  

 

Keywords: whey protein; к-carrageenan; pH; gelation; rheology, microstructure 
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1. Introduction 

 Protein-polysaccharide interactions strongly impact food formulations, playing a key 

role in the stability and the rheological behavior of the final product. Proteins and 

polysaccharides contribute to the structure, texture and stability of food through their 

thickening and gelling behavior and surface active properties (Nishinari, Zhang & Ikeda, 

2000). An understanding of the interactions between these biopolymers is crucial when 

developing food with novel functionalities, thereby enhancing utility, quality and 

sustainability of food systems (Renard, van de Velde, & Visschers, 2006). 

 Mixed whey protein and polysaccharide gels are of particular interest because 

interaction between the two polymers leads to the formation of a wide range of 

microstructures (van den Berg, Rosenberg, van Boekel, Rosenberg, van de Velde, 2009). The 

aggregation kinetics and gelation of a mixed system determines the microstructure (de Kruif 

& Tuinier, 2001; Doublier, Garnier, Renard, & Sanchez, 2000). The effects of a 

polysaccharide on aggregation and gel formation of whey protein changes depending on the 

charge of polysaccharide (i.e., anionic, neutral or cationic), solution conditions (i.e., pH and 

the ionic strength), heat treatment and concentrations (de Jong, Jan Klok, & van de Velde, 

2009).  

 Protein and polysaccharide mixtures commonly demonstrate incompatibility (also 

called segregative phase separation) due to differences in the shape, size, and charge of the 

molecules (Doublier et al., 2000; Grinberg & Tolstoguzov, 1997). The incompatibility of 

protein and polysaccharides is elevated by an increase in ionic strength and at pH values near 

the isoelectric point (pI) of the protein due to enhanced protein self-association (Turgeon, 
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Beaulieu, Schmitt, & Sanchez, 2003). Repulsive forces between biopolymers promote 

separation into two phases, each being enriched in one of the two biopolymers with a 

partition of solvent between phases.  

 In the dairy industry, κ-carrageenan is extensively used due to its thickening or 

gelling ability (Hansen, 1994). The interactions between dairy proteins and κ-carrageenan, 

determining the extent of phase separation and the rheological behavior of the mixed gels, 

are highly affected by the ionic strength and polymer concentrations (Çakır & Foegeding, 

2011). At neutral pH and ionic conditions favoring single-phase heat-induced protein 

interactions (Ako, Nicolai, Durand, & Brotons, 2009) for whey protein isolate (WPI), the 

addition of к-carrageenan at low concentrations produces gels with increased storage moduli 

(G') due to phase separation (Çakır & Foegeding, 2011). As к-carrageenan concentration 

increases, a subsequent decrease in gel firmness (G') occurs due to inversion of the 

continuous network from protein to κ-carrageenan (Çakır & Foegeding, 2011). Increasing 

ionic strength by adding NaCl causes micro-phase separated protein interactions, alterations 

in the type of microstructural transitions and it lowers the concentration of к-carrageenan 

required to cause continuous network inversion. Under micro-phase separated conditions of 

whey proteins (i.e., high ionic strength), enhanced protein-protein interactions cause phase 

inversion to take place at lower κ-carrageenan concentrations (Çakır & Foegeding, 2011).  

 A different approach to induce micro-phase separation in whey protein gels is 

lowering the pH towards the isoelectric point of the protein. Ould Eleya and Turgeon (2000b) 

showed β-lactoglobulin (β-lac) and κ-carrageenan (κ-car) form mixed gels with a phase 

separated bicontinuous network between pH 5.0 and 7.0, whereas at pH 4 (below the pI), 
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associative interactions lead to the formation of a single continuous network structure 

through electrostatic complexation. However, this study was limited to a single polymer 

concentration (10 % β-lac + 1 % к-car). Whey protein and к-carrageenan mixtures can 

present a highly complex rheological behavior depending on biopolymer concentrations 

(Capron, Nicolai, & Smith, 1999b; Harrington, Foegeding, Mulvihill, & Morris, 2009).  

 The objective of the present study was to determine the change in rheological 

properties and microstructure of heat induced WPI/к-carrageenan mixed gels as the pH 

approaches the pI of whey protein (pI~5.2, Swaisgood, 1982); causing a progressive increase 

in micro-phase separation. Mixed gels with constant WPI concentration (5 % w/v) and 

varying concentrations of к-carrageenan (0.075, 0.15 and 0.3 %) at pH 5.5, 6.0 and 6.5 were 

evaluated. The gel microstructures were characterized by confocal scanning laser microscopy, 

while viscoelastic properties were measured by small strain rheology.  

2. Materials and methods 

2.1. Materials 

 Whey protein isolate (WPI) Bipro™ (93.37% protein, dry basis, nitrogen x 6.38) was 

obtained from Davisco Foods International, Inc. (Le Sueur, MN, USA). The mineral content 

of the powder was 14.64 % N, 0.08 % P, <0.005 % K, 0.07 % Ca, <0.005 % Mg, 1.70 % S, 

and 0.0008 % Na (w/w), as measured by inductively coupled plasma atomic emission 

spectroscopy. GENUGEL® κ-carrageenan (CHP-2) was donated by CP Kelco Inc. (Lille 

Skensved, Denmark). Sodium chloride (NaCl) was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). All solutions were prepared with deionized water.   
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2.2. Sample preparation 

Whey protein isolate (WPI) and κ-carrageenan mixed solutions were prepared at three 

different pH levels (5.5, 6.0 or 6.5), in a fixed 5 % (w/v) protein content and varied κ-

carrageenan content (%, w/w); 0 (no carrageenan addition), 0.075, 0.15 and 0.3. Preparation 

of WPI and κ-carrageenan stock solutions was described previously by Cakir and Foegeding 

(2011). Both stock solutions contained 100 mM NaCl to allow for maximum final gel rigidity 

and strength (Ikeda, Foegeding, & Hagiwara, 1999). The stock solutions were equilibrated 

and mixed at 45 °C to prevent κ-carrageenan gelation. The pH of the solutions was adjusted 

to 5.5, 6.0 or 6.5 using 1 N HCl. Individual solutions of WPI and κ-carrageenan were also 

prepared using the same method, where deionized water containing 100 mM NaCl was used 

for diluting stock solutions. Each treatment was prepared in triplicate. 

For microstructure imaging, gels were formed in glass tubes (19 mm in. dia. х 180 

mm long) by heating solutions in a water bath at 90 °C for 30 min. The tubes were allowed to 

cool at 22 ± 2 °C for 1 h and kept at 4 °C until the analysis.  

2.3. Confocal laser scanning microscopy (CLSM) imaging 

Confocal laser scanning microscopy (Carl Zeiss LSM 710, Thornwood, NY, USA) 

was used to observe microstructure after gelation. The system consisted of an inverted 

(model Zeiss Axio Observer Z1) microscope and a 40 × objective lens (LD C-Apochromat 

40x/1.1 W Korr M27) with a multiline argon laser as the light source. The staining of protein 

network was carried out by pipetting 100 µL of aqueous Rhodamine B solution (0.2 %, w/w) 

onto gel pieces (5 × 5 × 5 mm). After allowing 10 min for the dye to adsorb, the excitation 

was performed at 514 nm and the emission was recorded between 531 and 703 nm.  
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2.3.2. Small strain rheological properties  

  Small deformation rheological measurements were carried out on a stress controlled 

rheometer (StressTech, Rheologica Instruments AB, Lund, Sweden) using a serrated couette 

geometry (CCE25) with cup (27 mm diameter) and bob systems (25 mm diameter, 45 mm 

length). The samples were covered with mineral oil to prevent evaporation. The temperature 

regime applied to samples within the measuring geometry was: heating from 45 °C to 90 °C 

(rate 2 °C min-1), holding at 90 °C for 30 min, then cooling to 20 °C (rate of 2 °C min-1), and 

holding at 20 °C for 10 min. The dynamic measurements were performed at a frequency of 1 

Hz and a stress of 1 Pa during heating/holding and 5 Pa during cooling periods. In order to 

verify the linear viscoelastic region, stress sweeps at 90 °C and 20 °C were recorded. The 

mechanical spectra of the gels were obtained by a frequency sweep between 0.01 and 10 Hz 

at a stress of 5 Pa at 20 °C. Dynamic stress sweep tests were also carried out at 1 Hz with a 

stress range from 0.5 to 500 Pa at the same temperature. The critical stress values were 

determined as the point when the complex modulus (G*) decreased consistently.  

3. Results and discussion 

3.1. Microstructure  

The microstructures of WPI/κ-carrageenan gels at three different pH levels with four 

different κ-carrageenan concentrations are demonstrated in Fig. 1. In the images, bright 

regions represent the protein network, and dark regions represents the absence of proteins 

thus presumably the presence of κ-carrageenan network. Whey protein gels alone at pH 6.0 

and 6.5 formed homogenous networks since the structure of strands were not visible at this 

given length scale (Fig. 1). At pH 5.5, the electrostatic repulsion was very low since the net 
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charge of whey protein is approaching zero (pH close to pI). Therefore, attractive forces led 

to aggregation of protein molecules into a micro phase-separated or particulate gel network 

as previously described by Langton and Hermansson (1992) and more recently explained by 

Ako et al., 2009). The black pockets observed in the protein-only network were due to 

separation into protein-rich and water-rich phases.  

With the addition of 0.075 % к-carrageenan to homogeneous WPI gels (at pH 6.0 and 

6.5), the protein network became coarser resulting in phase separated systems while 

maintaining the protein continuous network. At pH 6.5 and 6.0, which are well above the 

isoelectric point of whey protein, the net charge on both WPI and к-carrageenan is negative, 

therefore, the attractive interactions between two polymers are limited. The electrostatic 

repulsion caused by molecular charges enhances the aggregation of proteins during heating. 

Increasing size of aggregates promotes the depletion of carrageenans from the protein surface 

leading to further phase separation (Croguennoc, Nicolai, Durand, & Clark, 2001). Similar to 

heat-set mixed gels used in this study, in cold-set WPI/polysaccharide mixed gels, as the 

concentration of κ-carrageenan increases, the protein network becomes coarser (de Jong & 

van de Velde, 2007). Lowering the charge density of polysaccharide by adjusting the 

kappa/iota carrageenan ratio resulted in a decrease in the coarseness of the microstructure 

which explains the phase separation is electrostatically driven. Bovine serum albumin (BSA) 

gels showed a similar shift from a fine structure to a coarse, phase separated structure at pH 

6.4 with the addition of κ-carrageenan (Neiser, Draget, & Smidsrød, 2000). The phase 

separation showed an increasing trend as the pH is reduced towards the isoelectric point. At 

pH 6.0, the number of larger dark regions appeared to be more numerous compared to pH 6.5, 
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which has numerous small dark spheres evenly distributed throughout the protein network. 

At pH 5.5, the appearance of micro-phase separated, particulate network did not change with 

the addition of 0.075 % κ-carrageenan to WPI, except the water rich-phase was replaced by 

carrageenan-rich regions (Fig. 1). 

The depletion interactions increased with increasing carrageenan concentration 

(0.15 %) resulting in complete phase separation between WPI and κ-carrageenan at all pH 

values. At 0.3 %, the degree of phase separation increased further, resulting in a 

microstructure where spherical whey protein micro-domains were embedded in a 

carrageenan-rich phase.  

3.2. Small strain rheological properties  

3.2.1. Whey protein gels 

The change in storage modulus (G') of 5% WPI solutions at three different pH levels 

are given in Fig. 2a. The kinetics of the aggregation/gelation process was highly pH 

dependent. For all the pH treatments, the gel network was determined by an increase in G' 

above 10 Pa during heating, and the temperature at this point was reported as the gelation 

temperature (Table 1). The G'' of all sample were below G' at the gelation temperature (data 

not shown). As the pH values moved closer to isoelectric point of the whey protein, the onset 

of gelation was recorded at a higher temperature (Table 1). After the gel point, the storage 

modulus continued to increase during the subsequent heating and holding periods at 90 ºC, 

which indicates continuous strengthening of the gel network (Paulsson, Dejmek, & van Vliet, 

1990; Verheul & Roefs, 1998). The difference in the rigidity (G') of WPI gels with respect to 

pH was more apparent at this stage. The WPI gel at pH 6.5 had significantly higher G' values 
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than those at lower pH levels. The micro-phase separated structure of the WPI gel at pH 5.5 

caused formation of a less firm gel as shown by lower G' values. The difference in G' among 

different pH treatments became more distinct during cooling stage. The formation of 

additional non-covalent interactions among denatured proteins (i.e., hydrogen bonding, van 

der Waals forces) increased G' further. During the final equilibration at 20 ºC, minimal 

changes occurred in G' in all pH levels. The gel rigidities at the end of the thermal treatment 

were significantly different (Fig 2a) where at pH 6.5 the rigidity was approximately 7 times 

higher than that of pH 5.5.   

The mechanical spectra of whey protein gels at pH 5.5, 6.0 and 6.5 were 

characteristic of elastic gels with G' values greater than G'' values. There was little to no 

effect of frequency on the G' and G'', where only a slight increase was observed at higher 

range of frequencies (Fig. 2b). The general trend was an increase in gel firmness (G') as pH 

rose from 5.5 to 6.5. 

  The changes in the complex modulus (G*) of WPI gels at pH 5.5, 6.0 and 6.5 with 

increasing stress are given in Fig. 2c. The point where the complex modulus deviated from 

linear viscoelastic region was noted as the critical stress value which is an indication of a 

breakdown within the gel structure. WPI gels at pH 6.5 showed the highest G* value in the 

linear region and no change in G* up to 500 Pa of stress. Application of 94.4 Pa and 58.6 Pa 

was sufficient to disintegrate the WPI gel network at pH 6.0 and 5.5, respectively. This result 

indicated that microstructure had a key role on the durability of the gels. At pH 5.5, where 

micro-phase separation occurred, the network was weakened. This is likely due to large 

aggregates producing a weaker linked gel network but definitive mechanism can not be 
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stated. It must be noted here that for pH 6.0 and 5.5, G* showed a secondary plateau at large 

stress levels indicative of slip occurring together with yielding (Walls, Caines, Sanchez, & 

Khan, 2003). However, this does not have any bearing on the linear viscoelastic properties. 

3.2.2. WPI/к-carrageenan mixed gels  

The gelation behavior of 5% whey protein was altered depending on the к-

carrageenan concentration and pH (Table 1 and Fig. 3). The gelation temperature of WPI gels 

at pH 5.5 and 6.0 were not influenced with the addition of к-carrageenan initially, but, at 

higher concentrations of к-carrageenan (0.3 %) gel temperature was 4.8 and 3.7 ºC lower, 

respectively (Table 1). At pH 6.5, the decrease in gel temperature began at a lower к-

carrageenan concentration, while a 4.6 ºC difference was observed at higher к-carrageenan 

levels. The true meaning of gelation temperature is obscured by the combined dynamics of 

time and temperature but it clearly shows that the initial network formation occurs sooner in 

the process due to carrageenan addition. 

At pH 6.5, addition of 0.075 % к-carrageenan, increased the storage modulus 

significantly during heating at 90 ºC and cooling to 20 ºC (Fig. 3a). The greater storage 

modulus was likely caused by a higher aggregation rate of the proteins caused by the addition 

of к-carrageenan. Carrageenan may increase protein aggregation by preferentially 

accumulating in the solvent resulting in an osmotic imbalance between the carrageenan 

depleted protein surface and the solvent (Gaaloul, Turgeon, & Corredig, 2010; Tuinier, 

Dhont, & de Kruif, 2000). Such an imbalance may result in less water being available for the 

protein which may improve protein-protein interactions leading to the greater storage 

modulus. It has been previously shown that at pH 7.0 the addition of к-carrageenan causes 
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the aggregation of β-lactoglobulin (2 % w/w) into large fractal particles (Capron, Nicolai, & 

Durand, 1999a). Therefore, the increase in the storage modulus of the mixed gels at low к-

carrageenan concentrations was related to a decrease in the phase volume of proteins causing 

an increase in the concentration of the continuous phase. However, it needs to be noted that 

with the addition of 0.075 % к-carrageenan the microstructure changed from a homogenous 

to a coarse stranded network which is different than the protein continuous gel seen in Çakır 

and Foegeding (2011). This might be related to the increased protein micro-phase separation 

caused by reducing pH towards the isoelectric point.  

However, further increase in the concentration of к-carrageenan to 0.15 % and 0.3 % 

caused a decrease in the storage modulus during the thermal treatment (Fig. 3a). At 0.15 % к-

carrageenan, increased volume fraction of the carrageenan phase caused the separation of 

network into protein-rich and carrageenan-rich segments (Fig. 1). Excessive aggregation of 

proteins at higher concentrations of к-carrageenan reduced the connectivity of the protein 

network by reducing the number of junctions holding the network together. Therefore, a 

decrease in the storage modulus was observed. At 0.3 %, phase volume of к-carrageenan was 

large enough to allow inversion of the continuous network from protein to carrageenan. In 

network inverted gels, proteins were found as small, dense micro-domains in a carrageenan 

continuous network (Fig. 1). This shift in the microstructure was confirmed by the change in 

storage modulus during cooling. When the temperature decreased to 20 ºC, a sharp increase 

in the storage modulus was observed due to the formation of the к-carrageenan network (Fig. 

3a). Since, the continuous phase plays a major role in overall properties of the system, the 
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inversion of network from protein to carrageenan clearly changed the gelation pattern and the 

onset of carrageenan gelation was identified easily at 20 ºC (Fig. 3a).  

At pH 6.0, a similar trend was observed in the storage modulus: an initial increase at 

0.075 % к-carrageenan and a subsequent decrease at 0.15 % and 0.3 % к-carrageenan (Fig. 

3b). However, the differences among the rigidity (G') of WPI gels with varying 

concentrations of к-carrageenan was smaller at pH 6.0. Only at 0.3 % к-carrageenan, with a 

network inversion into carrageenan continuous gel, does the storage modulus increase 

considerably during the cooling stage and finally reach a gel rigidity which was the highest 

among all other gels at this pH.   

At pH 5.5, the incompatibility between whey protein and к-carrageenan was more 

distinct. Protein–protein interactions are favored as the pH value approaches the isoelectric 

point of the protein (Ako et al., 2009). The addition of к-carrageenan promoted protein 

aggregation and formation of large clusters that loosely connected to each other. The lack of 

interaction between protein clusters resulted in lower G'. Only at 0.3 % к-carrageenan, was a 

drastic increase in G' observed during the cooling stage, caused by the carrageenan network 

formation. This is confirming a network inversion from protein to polysaccharide as seen in 

Fig. 1. Ould Eleya and Turgeon (2000a) also observed a biphasic profile with mixed WPI/к-

carrageenan gels over pH 5.0–7.0. An initial increase during heating due to consolidation of 

the protein network was followed by a steep increase during cooling below 25 ºC due to κ-

carrageenan gel formation.  

The storage modulus of к-carrageenan gels alone (0.3 %) did not change until the 

temperature decreased to 20 ºC at all pH levels (Fig. 3). At the end of the holding period at 
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20 ºC, the final storage modulus of carrageenan gels alone (97-107 Pa) was significantly 

lower than those of carrageenan continuous gels with a dispersed protein phase (1060-1700 

Pa).  

The development of the storage modulus of the network inverted mixed gels (5 % 

WPI and 0.3 % к-carrageenan) during the holding period at 20 ºC were normalized for a 

comparison among pH treatments (Fig. 4). Carrageenan continuous gels at pH 5.5 displayed 

the greatest increase in the storage modulus at 20 ºC. The enhanced protein self association at 

pH 5.5 (near the pI of whey protein) increased the incompatibility between protein and 

polysaccharide allowing greater interactions among carrageenan polymers. Therefore, a 

stronger carrageenan continuous network was formed with mixed gels at lower pH. The 

difference among the storage modulus of mixed gels mainly arose from the protein-

polysaccharide incompatibility. Over the pH range investigated, no effect of pH was seen on 

gel firmness of carrageenan only gels (lower right corner of Fig. 4). Additionally, the 

development of G' for network inverted mixed gels did not follow a pH dependent trend. At 

pH 6.0, the increase in the storage modulus was smaller compared to that of pH 6.5.  

At all pH levels, the viscoelasticity of WPI/к-carrageenan mixed gels did not change 

significantly over the entire frequency range (Fig. 5). At pH 6.5, the mechanical spectra of 

mixed gels showed the highest G' level with 0.075 % к-carrageenan (Fig. 5a), while at pH 6.0 

and 5.5 the greatest G' was observed with 0.3 % к-carrageenan (Fig. 5b and 5c). 

3.2.3. The effects of pH and к-carrageenan concentration on WPI gels  

The ratios of the final storage modulus (G') of mixed gels to the final storage modulus 

of WPI gels at the same pH level were compared (Fig. 6). The ratios above 1 indicated an 
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improvement in the gel rigidity with the addition of к-carrageenan compared to WPI gel 

alone (5 % w/v), while the ratios under 1 demonstrated an antagonistic effect of к-

carrageenan on the WPI gel rigidity. The effect of к-carrageenan was highly pH and 

concentration dependent. Addition of 0.075 % к-carrageenan increased the G' of WPI gels by 

1.4-fold at pH 6.5, whereas almost no change was observed at pH 6.0, and a 15 % decrease in 

gel rigidity was seen at pH 5.5. Addition of 0.15 % к-carrageenan, decreased the gel rigidity 

at all pH levels, with the greatest impact at pH 6.5 (50 % decrease in G'). At 0.3 % к-

carrageenan concentration, where the continuous network was inverted into carrageenan, pH 

played a key role in the final gel rigidity. At pH 5.5, G' increased by nearly 3-fold with 0.3% 

к-carrageenan addition, while at pH 6.5, about a 40 % decrease was recorded (Fig. 6). 

Overall, the major strengthening effect was observed either at high concentration of к-

carrageenan (0.3 %) when pH was close to isoelectric point of WPI (at pH 5.5) or at low 

concentration of к-carrageenan (0.075 %) when the pH was away from the isoelectric point 

(pH 6.5). Similarly, Neiser et al. (2000) reported two types of strengthening effect in bovine 

serum albumin (BSA) gels (8 %) with different concentrations of к-carrageenan at varying 

pH and ionic strength. A major strengthening effect with high concentrations of carrageenan 

(0.4 to 1.0 % (w/v)) was observed at low ionic strength (<100 mM) and at a pH close to the 

isoelectric point of BSA (pH 5.4). Additionally, lower carrageenan concentrations (0.2 to 

0.4 % (w/v)) at pHs higher than the isoelectric point provided a minor strengthening effect. 

These strengthening effects were explained by associative and segregative phase separation, 

respectively. However, when there are attractive electrostatic interactions between WPI and 

к-carrageenan which favor the formation of complex coacervates (i.e., at pH 4.0), it is not 
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possible to identify the behavior of individual polymers, (i.e., the onset of protein and/or 

carrageenan gelation) in the rheological profile (Ould Eleya & Turgeon, 2000a). In contrast, 

over the pH range of pH 5.5 to 6.5, when the к-carrageenan concentration was 0.3 % the 

development of the storage modulus was observed in two steps (i.e., increase in G' due to 

protein gelation during heating and carrageenan gelation during cooling) (Fig. 3). Thus, 

segregative phase separation must be taking place at all pH levels, resulting in inversion of 

the network from protein into carrageenan. Local attraction between groups of the 

protein and residues of the carrageenan can form soluble protein-polysaccharide 

complexes at pH levels around the protein pI (Syrbe, Bauer, & Klostermeyer, 1998). 

However, in the current study, the ionic strength of the solutions (100 mM NaCl) was high 

enough to shield the charges on both polymers preventing the complex formation. The 

observed strengthening effect in the gel rigidity was mainly due to 1) segregative phase 

separation at low concentrations of κ-carrageenan (0.075 %) at pH 6.5 or 2) network 

inversion at high concentrations of κ-carrageenan (0.3 %) at pH 5.5. 

+
3NH

-
3OSO

The critical stress values of WPI/κ-carrageenan mixed gels differed from single WPI 

gels at the same pH depending on the κ-carrageenan concentration (Table 2). Mixed gels at 

pH 6.5 maintained the intact network structure within the applied stress range (up to 500 Pa), 

with an exception of 0.15 % κ-carrageenan addition, where the critical stress for structural 

breakdown was recorded at 193 Pa. At pH 6.0 and 5.5, the addition of 0.075 % and 0.15 % κ-

carrageenan did not affect the critical stress levels significantly; however, at 0.3 % κ-

carrageenan concentration, when the continuous network inverted into carrageenan, critical 

stress increased by 4-fold compared to WPI only gels. This result indicated that carrageenan 
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continuous gels were more durable than protein continuous gels. A comparison between the 

single κ-carrageenan gels and carrageenan continuous gels (0.3 %) revealed that dispersed 

protein particles provided a filler effect within the carrageenan network and increased the 

durability more than 20-fold. 

4. Conclusion 

The results showed that the addition of к-carrageenan modified the gelation behavior 

of heat-set WPI solutions and the rheological properties of the final gel. The extent of 

modification depended on the concentration of к-carrageenan, the pH of the solution and, 

consequently, how these changes manipulated the gel microstructure. The inversion of the 

continuous network from protein to κ-carrageenan at all pH levels resulted in a two-step 

gelling profile. Two mechanisms were involved in reinforcement of gel rigidity: a 

segregative phase separation at high pH and low к-carrageenan concentration and a network 

inversion at low pH and high к-carrageenan addition. Changing the composition of the 

continuous network caused a drastic increase in the durability of the mixed gels.   
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Table 1. Gelation temperature (°C) of mixed WPI (5 % w/v) and к-carrageenan (0 %, 

0.075 %, 0.15 %, and 0.3 %) solutions at pH 5.5, 6.0, and 6.5 a.  

 Carrageenan concentration (%) 

pH 0  0.075  0.15  0.3 

5.5 90.5  90.5  90.4  85.7 

6.0 90.4  90.1  90.3  86.7 

6.5 86.7  83.8  82.9  82.1 
a The gelation temperature was determined by an increase of 10 Pa in G' during heating.  
 

 

 

Table 2. Critical stress values a (Pa) of single and mixed WPI/к-carrageenan gels (5 % w/v 

WPI and varying concentrations of к-carrageenan) at pH 5.5, 6.0, and 6.5.  

 Single gels  Mixed gels 

  WPI only  к-car only  Carrageenan concentration (%) 

pH  (5 %)  (0.3 %)  0.075  0.15  0.3 

5.5  58.6  6.87  46.2  46.2  245 

6.0  94.4  17.8  94.4  94.4  394 

6.5  > 500  28.7  > 500  193  > 500 
a The values were determined based on the dynamic stress sweep test conducted at 1 Hz from 
0.5 to 500 Pa at 20 °C. The critical stress value indicates the point that the complex modulus 
(G*) decreased consistently.  
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Κ-carrageenan concentration 

0.075% 0.15% 0.3% 0% 

 

pH 6.5 

pH 6.0 

pH 5.5 

 
 
Fig. 1. Microstructure of WPI/κ-carrageenan mixed gels at three pH levels and four к-

carrageenan concentrations as determined by CLSM. The images represent a total surface of 

212 µm × 212 µm.  
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Fig. 2. Modulus development for WPI (5% w/v) at pH 5.5 (♦), 6.0 (■) and 6.5 (▲) as a result 

of (a) heating from 45 ºC to 90 ºC at 2 ºC/min, held for 30 min, then cooled to 20 ºC at the 

same scan rate and held for 10 min; (b) changing frequency from 0.01 to 10 Hz (at 20 ºC and 

5 Pa): solid symbols - storage modulus G' and open symbols - loss modulus G''; (c) 

increasing stress from 0.5 to 500 Pa. 
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Fig. 3. Change in storage modulus during gel formation of WPI (5 % w/v) at pH 6.5 (a), 6.0 

(b) and 5.5 (c) with 0 % (♦), 0.075 % (■), 0.15 % (▲), and 0.3 % (●) к-carrageenan. The 

open symbol (○) indicates the к-carrageenan alone gel at 0.3 %. The straight line indicates 

the temperature profile where samples were heated from 45 ºC to 90 ºC at 2 ºC/min, held for 

30 min, then cooled to 20 ºC at the same scan rate and held for 10 min.    
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Fig. 4. The normalized development of storage modulus (G') of network inverted mixed gels 

(5 % w/v WPI, and 0.3 % w/w к-carrageenan) at pH 5.5 (♦), 6.0 (■), and 6.5 (▲) during 

holding at 20 ºC. к-carrageenan only gels at 0.3 % w/w are shown in the lower right hand 

side corner. 
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Fig. 5. Mechanical spectra of the mixed gels at 20 ºC at (a) pH 6.5, (b) 6.0, and (c) 5.5 with 

WPI (5 % w/v) and 0 % (♦), 0.075 % (■), 0.15 % (▲), and 0.3 % (●) к-carrageenan. Solid 

symbols - storage modulus G'; open symbols - loss modulus G''.   
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Fig. 6. The ratios of the storage modulus (G') of mixed gels to G' of the WPI gel at pH 5.5 

( ), 6.0 ( ), and 6.5 ( ). The ratios above 1 indicate an improvement in the gel rigidity (G'), 

while the ratios under 1 demonstrated an antagonistic effect of к-carrageenan on the single 

WPI gel (5 % w/v). 
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Abstract 

Oral processing is essential in breaking down the physicochemical structure of the 

food and thus important to the sensory perception of food in the mouth. To have a complete 

understanding of texture perception, a multidisciplinary approach was applied that combined 

studies of food microstructure, with mechanical properties, sensory evaluation, and oral 

physiology. Model foods were developed by combining ion-induced micro-phase separation 

and protein-polysaccharide phase separation and inversion. Jaw-muscle activity and 

kinematic measures of mastication were recorded to evaluate modifications in the 

masticatory pattern arising from textural differences. Activities of masseter, anterior 

temporalis and anterior digastric muscles during oral processing were recorded by 

electromyography (EMG), while jaw movement amplitudes, durations, and velocities during 

chewing cycles were simultaneously collected by a three-dimensional jaw tracking system 

(JT-3D). Changes in the microstructure of mixed gels significantly altered the characteristics 

of the chewing sequence, including the number of chews, total chewing time and chewing 

frequency. A high correlation was established between relative muscle activities and the 

fracture modulus (R=0.96) as well as between muscle activities and sensory firmness 

(R=0.99). These associations support previous hypotheses arguing that masticatory 

parameters are mainly controlled by sensory input and is closely related to food material 

properties. Since the food structure undergoes numerous breakdown events and textural 

properties change continuously throughout the processes of food breakdown and bolus 

formation, evaluation of oral processing parameters at various stages (i.e., first cycle, first 5 
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cycles, and last 3 cycles) helped explain the dynamic changes in sensory perception at the 

first bite, chewdown, and post swallow.  
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1. Introduction 

Understanding the mechanism of texture perception is essential when tailoring food 

to meet nutritional needs, while maintaining an acceptable level of quality. “Texture is the 

sensory and functional manifestation of the structural, mechanical and surface properties of 

foods detected through senses of vision, hearing, touch and kinesthetic” (Szczesniak, 2002). 

This definition indicates that texture is a multi-parameter attribute derived from the structure 

of the food, and it is perceived through a synthesis of information from several senses. 

Texture perception is a highly dynamic and complex process because the physical properties 

of foods change continuously, starting from the first bite through the final swallow. From a 

physiological standpoint, one of the main roles of mastication is to fragment food into 

particles small enough to ensure proper lubrication by saliva and the formation of a cohesive 

bolus for swallowing (Heath & Prinz, 1999; Prinz & Lucas, 1995). According to Hutchings 

and Lillford (1988), dynamic aspects of texture perception can be monitored by three key 

elements including: 1) the mechanical behavior of food (degree of structure), 2) the 

contribution of saliva (degree of lubrication) and 3) the chewing sequence (time). Although, 

mastication is a rhythmic motor activity regulated by a central pattern generator (CPG) 

(Dellow & Lund, 1971; Lund, 1991), the masticatory system is highly responsive to changes 

in food texture (Ahlgren, 1966; Horio & Kawamura, 1989; Agrawal, Lucas, & Bruce, & 

Prinz, 1998; Woda, Foster, Mishellany, & Peyron, 2006). Throughout the oral process, tactile 

and kinesthetic receptors in the oral cavity continuously inform the central nervous system, 

resulting in an adjustment of masticatory parameters to the state of food (i.e., particle size, 

viscosity, adhesiveness, water release) (Turker, 2002; Trulsson, 2006). There is not a single 
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receptor or particular receptor type in the human mouth responsible for texture perception. A 

variety of mechanoreceptors embedded in the tongue, palate, gums, periodontal ligament, 

muscles and tendons of the masticatory apparatus are involved in the perception of texture by 

monitoring the size, shape and physical state of the food as well as the position and 

movements of the jaw during chewing (Turker, 2002). These receptors identify texture 

related sensations as touch, pressure, pain and joint position (Trulsson, 2006; Turker, 

Sowman, Tuncer, Tucker, & Brinkworth, 2007). The textural attributes related to resistance 

of the food to breakdown, such as firmness, elasticity, springiness, and chewiness, are sensed 

mainly in terms of food force-deformation behavior by the masticatory muscles and 

periodontal membranes (Ottenhoff, van der Bilt, van der Glas, & Bosman, 1992a,b; Trulsson, 

2006; Turker et al., 2007). The tongue, soft palate, cheek and lips are responsible for 

perception of surface characteristics of foods such as particle size, size distribution 

(uniformity), stickiness, roughness, and bolus properties (Guinard & Mazzucchelli, 1996). 

The sensory feedback taken from the food bolus lead to continuous modification of 

mastication including muscular forces, velocity and amplitudes of jaw movements, duration 

of chewing and the number of cycles until swallowing (Hiiemae, Heath, Heath, Kazazoglu, 

Murray, Sapper, & Hamblett, 1996). Therefore, analyzing the modulation of chewing 

physiology in response to food structure offers a means of understanding the dynamics of 

texture perception during oral food processing (Chen, 2009). Recordings of 

electromyographic activities (EMG) of the chewing muscles and movements of the jaw in 

three dimensions (electrognathography) are the two techniques commonly used to obtain in 

vivo information on masticatory physiology in humans (Ahlgren, 1966; Gibbs & Lundeen, 
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1982; Brown, Eves, Ellison, & Braxton, 1998; Mioche, Bourdiol, Martin, & Noel, 1999; 

Foster, Woda, & Peyron, 2006). Kinematic recordings provide information on the jaw 

movement amplitudes and velocities during the opening and closing phases of chewing 

cycles (Peyron, Mioche, Renon, & Abouelkaram, 1996), while EMG recordings measure 

activity (i.e., contraction over time) of a masticatory muscle (Hylander, 2006). Number of 

cycles, sequence duration and chewing cycle frequency can be measured from kinematics 

and EMG (Woda et al., 2006).  

Previous studies of masticatory physiology have investigated materials which include 

foods (e.g., bread, cheese, carrots, nuts, biscuits, rice, and apples) and non-food materials (e.g. 

silicone putties, elastomeric compounds, waxes). Although, the use of non-food materials 

provided insight into masticatory performance, their composition limits the natural chewing 

since the bolus can not be swallowed. On the other hand, natural foods have the advantage of 

relating sensations generated in the mouth with food breakdown during mastication. 

However, the physical properties of natural foods such as size, shape, thickness, and 

rheological characteristics are difficult to standardize. It is well known that different bolus 

sizes or thicknesses could generate different chewing patterns and increase the number of 

chews required for swallowing (Bhatka, Throckmorton, Wintergerst, Hutchins, & Bushang, 

2004; Peyron, Maskawi, Woda, Tanguay, & Lunp, 1997).  

The use of a range of model foods with designed structural and physical properties, 

and known mechanical and sensory properties with standardized dimensions, allows 

identification of the masticatory adaptation to specific textural characteristics (Foegeding, 

Çakır, & Koç, 2010). Whey protein/polysaccharide mixed gels offer a systematic way to 
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precisely manipulate structural properties to investigate the effect of microstructure on 

sensory texture. In a previous study, a range of food structures were established using 

combined mechanisms of ion-induced micro-phase separation of proteins, protein-

polysaccharide phase separation and network inversion (Çakır & Foegeding, 2011). The 

initial masticatory and residual sensory attributes as well as large deformation and 

breakdown properties were found to be related to the microstructural characteristics (Çakır et 

al., in press). The objective of the current study is to provide further insight into the dynamics 

of oral texture perception by assessing the modifications in masticatory pattern, arising from 

oral processing of WPI/к-carrageenan mixed gels with different microstructures. A 

multidisciplinary approach is applied by incorporating sensory perception, mechanical 

properties, and oral processing of WPI/к-carrageenan mixed gels as measured by jaw-muscle 

electromyography and tracking jaw movements during mastication.  

2. Materials and methods 

2.1. Materials 

 Whey Protein Isolate (WPI) Bipro™ (93.37% protein, dry basis, nitrogen x 6.38) was 

obtained from Davisco Foods International, Inc. (Le Sueur, MN). Protein and mineral 

contents were determined by inductively coupled plasma atomic emission spectroscopy. The 

content was 14.64% N, 0.08% P, <0.005% K, 0.07% Ca, <0.005% Mg, 1.70% S and 

0.0008 % Na (w/w). GENUGEL® κ-carrageenan (CHP-2) that was kindly provided by CP 

Kelco Inc. (Lille Skensved, Denmark). Sodium hydroxide (ACS pellets) and sodium chloride 

was purchased from Fisher Scientific Inc. (Fair Lawn, NJ) and Sigma-Aldrich (St. Louis, 

MO), respectively.  
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2.2. Sample preparation 

WPI/κ-carrageenan mixed gels were prepared with a constant protein concentration of 

13% w/v and with varying concentrations of κ-carrageenan (0.2, 0.4 and 0.6% w/w) at two 

different ionic strengths (50 mM, and 250 mM NaCl) as described previously in Çakır and 

Foegeding (2011). Control solutions of WPI in the absence of κ-carrageenan were prepared 

as described, except the dilution was made with deionized water containing 50 mM or 250 

mM NaCl. Gels were allowed to equilibrate at room temperature (22 ± 2 °C) for at least 1 h 

before being presented to panelists. Each treatment was prepared in duplicate.  

2.3. Methods 

2.3.1. Confocal Laser Scanning Microscope (CLSM) observations 

Microstructure images of model gels were recorded on a Zeiss LSM 710 confocal 

laser scanning microscope. The gels were stained with an aqueous solution of Rhodamine B 

(0.2%, w/w) which binds to the protein network. The CLSM set up was configured with an 

inverted microscope (model Zeiss Axio Observer Z1) and a 40 × objective lens (LD C-

Apochromat 40x/1.1 W Korr M27). The light source was a multiline argon laser with an 

excitation wavelength at 514 nm. The emission of Rhodamine B was recorded between 531-

703 nm.  

2.3.2. Oral processing measurements 

2.3.2.1. Subject selection   

Twelve subjects (6 males and 6 females), with an age range between 24-30 years 

(mean age 27) participated in the study. All subjects had healthy and complete dentition 

(except for third molars or wisdom teeth) with Class I type molar occlusion. Subjects did not 
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have any gum or periodontal disease and had no major dental treatment such as braces, 

surgery, dental extraction or restoration in the six months prior to the experiment. They 

reported no pain or sound such as grinding, popping or clicking in their temporomandibular 

joints (TMJ) during chewing or opening the jaw widely which was also assessed by palpation 

of the TMJ. None of the subjects reported any problems chewing any type of food. All of 

them gave voluntary informed consent to take part in the study. None of the subjects had any 

previous sensory analysis experience and were accepted as naive (untrained) subjects. 

Each subject attended a preliminary session to become familiar with the recording 

system, the environment and the model food gels used in the study. Subjects were introduced 

to the experimental setup and the procedures were explained to them. EMG muscle activities 

were recorded during silence (i.e., resting), clenching the teeth and swallowing. In order to 

confirm subjects had unrestricted jaw movements, maximum limits of their jaw motions were 

measured in anteroposterior (AP), mediolateral (ML) and superointerior (SI) dimensions. 

Then subjects were given samples of mixed WPI/carrageenan gels and their EMG and jaw 

movements were recorded but the data collected in this session was not analyzed.  

2.3.2.2. Experimental procedure 

Muscle activity and jaw movements of each subject were recorded simultaneously. 

Electromyographic activities (EMG) were recorded from left and right sides of the superficial 

masseter (MM), anterior temporalis (AT) and anterior digastric (AD) muscles using the 

BioEMG II electromyograph (BioResearch Inc., Milwaukee, WI). During mastication, 

digastric muscles contribute to jaw opening, while temporalis and masseter muscles act to 

close the jaw and occlude the teeth (Hylander, 2006). Prior to surface electrode placement, 
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the application area was cleaned carefully with rubbing alcohol. The position of muscles was 

located by palpation when subjects clenched their teeth. A total of 6 flexible, self-adhering 

surface electrodes (BioFlex, BioResearch Inc., WI) were placed on the skin along the length 

of each muscle. An additional ground electrode was placed on the shoulder to eliminate 

electrical background noise. The lead wires were connected to the BioEMG II Amplifier 

which passes amplified electromyographic signals to the recording computer. The BioPAK 

software package was used for recording jaw muscle EMGs. A sampling rate of 5000 Hz was 

applied for each electrode. Mandibular movements were collected using a Jaw Tracker (JT-

3D, BioResearch Inc., Milwaukee, WI) which records incisor-point movements in AP, ML, 

and SI dimensions. A small magnet was attached to the lower frontal incisors with a 

stomahesive (ConvaTec, Bristol-Myers Squibb Company, NJ). Movement of the magnet was 

tracked by an array of sensors fit as a unit on the head to record vertical, anterior-posterior 

and lateral components of jaw movement during mastication.  

2.3.2.3. Data Collection 

Each subject participated in an hour long session and all recordings were performed 

during the single session to avoid replacement of the EMG electrodes. The subject was 

seated in a comfortable upright position and asked to refrain from talking or making 

unnecessary movements during recordings. Before starting the masticatory recordings, 

electromyographic data was collected when the subject was relaxed to ensure there is no 

excessive background noise in the EMG channels. An initial recording was performed with a 

piece of chewing gum to help relax the subject. No restriction was applied on chewing side. 

Gum chewing data were recorded for 1 min and stored for control purposes. Subjects were 
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then presented with gel samples within 60 ml soufflé cups. Two samples of each treatment (8 

× 2) were given in a randomized order. The subject was instructed to place the sample onto 

their tongue and then bring their teeth together to create a reference position for analysis. 

Upon a signal from the experimenter, the subject started chewing in a habitual manner (free 

style chewing) and recordings made until the bolus was swallowed.   

2.3.2.4. Data analysis 

Combined EMG and JT recordings obtained by BioPak software were exported to 

LabView graphical programming software (National Instruments, Austin, TX) for further 

data analysis. The simultaneous recording of EMG and jaw movements during a complete 

chewing sequence allowed the analysis of EMG signals during specific spatial and 

directional phases of jaw movement during the chewing cycle. To provide a single waveform, 

digitized raw EMG signals were rectified and integrated using a root-mean-square (r.m.s.) 

calculation. The r.m.s. value of each digitized raw EMG signal was calculated in 2 ms 

increments over a 42 ms time constant for the entire chewing sequence (Vinyard, Wall, 

Williams, & Hylander, 2008). 

 Using the simultaneous recordings of jaw movements and r.m.s. EMG muscle 

activities, individual cycles were identified within the complete chewing sequence starting 

with the placement of sample in the mouth until the final swallow (Fig. 1). Each masticatory 

cycle was also divided into 3 phases: an opening, closing, and power stroke (Fig. 2). Opening 

phase corresponded to the movement trace of the jaw from the loss of intercuspation to 

maximum vertical opening. Closing phase was determined between the maximum vertical 

opening and the beginning of power stroke. Power stroke involves little vertical movement 
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during which foods are broken down between the teeth. Several kinematic parameters were 

extracted from a cycle-by-cycle analysis, including vertical, lateral and anterior/posterior 

amplitudes, opening and closing velocities and durations of the phases of the chewing cycle. 

Values are presented as means of all cycles of a chewing sequence prior to swallowing.    

Jaw muscle activities were quantified by integrating the area under the EMG curve of 

each muscle. In order to minimize the variations arising from different electrodes and 

electrode positioning across multiple experiments, scaled values were calculated for muscle 

activities. For a given muscle (electrode) during an experimental session, the largest muscle 

activity value observed across all cycles was identified and assigned a value of 1.0. The 

remaining activities recorded in the same session for that electrode were linearly rescaled 

resulting in values ranging from 0 to 1 (Vinyard et al., 2008). The scaled muscle activities 

represent relative estimates of muscle recruitment during the chewing cycle. Activities within 

a complete chewing sequence obtained from the right and left side of temporalis, masseter 

and digastric muscles were combined throughout the sequence. In addition, activities across 

three muscles, including right and left sides was pooled together to determine the “total 

muscle activity”. Number of cycles, total chewing sequence duration and chewing cycle 

frequency were also extracted from an analysis of the complete sequence.  

 More detailed cycle-by-cycle analysis was conducted for the first cycle, to the mean 

of the first five cycles, and the mean of the last three cycles before the final swallow.  

2.3.3. Statistical analysis 

Statistical analyses were performed using SAS (version 9.1, Cary, NC). One way 

analysis of variance (ANOVA) using the general linear model (GLM) procedure was 
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performed to test if significant differences exist between model samples for all masticatory 

parameters. In all cases, subjects were treated as a random effect. Wherever ANOVA 

indicated a significant difference, Tukey’s test was carried out for the comparison of means 

among model samples (p<0.05). Multiple linear regression (MLR) test was applied to explore 

the link between physiological variables and both mechanical and sensory data, using JMP 

8.1 (SAS, Cary, NC). Pearson product-moment correlations were used to determine the 

relationships at p<0.05, p<0.01 and p<0.001 significance levels. In a separate analysis, oral 

processing parameters were averaged across panelists and replicates according to their 

microstructure and data were subjected to principal component analysis (PCA) using 

XLSTAT (Statistical software version 2006.3, Addinsoft, New York, NY).  

3. Results 

3.1. Microstructure of gels 

Changes in the microstructure of WPI/κ-carrageenan gels as a function of κ-

carrageenan concentration and ionic strength are shown in Fig. 3. The bright areas indicate 

the protein network while the dark areas correspond to zones void of protein, thus containing 

mostly carrageenan. Whey protein isolate gels at 50 mM NaCl had homogenous 

microstructures. With the addition of κ-carrageenan, the microstructure moved to protein 

continuous (0.2%), bicontinuous (0.4%), and carrageenan continuous (0.6%). At 250 mM 

NaCl, WPI gel microstructure was particulate (micro-phase separated) and moved to coarse 

stranded (0.2%) and carrageenan continuous (0.4 and 0.6%) with increasing к-carrageenan 

concentration.  
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3.2. Oral processing parameters 

3.2.1. Complete chewing sequence 

A complete chewing sequence is the entire set of chewing cycles starting from the 

first bite to swallowing. Each sequence consists of a series of rhythmical mandibular 

movements involving jaw opening followed by a jaw closing movement. Jaw closing is 

divided into closing and power stroke segments (Fig. 2). An example of a complete chewing 

sequence is given in Fig. 1, where jaw movements in vertical, lateral and anterior-posterior 

directions were recorded simultaneously with electromyographic (EMG) activity of right and 

left temporalis, masseter and digastric muscles. As seen in Fig. 1, the sequence of mastication 

begins with the initial bite during the first cycle, followed by repetitive chewing cycles until 

the bolus is swallowed. The jaw movement is fairly regular in all three axes over most of the 

chewing sequence, but becomes less regular during swallowing. Complete sequence analysis 

involved parameters that characterize the whole sequence such as number of chews, total 

chewing time, chewing frequency, muscle activities of temporalis, masseter and digastric 

determined by the sum of the EMG activities recorded from first bite to swallow, as well as 

total muscle activity of all three muscles. Mean values were calculated across all subjects and 

replicates for each gel treatment to provide an indication of the basic chewing patterns for 

different microstructures.  

The muscle activities collected from left and right side of each muscle throughout the 

chewing sequence were combined and reported in Table 1. As previously reported, 

microstructure played a key role in fracture properties and sensory perception of WPI/κ-

carrageenan gels (Çakır & Foegeding, 2011; Çakır et al., in press). The activity of each 
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muscle was sensitive to these changes occurring in microstructure. Homogenous and 

particulate gels (50 and 250 mM NaCl, 0% carrageenan) required similar amount of opening 

(digastric), closing (temporalis and masseter) or total muscle activity to be processed in the 

mouth. This is not surprising because these gels exhibit similar fracture stress (28.7 and 30.3 

kPa, respectively) and sensory firmness values (2.5 and 2.8, respectively) (Appendix A and 

B). Moving from homogenous to a protein continuous or bicontinuous gel, jaw closing 

muscle activities did not change significantly, whereas jaw opening muscle and total muscle 

activity showed a significant increase. Similarly, moving from particulate to coarse stranded 

structure, the activity of each muscle along with total muscle activities nearly doubled. This 

result correlates with mechanical strength and sensory firmness of coarse stranded gels. On 

the other hand, carrageenan continuous gels, which have the lowest fracture properties 

(Appendix B), required the lowest muscle activities during chewing until swallowing. The 

total muscle activities required to process coarse stranded gel was 5 times higher than 

carrageenan continuous gel at 50 mM NaCl (Table 1).  

Other parameters defining a complete chewing sequence such as number of chews, 

total chewing time and chewing frequency were significantly influenced by the changes in 

the microstructure (Fig. 4). Across different microstructures, chewing lasted on average 

between 6.5 s and 18.5 s, the number of chews ranged from 9 to 26 while the chewing 

frequency varied between 1.42 and 1.61 chews/s. Homogenous and particulate WPI gels 

required similar numbers of chews and chewing time until swallowing however, particulate 

gels were chewed at a significantly slower rate (Fig. 4). Changing the network structure to 

protein continuous and bicontinuous increased the total chewing time and number of chews 
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required to prepare the bolus for swallowing, while chewing frequency remained similar. A 

transition from particulate to coarse stranded network increased the number of chews and 

chewing time for processing of the gel piece but chewing frequency decreased significantly. 

Network inversion into carrageenan continuous gel resulted in weaker gels which required 

fewer chewing cycles and shorter chewing sequence duration. Despite the fact that 

carrageenan continuous gels were processed more quickly, the chewing cycle rate was not 

different from particulate or coarse stranded gels. 

Significant differences were also observed within carrageenan continuous gels 

prepared with 50 mM and 250 mM NaCl. The amount of muscle activities, chewing time and 

number of chewing cycles before swallowing varied depending on the concentration of salt 

used in carrageenan continuous gels (Table 1 and Fig. 4). At higher salt concentration (250 

mM), the fracture modulus and sensory firmness of carrageenan continuous gels significantly 

increased (Appendix A and B). It is known that increasing the ionic concentration promotes 

binding and aggregation of carrageenan helixes (Morris, Rees, & Robinson, 1980) leading to 

improved strength of the continuous network. As seen in Fig 3, the size of the whey protein 

globules (discontinuous phase) in the network also decreased with increasing salt 

concentration. The enhancement of the continuous network strength altered the breakdown 

properties which, in turn, resulted in higher muscle activity, longer chewing time and more 

chews within the same type of microstructure.  

3.2.2. Average chewing cycle parameters 

Oral processing parameters that characterize the properties of an average chewing 

cycle within the sequence such as durations of the different phases of a cycle, opening and 
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closing velocities, and jaw movements in three dimensions are presented in Table 2. The 

cycle parameters were determined by dividing the sum of the values obtained from all chews 

in the mastication sequence by the number of chews used for that sequence. Unlike the 

relationship with material properties and the complete chewing sequence, the average cycle 

properties did not provide a clear trend among gel treatments. As the chewing sequence 

progresses, the breakdown of structure causes changes in food texture. The masticatory 

apparatus adapts to the changing mechanical properties of the bolus according to the precise 

sensory feedback obtained by the receptors in the oral cavity (Hiiemae, 2004). For example, 

Fig. 5 demonstrates how the opening velocity of the jaw changes throughout the sequence 

while chewing WPI/carrageenan mixed gels with different microstructures. Averaging the 

values collected from the complete sequence may result in losing some important differences 

present at specific times in the sequence across gels. Therefore, a further detailed analysis of 

oral processing at various stages of the chewing sequence was conducted in Section 3.6.  

3.3. Correlations between oral processing parameters and mechanical properties  

Correlations between oral processing measures for a complete chewing sequence and 

mechanical properties are given in Table 3. Young’s modulus, critical energy release at 

fracture, fracture toughness, fracture stress and fracture modulus exhibit significant 

correlations with jaw opening, closing and total muscle activities, number of chews and total 

chewing sequence time. The results indicated that structural breakdown properties of the gels 

had a significant effect on muscle recruitment in reducing gels during bolus formation. In our 

previous study, the same mechanical attributes were found to be highly correlated (p<0.001) 

with sensory firmness perception (Çakır et al., in press). Fracture modulus, the ratio between 
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fracture stress and fracture strain, provided the highest correlations (p<0.001) with all the 

muscle activities. Muscle spindle afferents in the jaw closing muscles are highly sensitive to 

forces and provide proprioceptive feedback on muscle length and tension during food 

manipulation (Trulsson, 2006). The input from muscle mechanoreceptors contributes to the 

regulation of the motor activity that generates masticatory forces and jaw movements (Lund 

1991; Trulsson & Essick, 1997). The ability of muscles to monitor both load and deformation 

allows physical properties such as Young’s modulus, fracture toughness and strength to be 

assessed during chewing and reacted by changing muscle activities (Heath & Prinz, 1999).  

A mechanical index, calculated by the square root of the ratio of fracture toughness 

and Young’s modulus, was proposed to be highly correlated with temporalis muscle activity 

across several foods including soft solids (i.e., cheeses) (Agrawal et al., 1998; Lucas, Prinz, 

Agrawal, & Bruce 2002). However, a similar correlation between muscle activities and the 

previously mentioned mechanical index was not observed for WPI/к-carrageenan mixed gels. 

The viscoelastic nature of gels may account for the lack of correlation. The study conducted 

by Agrawal et al. (1998) included three different types of materials; nuts having hard and 

brittle characteristics, cheeses having viscoelastic properties and carrot with porous cellular 

structure. A similar lack of correlation is apparent when only their cheese samples are 

considered (Agrawal et al., 1998).   

Mioche et al (1999) examined the change in the activity of jaw-elevator muscles (e.g., 

temporalis and masseter) over a wide range of food textures such as frankfurters, toffee, 

coconut, Swiss cheese and French cheese. The best fit between “muscle work per chew” and 

“stress at maximum strain” was found by a power function. The difference between the 
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power function found by Mioche et al. (1999) and linear correlation observed in the current 

study can be explained by the wide range of natural food texture examined in the study of 

Mioche et al. (1999), whereas mixed gels have textures which resemble cheeses within this 

range.  

On the other hand, frequency of chewing cycles showed significant correlations with 

recoverable energy, fracture strain and water holding properties (Table 3). These three 

physical attributes were previously shown to be highly correlated with all sensory properties 

except sensory firmness (Çakır et al., in press). Recoverable energy and held water are the 

main characteristics that define the fracture mechanism of gels by controlling the energy 

balance within the gel structure during deformation. Recoverable energy indicates the 

amount of strain energy stored in the gel network while water release plays a major role in 

energy dissipation (van den Berg et al., 2008). High recoverable energy accompanied by high 

water holding properties represents the elasticity of a material. Therefore, chewing frequency 

is related to how the energy is stored or released within the gel network during deformation 

rather than fracture properties and firmness. Foster et al. (2006) demonstrated that chewing 

frequency is not modified in response to an increase in hardness but to elasticity, where 

plastic caramel confectioneries are chewed at a lower frequency than elastic gels. 

3.4. Correlations between oral processing parameters and sensory properties 

The correlation matrix between oral processing parameters of the complete chewing 

sequence and sensory properties is given in Table 4. Muscle activities, cycle number and 

chewing sequence time to process gels from first bite through swallow were correlated with 

springiness, firmness, particle size perceived after five chews and number of chews assessed 
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by trained sensory panelists. Springiness is the measure of a sample’s ability to return to its 

original shape after partial compression and indicates the elasticity of the food. As the 

springiness increased, longer chewing sequence time and more chewing cycles along with 

increased muscle activities were required to process the gel. Food breakdown during 

mastication involves two main processes; the probability of a particle being fractured by the 

teeth (selection function) and the degree of size reduction of the fractured particles (breakage 

function). For any given food, the selection function is influenced by particle size, while the 

breakage function critically depends on the mechanical properties (Lucas, Prinz, Agrawal, & 

Bruce, 2004). Gels that broke down into larger pieces after 5 to 8 chews were chewed for 

longer times while more muscle activity was performed to bring the particle size down to 

threshold particle levels for swallowing. These results suggest that large particles are chosen 

for further size reduction while small enough particles are sent to the back of oral cavity for 

bolus formation.  

Number of chews, as evaluated by trained panelist when instructed to chew samples 

at a constant rate (1 chew/sec), was highly correlated (p<0.001) with the number of chews 

measured by EMG and jaw tracker systems on untrained panelists. The highest correlations 

were observed between muscle activities and sensory firmness of the gels (Table 4). On a 15 

point sensory scale, the majority of the gels (except coarse stranded) displayed a relatively 

small range (between 0.8 and 3.6) of firmness (Appendix A). These small differences in 

sensory firmness were recognized and the activity of temporalis, masseter and digastric 

muscles were adapted to the differences among gels. The majority of periodontal receptors 

are highly sensitive to small forces (levels of < 1N) and signal information about the 
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mechanical events that occur throughout oral processing (Essick & Trulsson, 2009). It is 

likely that the input from mechanoreceptors contributes to the precise manipulation of the 

jaw muscle activities during chewing (Trulsson, 2006). Fig. 6 demonstrates how the total 

muscle activity in a chewing sequence, fracture modulus and sensory firmness of WPI/к-

carrageenan mixed gels are correlated with each other. Moreover, these attributes depend on 

the microstructure of the gel. This result confirms that although, the basic rhythmical 

movements of mastication are generated centrally by a CPG (Lund, 1991), their adaptive 

control is regulated by sensory input and is closely related to food material properties.  

The breakdown rate, homogeneity of particle size, and cohesiveness of the formed 

bolus was negatively correlated with the number of chews and chewing sequence time. It is 

logical to link the duration of the masticatory sequence to the ease with which the food is 

broken down and formed into a cohesive bolus. Adhesiveness, chalkiness, moisture release at 

the first bite and throughout the chewing sequence as well as the residuals after swallowing 

were negatively correlated with chewing frequency (Table 4). The release of water from the 

gel network throughout mastication did not affect the number of chewing cycles or the time 

until swallowing. Previous studies also showed no significant correlations between the 

salivary flow rate and the number of chewing cycles needed to prepare food for swallowing 

(Gaviao, Engelen, & van der Bilt, 2004). Addition of fluids (tap water or α-amylase) to the 

mouth while chewing dry foods (Melba toast and cake) decrease the muscle activity and 

swallowing threshold, but does not influence the chewing of high moisture products such as 

cheese and carrot (Pereira, Gaviao, Engelen, & van der Bilt, 2007). All the gels used in this 

study had high moisture content; therefore the release of water from gel the network did not 
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influence the muscle activities and chewing time. However, higher amounts of moisture 

release from gel the network were associated with a slower chewing rate (Table 4). The oral 

management of released moisture might result in a decrease in chewing frequency. 

Adhesiveness showed a strong correlation (p<0.001) with chewing frequency suggesting that 

the sticking of the gel pieces to the teeth slowed down the chewing rate.  

3.5. Overall oral processing properties  

Oral processing attributes of the gels were averaged by microstructure and principal 

component analysis (PCA) was applied to differentiate oral processing parameters according 

to gel microstructures. Fig. 7 illustrates the PCA loadings for the first two principal 

components. Principal component 1 and 2 (PC1 and PC2) accounted 92.4% of the variation 

in oral processing parameters. PC1 accounted for 61.4% of the total variance and 

discriminated between gels having a coarse stranded network and gels having a carrageenan 

continuous or homogenous network. Coarse stranded gels required the highest amount of 

muscle activity, longer chewing sequence duration and the largest jaw movements, while 

homogenous gels were chewed with a higher frequency. PC2 explained 31.0% of variation 

among the gels. Homogenous, protein continuous and bicontinuous gels were chewed for 

longer times with higher numbers of chews, while carrageenan continuous gels required 

longer opening duration and mean cycle duration during chewing. According to the PCA 

analysis, four out of six microstructures were distinctly distinguished in their oral processing 

properties; with homogenous, protein continuous and bicontinuous being similar.  
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3.6. Different stages of oral processing 

Starting from the first bite to the final swallow, structural changes of the food are 

sensed continuously by sensory receptors and the chewing pattern is modified throughout 

food reduction (Mioche, 2004). Lund (1991) categorized a chewing sequence of rabbits in 

three parts; preparatory cycles, particle reduction cycles and preswallowing cycles. Similarly, 

the mastication sequence of humans can be divided in several phases; ingestion, rhythmical 

chewing sequence, clearance and swallowing (Hiiemae et al., 1996). The manipulation of 

mastication in response to the changing texture of food can be associated with textural 

sensations assessed by a descriptive sensory panel at different stages of oral processing. The 

progress of texture evaluation along with oral manipulation involves: 1) placement of food in 

the mouth, where surface properties of the food are sensed by the mechanoreceptors and 

other receptors located in the tongue, lips and cheeks; 2) first bite, where food is usually 

fractured between the molars, where firmness, fracturability and moisture release upon 

fracture are perceived; 3) repetitive chewing, where food is broken down into smaller pieces 

and where chewdown properties such as breakdown rate, particle size, size distribution, 

adhesiveness, moisture release, chalkiness are perceived; 4) bolus formation and swallow, 

where upon swallowing residual particles and moisture is assessed. In the following section, 

the relations between first chew and first bite; first 5 chews and chewdown properties; last 3 

chews and residual properties will be investigated.   

3.6.1. First chew 

First chew is the starting phase of the oral process of a feeding sequence. Although, 

texture perception occurs during the entire process of mastication; the first chew has an 
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important effect on perception of a range of textural attributes. In descriptive sensory 

evaluation, the perception of firmness, fracturability and moisture release are determined at 

the first bite of a sample between the molars and correlations are established with oral 

processing parameters of the first cycle (Table 5). High correlations were observed between 

sensory firmness evaluated at the first bite and jaw opening, closing and total muscle 

activities recorded at the first cycle. The activity of the jaw closing muscles (i.e., temporalis 

and masseter) demonstrated higher correlations (p<0.001) than that of the jaw opening 

muscle (i.e., digastric), because the structural breakdown of sample mainly occurs during the 

closing phase of a chewing cycle. Similarly, Peyron et al. (1997) observed the strongest 

effect of food hardness on the slow-closing phase of the first bite. Although, firmness is 

perceived throughout the entire masticatory process resulting in modification of total muscle 

activities, the number of chews and total chewing time, sensory feedback on firmness can 

begin to affect EMG activity as early as 23 ms after the food contact (van der Bilt, Engelen, 

Pereira, van der Glas, & Abbink, 2006). Thus, muscle activities may have adjusted to 

firmness within the first chew. Peyron et al. (1997) reported that firmness perception of 

cheese and carrot was not different if the sample was bitten only once and spit out or chewed 

until swallowed. Their results suggest that the first bite force is the key element for the 

assessment of firmness. However, the relationship between firmness and bite force depends 

on food material properties. For example, bite force is highly correlated with firmness in 

brittle and plastic products, while a constant bite force is applied to elastic products even at 

different firmness levels (Mioche & Peyron, 1995). Therefore, firmness perception of brittle 
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and plastic products depends directly on sensory feedback of the bite force, while the amount 

of deformation may provide sensory information about firmness of elastic materials.  

In addition to muscle activity, the duration of the first cycle was highly correlated 

with sensory firmness perception. An increase in firmness resulted in longer duration of the 

jaw closing phase as well as the total cycle. This is not surprising because firmness is known 

to be closely related to the load applied during the closing phase of a chewing cycle 

(Mathevon, Mioche, Brown, & Culioli, 1995; Hiiemae et al., 1996; Agrawal et al., 1998; 

Mathoniere, Mioche, Dransfield, & Culioli, 2000). Mioche and Peyron (1995) indicated that 

the length of first cycle is highly dependent on the rheological nature of the food. Plastic 

materials require the longest bite duration (up to 1.8 s) since the biting force increases up to a 

yield point, where the material starts to flow without breaking. On the other hand, an elastic 

material that does not fracture deforms up to a maximum force and recovers completely after 

the force is removed causing shorter duration bites (around 0.8 s). For brittle products, the 

biting cycle is the shortest (<0.5 s) because the bite force drops quickly, since the sample 

fractures suddenly. The durations of the first cycle for chewing viscoelastic WPI/к-

carrageenan mixed gels ranged from 0.81 to 1.02 s.  

The velocity of jaw closing at the first cycle was negatively correlated with firmness 

(Table 5), while jaw opening velocities were similar regardless of the textural differences 

among gels (Fig. 5). The amount of moisture release at the first bite was only correlated with 

the occlusal duration. Fracturability correlated well with digastric muscle activity and lateral 

jaw movements. 
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3.6.2. First five chew 

In chewing of semi-solid or solid foods, the main change that occurs in physical 

characteristics is the reduction of particle size as the food is broken down in the mouth. 

During each chew, food particles break into fragments where the particle size range 

continually changes. The rate of breakdown and properties of the resulting particles (i.e., size 

and uniformity) vary according to the mechanical characteristics of the food. During 

breakdown, some fluid is released from the food network. The mixture of food particles and 

fluid released from the food together with saliva forms a cohesive bolus. During chewing, 

some particles stick to the teeth or create a chalky feeling. In our previous study, these 

chewdown sensory properties (i.e., particle size, particle size distribution, rate of breakdown, 

cohesiveness, adhesiveness, chalkiness, and moisture release) were evaluated by a trained 

panel after chewing gel pieces 5 to 8 times. In order to understand which oral processing 

parameters were related to sensory perception of chewdown properties, the mean values of 

the first five cycles of the chewing sequence were evaluated and correlations with chewdown 

sensory attributes were established (Table 6). Interestingly, only the durations of the opening, 

closing, occlusal phases and the velocity of jaw opening were significantly correlated with 

chewdown sensory terms. Muscle activities and amplitudes of jaw movements during the 

first five cycles were not significantly related to any of the chewdown sensory properties. 

Particle size and size distribution of particles was correlated with closing duration and 

opening velocity of the jaw. For the gels breaking down into larger, non-homogenous 

particles, such as homogenous, protein continuous, bicontinuous, and coarse stranded gels, 

longer times were spent during the jaw closing phase, while jaw opening was faster. In 
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contrast, a higher rate of breakdown corresponded with shorter closing duration. Since the 

chewing efficiency is high for gels having high breakdown rates, shorter closing duration 

would be sufficient for fragmentation of the gels. Cohesiveness was negatively correlated 

with opening velocity, while adhesiveness, chalkiness and moisture release showed 

significant correlations (p<0.001) with opening and occlusal duration of chewing phases.  

3.6.3. Last three chew 

During the preswallowing phase, the main goal is to bring small particles and saliva 

into a bolus that can safely be transferred to the pharynx (Prinz & Lucas, 1995). At this stage, 

the tongue attempts to collect any particles that were not incorporated into the bolus. Despite 

the effort for clearance of the oral cavity, some particles are left adhering to the tongue, oral 

mucosa, and teeth after swallowing the bolus. Based on the optimum swallow model 

developed by Lucas et al. (2004), the viscous force, FV, promotes the food particles to stick 

together, while the adhesion force, FA, attracts the particles to the oral cavity. Swallowing 

occurs when the cohesive force, FV - FA, is maximized. If FV - FA < 0, then food particles are 

more likely to stick to the oral lining than stick together. In descriptive sensory evaluation, 

the residual particles and moisture were assessed after swallowing the bolus. The results of 

descriptive panel showed that the quantity of particles left after swallowing varied depending 

on the microstructure (Appendix A). In oral processing measurements, the mean values of 

the last three chewing cycles before swallowing were correlated with residual sensory 

attributes (Table 7). Opening and mean cycle durations, jaw closing velocity, jaw movements 

in three dimensions were highly correlated with particle and moisture residues. Masseter and 

digastric muscle activities were only correlated to the residual particles. The AP, ML, and SI 
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movements of the jaw provided the strongest correlations (p<0.001) with particle residues 

(Fig. 8). Jaw movements in the preswallowing phase reflected the sensory feedback on the 

cohesive forces, thus influencing the last effort to collect the residual particles before 

swallowing. The swallowing model of Prinz and Lucas (1995) predicts that smaller food 

particles and closer distance between food particles leads to a higher cohesive force that aids 

in swallowing. Despite the fact that carrageenan continuous gels fractured into the smallest 

particles and formed the most cohesive bolus after several chews, high amounts of residual 

particles were left after swallowing. Prinz and Lucas (1995) noted that during an extended 

chewing period, the excessive saliva can flood the particles causing an increased distance 

between food particles and decreased cohesive forces. In the case of carrageenan continuous 

gels, excessive saliva release should not occur since the chewing time was the shortest 

among all gels. However, carrageenan continuous gels released large amounts of water 

during chewing which may have led to the bolus being flooded and particles being separated.   

4. Conclusion 

This study showed the relationships between food structure and texture perception 

using a multidisciplinary approach that combined sensory perception, physical and 

mechanical characteristics and oral processing of WPI/к-carrageenan mixed gels. 

Simultaneous measurement of jaw-muscle electromyography and jaw movements during 

mastication allowed the detection of masticatory adaptation to specific structural and 

physical properties. Complete chewing sequence provided the best discrimination among 

microstructures, whereas mean cycle properties failed to offer a clear distinction for different 

textures. Mechanical attributes related to structural breakdown and sensory perception of 
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firmness were highly correlated with the amount of muscle activity required to transform the 

initial structure into a bolus ready for swallowing. Chewing frequency was linked to 

elasticity of the gels (the amount of energy stored or dissipated during deformation) rather 

than fracture properties. Evaluation of oral processing parameters at various stages (i.e., first 

cycle, first 5 cycles, and last 3 cycles) explained the dynamic nature of sensory perception at 

first bite, chewdown and after swallowing. Muscle activities of the first cycle played a key 

role on the first bite sensory perception. Cycle durations and jaw opening velocity of the first 

five cycles were related to chewdown properties while jaw movements of the last three 

chewing cycles prior to swallowing were linked to the residual sensory attributes. Four out of 

six microstructures were distinct in their oral processing properties; with homogenous, 

protein continuous and bicontinuous being similar and coarse stranded, particulate and 

carrageenan continuous gels being distinctly different from them. This study confirmed the 

multi-parameter nature of texture and that a complete understanding of texture can only be 

obtained through collaboration among different disciplines.  
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Table 1. Activities1 of temporalis, masseter and digastric muscles and sum of all three 

muscles recorded during complete chewing sequence starting from first bite to final swallow 

of mixed gels with different microstructures. 

Microstructure Treatment2 Temporalis 
activity 

Masseter 
activity 

Digastric 
activity 

Total muscle 
activity 

H 50-0  11.8 ± 5.2 c 13.3 ± 6.6 b 13.3 ± 5.7 cd 38.4 ± 15.8 c 
PC 50-0.2 14.2 ± 6.1 bc 16.1 ± 5.6 b 16.8 ± 6.1 b 47.1 ± 16.1 b 
BC 50-0.4 14.9 ± 7.2 b 16.0 ± 7.4 b 17.4 ± 6.5 b 48.3 ± 19.0 b 
P 250-0 12.7 ± 6.1 bc 14.7 ± 6.8 b 15.9 ± 5.6 bc 43.4 ± 16.3 bc 
CS 250-0.2 27.7 ± 8.0 a 27.9 ± 7.9 a 24.3 ± 8.2 a 79.9 ± 21.5 a 
CC 250-0.4 8.8 ± 5.6 d 9.6 ± 5.5 c 10.8 ± 4.8 d 29.2 ± 15.0 d 
CC 250-0.6 8.0 ± 2.7 d 9.6 ± 3.5 c 10.9 ± 4.1 d 28.5 ± 8.5 d 
CC 50-0.6 3.9 ± 1.9 e 4.7 ± 2.0 d 6.8 ± 2.8 e 15.5 ± 5.8 e 
ANOVA F ratio*** 90.3 64.0 18.9 74.8 

1 Muscle activities are given in scaled values (dimensionless).   

2 The first number indicates the NaCl concentration in mM while the second number 

indicates the κ-carrageenan concentration in percentages. 

Values are means ± SD. Different letters indicate significant differences among means within 

the same column (p<0.05). F, Fisher ratio; *** means p<0.0001. 
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Table 2. Mean values of oral processing parameters for chewing cycles during chewing mixed gels with different microstructures 
 

Micro 
structure Treatment1 Cycle 

duration  
Opening 
duration  

Closing 
duration 

Occlusal 
duration  

Opening 
velocity  

Closing 
velocity 

Vertical 
amplitude 

A/P 
amplitude 

Lateral 
amplitude 

  (s) (s) (s) (s) (mm/s) (mm/s) (mm) (mm) (mm) 
H 50-0 0.643 d 0.233 b 0.277 ab 0.134 c 59.1 bc 50.1 d 13.6 d 2.7 c 4.8 d 
PC 50-0.2 0.648 cd 0.240 b 0.277 ab 0.132 c 61.4 abc 53.2 cd 14.5 cd 3.1 abc 5.3 cd 
BC 50-0.4 0.645 d 0.240 b 0.266 b 0.138 c 63.5 ab 57.0 abc 15.1 bc 3.0 bc 5.3 bcd 
P 250-0 0.686 ab 0.273 a 0.272 ab 0.142 bc 59.4 bc 59.0 ab 15.8 b 3.4 ab 5.8 ab 
CS 250-0.2 0.722 a 0.271 a 0.287 a 0.163 a 64.9 a 60.1 a 17.1 a 3.5 a 6.1 a 
CC 250-0.4 0.696 ab 0.276 a 0.266 b 0.154 ab 58.2 c 59.9 a 15.9 b 3.3 ab 5.5 bc 
CC 250-0.6 0.683 bc 0.269 a 0.268 b 0.146 bc 59.1 bc 59.4 a 15.8 b 3.3 ab 5.6 abc 
CC 50-0.6 0.701 ab 0.286 a 0.278 ab 0.137 c 53.3 d 54.8 bc 15.0 bc 3.1 abc 5.1 cd  
 F ratio 12.1 21.5 3 9.3 10.5 12.5 23.2 5 10.1 

 

1 The first number indicates the NaCl concentration in mM while the second number indicates the κ-carrageenan concentration in 

percentages. 

Different letters indicate significant differences among means within the same column (p<0.05). F, Fisher ratio 
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Table 3.  Correlation matrix among oral processing parameters across the chewing sequence and mechanical attributes1 
 

 Recoverable 
energy 

Young’s 
modulus

Energy 
release 

Fracture 
toughness

Fracture 
stress 

Fracture 
strain 

Fracture 
modulus

Held 
water 

Temporalis activity   0.778* 0.819* 0.900** 0.821*  0.950***  
Masseter activity  0.794* 0.809* 0.898** 0.847**  0.952***  
Digastric activity  0.819* 0.846** 0.927*** 0.886**  0.946***  
Total muscular activity  0.798* 0.826* 0.911** 0.852**  0.953***  
Number of chews    0.807* 0.845** 0.935***  0.780*   
Chewing time  0.730* 0.844** 0.899** 0.926***  0.869**   
Chewing frequency 0.858**         0.898** 0.726*   

 
1 Data for mechanical attributes are from Çakır and Foegeding (2011) and Çakır et al. (in press). 

Only the Pearson correlation coefficients that are statistically significant are presented. *p≤0.05; **p≤0.01; ***p≤0.001. Bold numbers 

indicate the highest correlation coefficients (p≤0.001). 
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Table 4. Correlation matrix among oral processing parameters across the chewing sequence and sensory attributes1 
 

 
First 
Compression First Bite Mastication Residual 

  
Springi-
ness 

Compre-
ssibility Firmness 

Fractur-
ability 

Moistur
e release 

Particle 
size 

Size 
distribution Cohesive Adhesive 

Moisture 
release 

Breakdown 
Rate  

Number 
of chews Particle Moisture 

TA activity   0.996***   0.731*      0.751*   

MM activity 0.719*  0.988***   0.767*      0.791*   

DA activity 0.769*  0.968***   0.805*     0.728* 0.821*   

Total muscle 
activity 0.720*  0.989***   0.767*      0.788*   

Number of 
chews 0.906** 0.787* 0.840** 0.844**  0.946*** -0.893** -0.857**   -0.914** 0.943***   

Chewing 
time 0.856**  0.918** 0.764*  0.897** -0.812* -0.771*   -0.844** 0.902**   

Frequency  0.739*   -0.774*    -0.929*** -0.873**   -0.919** -0.874** 

 
1 Sensory analysis data are from Çakır et al. (in press). 

Only the Pearson correlation coefficients that are statistically significant are presented. *p≤0.05; **p≤0.01; ***p≤0.001. Bold numbers 

indicate the highest correlation coefficients (p≤0.001). 

 

 
 
 
 
 
 



Table 5. Correlation matrix among oral processing parameters at first cycle and sensory 
attributes at first bite1   
 
 First Bite 

  Firmness Fracturability Moisture 
release 

Temporalis activity 0.980***   
Masseter activity 0.969***   
Digastric activity 0.858** 0.789*  
Total muscle activity 0.981***   
Cycle duration 0.966***   
Opening duration 0.710*   
Closing duration 0.943***   
Occlusal duration   0.880** 
Opening velocity    
Closing velocity -0.766*   
Vertical amplitude 0.873**   
A/P amplitude 0.770*   
Lateral amplitude 0.747*   

 
1 Sensory analysis data are from Çakır et al. (in press). 

Only the Pearson correlation coefficients that are statistically significant are presented. 
*p≤0.05; **p≤0.01; ***p≤0.001. Bold numbers indicate the highest correlation coefficients 

(p≤0.001). 
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Table 6. Correlation matrix among oral processing parameters for average of first 5 cycles and chewdown sensory attributes1 

(evaluated after 5 chews)   

 

  Particle 
size 

Size 
distribution 

Breakdown 
rate Cohesive Adhesive Chalky Moisture 

release 
Opening duration     0.823** 0.789* 0.809* 
Closing duration 0.903** -0.815* -0.865**     
Occlusal duration     0.952*** 0.945*** 0.939*** 
Opening velocity 0.922** -0.890** 0.918** -0.877*    

 
1 Sensory analysis data are from Çakır et al. (in press). 

Only the Pearson correlation coefficients that are statistically significant are presented. *p≤0.05; **p≤0.01; ***p≤0.001. Bold numbers 

indicate the highest correlation coefficients (p≤0.001). 
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Table 7. Correlation matrix among oral processing parameters for average of last 3 cycles 
and residual sensory attributes1 (evaluated after swallow)   
 
  Particle residue Moisture residue 

0.739*  Masseter activity 
0.880**  Digastric activity 
0.797*  Total muscle activity 
0.904** 0.754* Cycle duration 
0.861** 0.831* Opening duration 
0.874** 0.896** Closing velocity 
0.960*** 0.852** Vertical amplitude 
0.945*** 0.784* A/P amplitude 
0.935*** 0.746* Lateral amplitude 

 
1 Sensory analysis data are from Çakır et al. (in press). 

Only the Pearson correlation coefficients that are statistically significant are presented. 
*p≤0.05; **p≤0.01; ***p≤0.001. Bold numbers indicate the highest correlation coefficients 

(p≤0.001). 
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Mandibular 
movement 

(mm) 

EMG 
(mV) 

 

Fig. 1. Complete chewing sequence recorded during chewing of WPI protein gel with 

homogenous microstructure. The top portion indicates the mandibular movements in vertical 

(Vert), anterior-posterior (A/P), and lateral (Lat) directions (C:closing, O:opening, A:anterior, 

P:posterior, R:right, L:left). The bottom portion shows the simultaneously recorded 

electromyographic (EMG) activity of right and left temporalis (TA-R, TA-L), masseter 

(MM-R, MM-L), digastric (DA-R, DA-L) muscles.   
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Fig. 2. Jaw movement during a single chewing cycle consisting of an opening, power and 

closing stroke. The vertical movement of the jaw is depicted along the y-axis. The opening 

phase begins from the upper and lower teeth contact (i) The jaw gape increases during the 

opening phase up to the maximum gape (ii). Gape decreases during the closing phase as the 

teeth move to occlusal contact. The power stroke begins as the upper and lower teeth contact 

food or each other (iii). Food is broken down at this time.  

 

 

 
 
 
 
 
 
 

 148



  

 

Fig. 3. Microstructures of WPI/κ-carrageenan mixed gels at two ionic strengths as 

determined by CLSM. Microstructures determined were homogenous (H), protein continuous 

(PC), bicontinuous (BC), particulate (P), coarse stranded (CS), and carrageenan continuous 

(CC). The scale bar indicates 50µm.   
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Fig. 4. Number of chews (A), total chewing time (B) and chewing frequency (C) recorded 

during chewing of WPI/к-carrageenan mixed gels. * Different letters indicate significant 

differences among means of gels (p<0.05). 
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Fig. 5. The change in the opening velocity of jaw throughout the chewing sequence while 

chewing WPI/carrageenan mixed gels with different microstructures. 

* The data points represent the average of all panelists for two replicates.  

Homogenous (H), protein continuous (PC), bicontinuous (BC), particulate (P), coarse 

stranded (CS), and carrageenan continuous (CC). 
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Fig. 6. The total applied muscle activity in a complete chewing sequence, fracture modulus 

and sensory firmness of WPI/к-carrageenan mixed gels. The correlations between each type 

of test were given in the matrix. 
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Fig. 7. Principal component analysis biplot of oral processing parameters to differentiate 

WPI/κ-carrageenan mixed gels according to microstructure   

* Homogenous (H), protein continuous (PC), bicontinuous (BC), particulate (P), coarse 

stranded (CS), and carrageenan continuous (CC). 
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Fig. 8. Correlations among the jaw movement amplitudes in three dimensions calculated for 

the average of last three cycles and particle residue determined by sensory analysis 
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APPENDIX



Appendix A. Sensory properties1 of WPI/κ-carrageenan mixed gels  

Microstructure H PC BC P CS CC CC CC 
Salt (mM NaCl) 50 50 50 250 250 250 250 50 
Carrageenan (%) 0 0.2 0.4 0 0.2 0.4 0.6 0.6 
Springiness 14.8a 14.7a 14.0ab 13.3b 13.7ab 0.9c 1.1c 0.1c 
Compressibility 11.0a 10.6a 8.1ab 5.4b 6.3b 1.5c 1.7c 1.1c 
Firmness 2.5cde 3.1bc 3.6b 2.8cd 6.6a 2.1de 2.0e 0.8f 
Fracturability 12.6a 13.1a 12.0ab 10.9ab 8.9b 3.6c 2.4c 1.4c 
Moisture release-first bite 0.2d 0.2d 3.6cd 4.9abc 6.5abc 7.6a 6.8ab 2.9cd 
Particle size 7.0a 7.2a 7.0a 5.2b 7.1a 2.0c 2.2c 1.5c 
Particle size distribution 7.3c 7.4c 7.5c 10.1bc 9.0c 12.9ab 12.9ab 14.1a 
Cohesive of mass 0.0d 0.0d 0.7d 2.4cd 3.3cd 8.2ab 5.6bc 11.2a 
Adhesiveness 2.1b 2.2b 2.7b 4.3ab 5.6a 6.0a 5.8a 5.2a 
Chalkiness 0.0c 0.0c 0.4bc 1.3ab 1.8a 2.4a 2.2a 1.6a 
Moisture release-chewdown 0.5c 0.7c 4.0bc 5.8ab 9.1a 9.0a 8.7a 5.2ab 
Rate of breakdown 4.3c 4.1c 4.9c 8.1b 5.5c 10.5a 11.1a 12.5a 
Number of chews 25a 24a 23a 22a 25a 17b 18b 14c 
Particle mouth coating 4.3c 4.8c 5.2c 8.6ab 9.6a 8.4ab 7.8ab 6.5bc 
Moisture mouth coating 0.6d 0.5d 2.0c 3.2bc 4.4ab 5.2a 4.4ab 3.1bc 

 
1 Sensory analysis data are from Çakır et al. (in press). Attributes were scored on a 0-15 point product specific scale; values represent 

the mean scores. Different letters indicate significant differences between means in the same row (p<0.05). 
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Appendix B. Mechanical properties1 of WPI/κ-carrageenan mixed gels 
 
Microstructure H PC BC P CS CC CC CC 
Salt (mM NaCl) 50 50 50 250 250 250 250 50 
Carrageenan (%) 0 0.2 0.4 0 0.2 0.4 0.6 0.6 
Recoverable energy 65.9±4.5 a 68.7±0.5 a 53.5±1.1 b 41.8±0.5 c 38.9±1.5 c 33.3±1.4 d 30.6±0.8 d 32.9±0.2 d 
Energy release 6.40±0.6 bc 14.1±3.0 b 29.5±7.7 a 10.7±2.3 bc 29.5±1.4 a 7.02±0.8 bc 9.21±1.1 bc 4.48±1.4 c 
Fracture toughness 0.79±0.1 d 1.48±0.3 bc 1.91±0.4 ab 1.30±0.2 bcd 2.36±0.3 a 0.74±0.1 d 0.93±0.1 cd 0.75±0.1 d 
Held water 95.2±0.01 a 94.7±0.01 a 80.0±0.02 b 74.2±0.02 b 78.3±0.08 b 61.7±0.03 c 62.5±0.02 c 74.2±0.03 b 
Fracture stress 28.7±2.2 c 61.9±4.2 a 46.3±2.9 b 30.3±3.4 c 59.5±13 ab 10.8±1.0 d 16.8±1.3 cd 8.7±0.5 d 
Fracture strain 1.79±0.12 ab 1.97±0.09 a 1.60±0.14 b 0.89±0.01 c 0.96±0.12 c 0.87±0.11 c 0.89±0.06 c 0.82±0.05 c 
Fracture modulus 16.0±0.7 cd 31.1±0.7 b 29.2±4.2 b 34.2±4.1 b 61.7±5.5 a 12.4±0.5 cd 18.9±0.2 c 10.7±1.0 d 
Young’s modulus 31.1±2.7 c 62.5±0.3 bc 68.5±3.5 bc 109±7.6 b 120±22.7 a 25.6±4.2 c 50.1±3.0 c 34.2±4.5 c 

 
1 Mechanical properties data are from Çakır & Foegeding (2011) and Çakır et al. (in press). 

Different letters indicate significant differences between means in the same row for that mechanical attribute (p<0.05). 
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ABSTRACT  

Replacement of ingredients or reformulating existing products can significantly 

change textural characteristics. The masticatory system is highly responsive to changes in 

food texture. Our aim was to investigate the effects of sensory input from different textures 

on adaptation of the chewing pattern. Jaw-muscle activity and kinematic measures of 

mastication were collected by electromyography (EMG) and a three-dimensional jaw 

tracking system (JT) during chewing of Cheddar cheeses (varying fat content) and caramels 

(two levels of total fat and sweetened condensed milk). Fat reduction in cheese resulted in a 

firm, springy texture with a low degree of breakdown, cohesiveness, and adhesiveness. Oral 

processing adapted to increased hardness of the cheese by eliciting higher muscle activity 

and more chews to provide sufficient breakdown and lubrication. Greater adhesiveness of 

caramels resulted in increased jaw opening muscle activity and duration, slower chewing 

velocity, and increased jaw movements. Higher degree of breakdown and cohesiveness of 

cheese was associated with shorter chewing time and reduced muscle activity.  

PRACTICAL APPLICATIONS  

Understanding the mechanisms of texture perception is essential when tailoring food 

to meet nutritional needs, while maintaining an acceptable level of quality. Textural 

characteristics change when ingredients are replaced or products are reformulated. 

Particularly, the textures of low fat or low calorie products are perceived by consumers to be 

less pleasing compared to those of traditional foods. Understanding how oral processing is 

altered in response to changes in texture provides information on the physiology of texture 

perception that complements sensory analysis and mechanical tests. The aim of this study 
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was to understand how the masticatory sequence adapts to textural variations in cheese and 

caramel of differing compositions. This information will promote the understanding of the 

relationship between food structure and texture perception.  

KEYWORDS: texture; oral processing; cheese; caramel; jaw tracking; EMG 
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INTRODUCTION 

Texture is an essential sensory attribute in determining quality and consumer 

acceptability. Driven by current health trends, the food industry devotes considerable effort 

in developing low calorie or low fat alternatives to traditional foods in an attempt to alleviate 

health problems related to a high calorie diet. Maintaining satisfying textural properties of 

manufactured foods while reducing or eliminating fat or sugar is still a major challenge. In a 

recent study that assessed consumer perception of fat reduction in cheese, it was shown that 

most consumers are not willing to sacrifice flavor or texture for reduced fat (Childs and 

Drake 2009). When fat is reduced in Cheddar cheese, the microstructure of the network is 

altered (Rogers et al., 2010) and sensory attributes change, reflecting a firmer and more 

springy texture with a lower degree of breakdown, adhesiveness, and cohesiveness (Rogers et 

al. 2009; Gwartney et al. 2002; Stampanoni and Noble 1991; Bryant et al., 1995).  

Instrumental techniques are useful in characterizing textural differences among foods. 

Specifically, there are clear correlations between sensory and mechanical measures of 

firmness and hardness for a variety of cheeses (Xiong et al. 2002). However, standard 

mechanical tests fail to predict textural properties evaluated during the masticatory sequence 

including adhesiveness, cohesiveness and smoothness (Brown et al. 2003). The main reason 

for a lack of correlation is that instrumental tests poorly imitate physiological parameters 

such as the motion of the jaw, the deformation rates applied during mastication, and the 

contribution of temperature and saliva to bolus formation. Using scanning electron 

microscopy, Green et al. (1985) showed that the way fracture occurs under compression 

testing of Cheddar cheese is different from that during the sensory assessment of textural 
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attributes. The fracture surfaces formed during compression are uneven, and the area normal 

to the surface plane shows extensive cracking at the interface between fat and protein phases. 

On the other hand, the fracture surface formed by biting is relatively flat, the area normal to 

the surface does not show extensive cracking and fracture occurs mainly through the fat 

phase (Green et al. 1985). The search for a better understanding of the physical breakdown 

mechanism of food in the mouth has revealed the importance of research on oral processing 

(Chen 2009).  

Texture perception arising from oral processing is a highly dynamic and complex 

process. The physical properties of foods are continuously altered by breakdown, salivation 

and body temperature starting from the first bite through the final swallow (Guinard and 

Mazzucchelli 1996). Hutchings and Lillford (1988) proposed a model to describe the 

dynamic aspects of texture perception. According to that model, a typical “breakdown path” 

of a food in the mouth includes three key elements: 1) degree of structure, 2) degree of 

lubrication and 3) time (chewing sequence length). Therefore, during mastication food is 

chewed to a degree to reduce particles below a certain size and to achieve a certain degree of 

lubrication before swallowing (Prinz and Lucas 1995). In order to create a desirable texture, 

foods need to be designed in such a way that they have a characteristic transformation 

process in the mouth that is associated with enjoyment (Foegeding et al. 2010).  

 Depending on the changes in the mechanical properties of food, the breakdown path 

is modified by the masticatory apparatus (Heath and Prinz 1999; Lucas et al. 2004; Hiiemae 

2004). During oral processing, tactile and kinesthetic receptors in the oral cavity 

continuously transmit sensory feedback on the state of the food bolus. This information 
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results in continuous adjustment in muscular forces, direction, amplitudes, and velocity of 

jaw movements, duration of the chewing sequence and the number of cycles until swallowing 

(Trulsson 2006; Turker 2002; Heath and Prinz 1999; Hiiemae et al. 1996). Evaluating the 

alterations in chewing physiology in response to changes in food structure contributes to an 

understanding of the dynamics of texture perception during oral food processing. The effect 

of texture on masticatory physiology in humans can be measured in vivo using 

electromyography (EMG) and kinematic measures (electrognathography) (Mioche et al. 

1999; Foster et al. 2006; Woda et al. 2006; Brown et al. 1998; Howell et al. 1993). The 

EMG assesses the activity (i.e., contraction over time) of each masticatory muscle (Hylander 

2006). These muscle activity data can be measured noninvasively using surface electrodes. In 

comparison, kinematic recordings provide information on the jaw movement amplitudes, 

velocities, and durations during various phases of chewing cycles (Peyron et al. 1996). In 

addition, number of cycles, sequence duration and masticatory frequency can be measured 

from both kinematic and EMG recordings (Woda et al. 2006).  

The objective of the current study was to obtain further insight into oral texture 

perception by assessing the modifications in masticatory patterns, arising from chewing 

foods with different textural properties. Texture of Cheddar cheeses with low, reduced, and 

full fat content (3, 18 and 33 %, respectively) and caramels with two different formulations 

(total content of sweetened condensed skim milk and palm kernel oil was 10 and 30 % w/w) 

were evaluated. Electromyographic activities of superficial masseter, anterior temporalis, and 

anterior digastric muscles and mandibular movements in anteroposterior (AP), mediolateral 

(ML), and superointerior (SI) dimensions were measured simultaneously during chewing.  
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MATERIALS AND METHODS 

Cheddar cheese samples 

Cheddar cheese with varying fat levels, 33 % (full fat), 18 % (reduced fat), and 3 % 

(low fat) were manufactured at Utah State University, Gary Haight Richardson Dairy 

Products Laboratory (Logan, UT) according to the procedure described in Rogers et al. 

(2009). The ratio between protein and moisture was held constant in all cheeses. The cheeses 

were stored at 8°C for 9 month at North Carolina State University for texture testing.  

Caramel samples 

Two caramel samples were prepared according to Steiner et al. (2003) using the 

formulations in Table 1. The total amount of sweetened condensed skim milk (S) and palm 

kernel oil (P) in the formulations were adjusted to 10 and 30 % (w/w) SP, while maintaining 

the ratio of (S) to (P) constant at 2:1 in both formulations. Lecithin and palm kernel oil were 

melted together in an All-Clad 1.5 quart (1.42 L) stainless steel saucepan (Metal-crafters, Inc., 

Canonsburg, PA) using a hotplate at 170 °C. The remaining ingredients, sugar, corn syrup, 

sweetened condensed skim milk (SCSM), and water, were added to the saucepan. All 

ingredients were premixed at 375 rpm for 20 min using a digital speed mixer (Heidolph, 

model RZR 2021, Kelheim, Germany). After premixing, the temperature of the hotplate was 

increased to start cooking and mixer speed was decreased to 200 rpm. Caramel with 30 % SP 

was cooked until the center temperature reached 119.5 °C, while 10 % SP caramel was 

cooked to 122.5 °C, as continuously monitored by a type K thermocouple. The final cooking 

temperatures of the caramel mix were selected to obtain similar hardness levels for both 

caramels. The mix was poured into fabricated stainless steel molds on a canola oil-sprayed 
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marble slab. Caramels were cooled for 1 hr at room temperature, placed in plastic bags to 

prevent moisture loss and stored in a 22 °C incubator. Both caramel formulations were 

prepared in triplicates.     

The hardness levels of caramels were determined by compressing the samples 

between lubricated plates fitted to an Instron universal testing instrument type 5565 equipped 

with a 5 kN load cell (Instron Engineering Corp., Canton, MA). Cylindrical caramel samples 

were compressed at a crosshead speed of 50 mm/min to 20 % of their initial height. Caramel 

samples exhibit plastic behavior meaning that at high deformation level the sample does not 

show a clear fracture but flow. As suggested by Foster et al. (2004), the mechanical hardness 

was measured at the maximum compressive stress which occurred at a strain of 0.64 (Truong 

and Daubert 2000).  

Compressive stress:   ( )i
c

i i

L LF
A L

σ
−Δ

= ×                                                                               (1) 

where, F is the force measured during compression [N]; Ai is the initial cross sectional area 

of the specimen [m2]; Li is the initial specimen height [m]; ΔL is the absolute deformation 

[m].   

Subject selection   

Fourteen subjects (8 females and 6 males), with an age range between 19-35 years, 

having healthy and complete dentition (except for third molars or wisdom teeth) with Class I 

type molar occlusion participated in the study. Subjects did not have any gum or periodontal 

disease and had no major dental treatment such as braces, surgery, dental extraction or 

restoration six months before the experiment. Subjects stated no pain or sound (i.e., grinding, 
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popping or clicking) during chewing in their temporomandibular joints (TMJ) which was 

also confirmed by palpation. All subjects provided voluntary informed consent to participate 

in the study. Subjects did not have any sensory analysis experience and were accepted as 

naive (i.e., untrained) subjects. 

A preliminary session was held to familiarize each subject with the experimental 

setup, procedures of the recordings, and the environment. EMG muscle activities were 

recorded during resting, clenching the teeth and during swallowing. Maximum limits of their 

jaw motions were measured to confirm that subjects had normal jaw mobility. EMG and jaw 

movements of subjects were recorded during chewing gum but the data collected in this 

preliminary session was not analyzed.  

Experimental procedure 

Electromyographic activities (EMG) were recorded from left and right sides of the 

superficial masseter (MM), anterior temporalis (AT) and anterior digastric (AD) muscles 

using the BioEMG II electromyograph (BioResearch Inc., Milwaukee, WI). Prior to surface 

electrode placement, the application area was cleaned carefully with rubbing alcohol. The 

position of muscles was located by palpation as subjects clenched their teeth. Self-adhering 

surface electrodes (BioFlex, BioResearch Inc., WI) were placed on the skin along the length 

of each muscle. An additional ground electrode was placed on the shoulder to eliminate 

electrical background noise. The lead wires were connected to the BioEMG II Amplifier 

which passed amplified electromyographic signals to the recording computer. A sampling 

rate of 5000 Hz was applied for each electrode. Mandibular movements were collected 

simultaneously using a Jaw Tracker (JT-3D, BioResearch Inc., Milwaukee, WI) which 
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records incisor-point movements in AP, ML, and SI dimensions. A small magnet was 

attached to the lower frontal incisors with a stomahesive (ConvaTec, Bristol-Myers Squibb 

Company, NJ). Movement of the magnet was tracked by an array of sensors fit as a unit on 

the head to record vertical, anterior-posterior and lateral components of jaw movement 

during mastication.  

Data Collection 

All subjects participated in two 30 min sessions, one week apart. Three types of 

cheese (1st session) and two types of caramel (2nd session) were chewed by each subject in a 

habitual manner (i.e., no forced side chewing). All treatments were presented in triplicates in 

a randomized order. The subject was seated in a comfortable upright position and asked to 

refrain from talking or making unnecessary movements during recordings. Before starting the 

masticatory recordings, electromyographic data was collected when the subject was relaxed 

to ensure there is no excessive background noise in the EMG channels. An initial recording 

was performed with a piece of chewing gum and data was stored for control purposes. Then, 

samples (19 mm diameter, 15 mm height) were given to the subjects who were instructed to 

put the sample on their tongue and bring their teeth together to create a reference position for 

analysis. Upon a signal from the experimenter, the subject started chewing in a habitual 

manner (i.e., free style chewing) and recordings were collected until the bolus was swallowed.   

Data analysis 

Data analysis was conducted in LabView graphical programming software (National 

Instruments, Austin, TX). Digitized raw EMG signals were rectified and integrated using a 

root-mean-square (r.m.s.) calculation in 2 ms increments over a 42 ms time constant for the 
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entire chewing sequence (Hylander et al. 2000). Jaw muscle activities were quantified by 

integrating the area under the EMG curve (AUC) of each muscle. The sum of the EMG 

activities of the right and left side of temporalis, masseter and digastric muscles starting from 

first bite to swallow were reported as “total muscle activity” of each muscle. An “average 

muscle activity” was also determined by dividing the sum of the EMG activities by the 

number of chews in a sequence. “Cycle peak activity” indicated the average peak voltage of 

each muscle during contraction.   

 In order to minimize the variations arising from different electrodes and electrode 

positioning across multiple experiments, scaled values were calculated for muscle activities 

(i.e., both AUC and peak activity data). For a given muscle (electrode) during an 

experimental session, the largest muscle activity value observed across all cycles was 

identified and assigned a value of 1.0. The remaining activities recorded in the same session 

for that electrode were linearly rescaled resulting in values ranging from 0 to 1 (Hylander et 

al. 2000). The scaled muscle activities represent relative estimates of muscle recruitment 

during the chewing cycle.  

Using the simultaneous recordings of jaw movements and r.m.s. EMG muscle 

activities, individual cycles were identified within the complete chewing sequence starting 

with the placement of sample in the mouth until the final swallow (Fig. 1). Each masticatory 

cycle was divided into 3 phases: an opening, closing, and power stroke (Fig. 2). Opening 

phase corresponded to the movement trace of the jaw from the loss of intercuspation to 

maximum vertical opening. Closing phase was determined between the maximum opening 

and the beginning of power stroke. Power stroke involves little vertical movement during 
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which foods are broken down between the teeth. Several kinematic parameters were 

extracted from a cycle-by-cycle analysis, including vertical, mediolateral and anteroposterior 

amplitudes, opening and closing velocities and durations of the phases of the chewing cycle. 

Values are presented as means of all cycles of a chewing sequence prior to swallowing. 

Number of cycles, total chewing sequence duration and chewing cycle frequency were also 

extracted from an analysis of the complete sequence.   

Statistical analysis 

Statistical analyses were performed using SAS (version 9.1, Cary, NC). One way 

analysis of variance (ANOVA) was performed to test if significant differences exist among 

caramel or among cheese samples for all the masticatory parameters. In all cases, the factor 

of subjects was treated as a random effect. Wherever ANOVA indicated a significant 

difference, Tukey’s test was carried out for the comparison of means (p<0.05). A Pearson 

correlation test was also performed to explore the link between the physiological variables 

and mechanical and sensory tests.  

RESULTS AND DISCUSSION 

Cheese texture 

Fat reduction in cheese significantly influenced the number of chews, total chewing 

sequence time and chewing frequency. The decrease in fat content was correlated with an 

increase in number of chews and chewing sequence time to prepare the bolus for swallowing 

(Fig. 3). Chewing lasted on average 12.8 s for full fat cheese, while reduced fat cheese 

required 14.0 s, followed by low fat cheese with 18.3 s. The number of chews needed to 

process reduced fat cheese until swallowing was 10 % more than full fat cheese, while low 
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fat cheese required around 48 % more chews than the full fat counterpart. The descriptive 

sensory panel showed that fat reduction resulted in an increase in firmness, springiness and 

rate of recovery of the cheeses, as evaluated by compressing between fingers (Table 2). 

Reducing fat in cheese resulted in an increase in total protein and moisture, however, the 

moisture to protein ratio was kept constant among all treatments to provide a consistent 

protein gel network composition around the fat globules (Rogers et al. 2009). Therefore, in 

reduced and low fat cheeses, removed fat globules were replaced by more gel network 

leading to more homogenous and connected networks than full fat cheese. This more 

connected network structure improved the strength and elasticity of the lower fat cheeses 

(Rogers et al. 2010). The masticatory apparatus adapted to the change in network structure 

by applying more muscle activity and longer chewing time to provide sufficient structural 

breakdown. 

The total muscle activities utilized to process the cheeses from first bite to swallow 

was also influenced by fat reduction in cheese (Fig. 4). Full fat cheese required the lowest 

amount of total opening (i.e., digastric) and closing (i.e., temporalis and masseter) muscle 

activities to be processed. Moving from full fat to reduced fat cheese, total jaw opening 

muscle activity did not change significantly, whereas total jaw closing muscle activities 

showed a significant increase. The largest total muscle activities were applied when chewing 

low fat cheese. Approximately two times more scaled jaw closing muscle activity was used 

for chewing low fat cheese until swallowing compared to the full fat counterpart (Fig. 4). It is 

worth reminding, however, that differences in total jaw opening and closing muscle activity 

across cheeses with varying fat levels are at least partly a function of increased number of 
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chewing cycles. Longer chewing time and higher number of chews for low fat cheese 

contributed to increased total muscle activities. 

 The low fat cheese was also perceived as significantly firmer than full fat cheese 

during sensory evaluation as evaluated by both compressing between fingers and biting 

through with the molars (Table 2). According to van der Bilt et al. (1995), the bite force 

required to overcome the resistance of the food has two components, anticipatory and 

peripherally induced. Almost 85 % of masticatory muscle activity is peripherally induced 

which is a clear indication that chewing muscle activity originates from sensory information. 

The results indicated that the masticatory apparatus adapted to increased cheese firmness by 

increasing muscle activity. However, the significant differences across the three cheeses in 

total muscle activity patterns were not apparent in sensory firmness of low fat and reduced 

fat cheeses (Table 2). Therefore, firmness is unlikely to be the only factor eliciting 

differences in total muscle activity. Other sensory attributes such as springiness and rate of 

recovery might be contributing to differences in applied muscle activities.    

The relationship between the strength of food material and oral processing parameters 

has been reported previously. The number of chewing cycles, masticatory time and the total 

muscular activity throughout the chewing sequence (i.e., the sum of EMG activity of the 

masseter and temporalis) increased with an increase in the maximum stress required for 

compressing gelatin gels (Peyron et al. 2002). Engelen et al. (2005) noted a linear 

relationship between the yield stress of food products and the number of the chews until 

swallowing. Higher number of chewing cycles and longer chewing durations were required 
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to process hard and dry products like carrots, peanuts and Melba toast compared to softer 

products like cheese and breakfast cake.  

Breakdown properties of the cheeses were also influenced by the decrease in fat 

content. Low fat cheese broke down to a lesser extent compared to reduced and full fat 

cheeses after chewing several times. For a safe transfer of the bolus to the pharynx, particle 

sizes in the bolus must be reduced below a certain size before swallowing (Hutchings and 

Lillford 1988). Several researchers pointed out that for a given food, particle size distribution 

of the bolus collected just before swallowing is similar among individuals with similar dental 

state suggesting that the food is chewed until a certain degree of particle size is obtained 

(Jalabert-Malbos et al. 2007; Lillford 2001; Woda et al. 2006). Therefore, low fat cheese, 

having a lower degree of breakdown, required more chews and longer chewing sequence 

time to bring the bolus to a state safe for swallowing. Another key function of mastication is 

to bind broken down particles into a cohesive bolus that can be swallowed easily (Prinz and 

Lucas 1995). Full fat cheese broke down into more pieces during mastication and formed a 

more cohesive and smoother bolus compared to reduced fat and low fat cheeses (Table 2). 

The lubrication effect resulting from melting of the fat globules in the mouth at body 

temperature contributed to the cohesiveness and smoothness facilitating shorter chewing time. 

This result is in agreement with the model proposed by Hutchings and Lillford (1988) 

explaining texture perception by degree of structure, degree of lubrication and chewing time.  

Fat reduction also resulted in an increase in the chewing frequency. Low fat cheese 

was chewed at a significantly faster rate (1.49 s-1) compared to its full fat counterpart (1.45 s-

1). The increase in frequency might be related to the higher elasticity of the low fat cheese. 
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Foster et al. (2006) demonstrated that chewing frequency is modified in response to elasticity, 

where elastic gelatin gels are chewed at a higher frequency than plastic caramel samples. The 

higher level of adhesiveness of full fat cheese might contribute to the lower chewing 

frequency, where sticking of the bolus to mouth surfaces might slow down the chewing rate. 

Oral processing parameters that characterize the properties of an average chewing 

cycle within the sequence such as average muscle activities or cycle peak activities, durations 

of the different phases of a cycle, opening and closing velocities, and jaw movements in three 

dimensions are presented in Table 3. Average jaw closing muscle (i.e., temporalis and 

masseter) activities and peak activities were significantly increased as the fat content of 

cheese decreased. Firmness is known to be closely related to the load applied during the 

closing phase of a chewing cycle (Mathevon et al. 1995; Hiiemae et al. 1996; Agrawal et al. 

1998; Mathoniere et al. 2000). Since the structural breakdown of food mainly occurs at the 

closing phase, firmer low fat cheese required utilization of higher average jaw closing muscle 

activity. However, no significant difference was observed among treatments for the average 

and peak jaw opening muscle activity (i.e., digastric). In a study investigating the 

relationships between electromyography, sensory and instrumental measures of commercial 

Cheddar cheeses with a wide range of textural characteristics, a similar increase in average 

masseter and anterior temporalis EMG muscle activity was reported with an increase in 

sample hardness (Jack et al. 1993). The results of the current study partly supports this 

pattern, because even though there was no difference between the firmness of low fat and 

reduced fat cheeses, average muscle activities increased significantly with reductions in 
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cheese fat content suggesting that differences among other sensory properties influenced oral 

physiology.    

Another significant difference among cheeses was observed for opening durations 

where chewing full fat cheese required a longer opening phase. The higher level of 

adhesiveness assessed by sensory panel might be causing the longer durations to be spent 

opening the jaw. During chewing of reduced fat cheeses, stickiness on oral surfaces did not 

occur as with relatively more adhesive full fat cheese. Thus, the longer jaw opening time 

seen in chewing of full fat cheese was not required. Similarly, jaw opening velocity during 

mastication of full fat cheese was slower than chewing low fat cheese (Table 3), which 

indicated the effect of adhesiveness on chewing speed. Occlusal duration during chewing low 

fat cheese was also significantly longer than reduced and full fat cheeses. During the occlusal 

phase, the upper and lower teeth contact food or each other and food is broken down (Fig. 2). 

The amount of breakdown that occurs in the low fat cheese during mastication was 

significantly lower than reduced and full fat cheeses (Table 2) suggesting that longer occlusal 

duration was required to provide satisfactory size reduction. Mandibular jaw movements in 

three dimensions, closing phase duration and velocity did not differ among cheeses with 

varying fat levels.  

Caramel texture 

The compositional differences between the two formulations of caramel influenced 

the overall chewing pattern. The decrease in the total percentage of sweetened condensed 

skim milk and palm kernel oil (SP) from 30 % to 10 % significantly influenced the number 

of chews and chewing sequence time until swallowing (Fig. 5). Decreasing the percentage of 
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SP in the caramel formulation increased the chewing sequence time from 34 s to 42 s on 

average. The number of chews until complete swallow also showed more than a 10% 

increase. The hardness of the two caramels was similar as confirmed by compressive stress 

values (Table 1), therefore the difference chewing duration and number of chews did not 

result from variation in hardness. In a previous study on the descriptive analysis of caramel 

texture, Steiner et al. (2003) used the same formulations given in the current study with a 

difference in dextrose equivalent of corn syrup (42 DE instead of 62 DE). The decrease in the 

percentage of SP from 30 to 10 % resulted in a significant increase in sensory stickiness and 

probe tack force (as measured instrumentally), while hardness scores were the same. The 

increase in adhesiveness contributed to the increase in the mastication duration. Kohyama et 

al. (1998) confirmed that the number of chewing cycles and total duration of mastication as 

measured by electromyography correlated more highly with adhesiveness than with hardness 

of cooked rice with different amylose contents. In addition, higher fat content in the caramel 

formulation with 30 % SP provides a lubrication effect due to melting of the fat (Steiner et al. 

2003). Therefore, the time required to process the caramel containing higher fat content was 

shorter. 

Chewing frequencies also varied between treatments where caramel containing 10 % 

SP was chewed at a significantly (p<0.0001) slower rate (1.14 s-1) compared to caramel with 

30 % SP (1.30 s-1). The stickiness of the caramel with lower percentage of SP to the oral 

surfaces slowed down the chewing rate. The range of chewing frequency for caramels was 

noticeably lower than that of cheeses (1.45-1.49 s-1), confirming that frequency is modified in 

response to textural properties (Foster et al. 2006).  
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The increase in the mastication duration was accompanied by an increase in total 

masticatory muscle activities utilized from first bite to swallow (Fig. 6). Both jaw opening 

and closing muscle activities for a complete chewing sequence increased as the % SP 

decreased in the formulation. The increase in the muscle activities performed to chew 10 % 

SP until swallowing was more apparent in digastric muscles (i.e., jaw opening muscle). This 

result suggests that individuals adapted to an increase in stickiness of caramel by increasing 

their opening muscle activities.   

Adhesiveness of caramel effected average chewing cycle properties (Table 4). 

Chewing more adhesive caramel resulted in engagement of higher jaw closing and opening 

muscle activities on average. The difference was most apparent in digastric muscle activity. 

A similar finding was reported by Sakamoto et al. (1989) which showed that chewing foods 

with a high degree of adhesiveness such as caramel, rice cake and a Japanese candy (kelp 

cangy) required a high level of digastric muscle activity. Unlike the distinction between the 

average muscle activities of the two caramels, the statistical differences between the cycle 

peak activities were lower (very small F ratios, Table 4), where masseter peaks failed to 

show any significant differences. The variation between average muscle activities and cycle 

peak activities stemmed from the difference in cycle durations, because the average muscle 

activity calculation includes a time factor (area under the scaled EMG curve). Longer 

chewing cycle duration was observed for the caramel with higher adhesiveness. Although the 

increase in duration was observed at all phases of the cycle (opening, closing and occlusal), 

the biggest difference was in opening duration. This result is in agreement with Kohyama et 

al. (2005) who reported that cooked rice samples prepared with the highest water to rice ratio 
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presented the highest level of adhesiveness and required the longest opening duration during 

oral processing. Chewing caramel with greater adhesiveness resulted in slower jaw opening 

and closing velocities. As subjects attempted to remove the caramel which adhered highly to 

teeth, the shape of the mandibular movements was also modified. Higher amplitudes of jaw 

movements in anterior-posterior, lateral and vertical directions were observed during 

chewing caramel with higher adhesiveness (10 % SP), the difference in lateral direction 

showing the greatest difference (Table 4). Additionally, the shape of the chewing cycles was 

very different when comparing cheese and caramel, where jaw movements were remarkably 

bigger in all three directions during caramel chewing. A similar difference between the 

shapes of mandibular movements was observed for chewing caramel and gelatin gels (Foster 

et al. 2006). Overall, altering the ratios of ingredients in caramel composition resulted in 

different adhesive/cohesive properties which in turn changed the overall chewing pattern.  

CONCLUSION 

This study confirmed the presence of masticatory adaptation to altered textural 

properties caused by changing composition. Fat reduction in cheese resulted in increased 

hardness and springiness perception, while chewdown properties such as degree of 

breakdown, cohesiveness, adhesiveness and smoothness were reduced. Increased hardness 

and springiness was accompanied with increased muscle activities, where a decrease in 

chewdown terms caused longer chewing time and a higher number of chews. Increased 

adhesiveness in caramel required increased muscle activity, especially jaw opening muscles, 

and longer durations of chewing cycle phases. This result supports observations of elevated 

adhesiveness in full fat cheese. During chewing of sticky caramels, slower jaw opening and 
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closing movements with larger amplitudes in all three dimensions were required to remove 

the adhesive product from oral surfaces. In conclusion, this study confirmed the effects of 

sensory input on the motor control of mastication and demonstrates how the differences in 

the texture of food influence the pattern of masticatory movements. 
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TABLE 1. CARAMEL FORMULATIONS AND RHEOLOGICAL PROPERTIES 

 
 
 

 
1 Indicates the amount of sweetened condensed skim milk (S) and palm kernel oil (P). The 
ratio of (S) to (P) added was constant (2:1) for both formulations.  
* Indicates there is no significant difference between mechanical properties of two caramels 
(P ≤ 0.05).   

Ingredients (%) 30 % SP1 10 % SP
Sweetened Condensed Skim Milk 20.0 6.7
Palm kernel oil 10.0 3.3
Sugar 30.3 39.0
Corn syrup (62 DE) 24.7 31.8
Soy lecithin 0.2 0.3
Water 14.8 19.0
Compressive stress (kPa)* 41.6 49.5

 

                                                                     



TABLE 2. DESCRIPTIVE SENSORY ANALYSIS OF CHEESES 
 
Evaluation 
stage 

Sensory 
terms Definition Low 

Fat 
Reduced 

Fat 
Full 
Fat 

Hand terms Firmness The force required to press 
fingers through the sample 10.9a 10.7a 8.3b

Springiness The total amount of recovery of 
the sample 12.4a 10.0b 5.3c

Rate of 
recovery 

The rate at which the sample 
recovers  12.2a 9.7b 5.8c

First bite  Firmness The amount of force required to 
completely bite through the 
sample 

8.8a 8.7a 6.9b

Fracturability The amount of fracturability in 
the sample after biting 5.7a 5.7a 5.2a

Chewdown 
(evaluated 
after 5 chews) 

Degree of 
breakdown 

The amount of breakdown that 
occurs in the sample as a result 
of mastication 

6.4b 9.4a 11.0a

Cohesiveness The degree to which the chewed 
mass holds together 7.9c 9.6b 11.2a

Adhesiveness The degree to which the chewed 
mass sticks to mouth surfaces 7.1c 8.7b 10.4a

Smoothness 
of mass 

The degree to which the chewed 
mass surface is smooth 7.2b 8.8a 9.9a

Residual Smoothness 
of 
mouthcoating 

The degree of smoothness felt in 
the mouth after expectorating 8.0c 9.7b 10.7a

* Attributes were scored on a 0-15 point product specific scale; values represent the mean 
scores assigned by trained panelists. Different letters indicate significant differences among 
means in the same row for that textural attribute (p<0.05). Data is adapted from Rogers et al. 
(2009) for 9 months old cheeses.
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TABLE 3. MEAN VALUES OF ORAL PROCESSING PARAMETERS FOR CHEWING 
CYCLES DURING CHEWING CHEESES WITH THREE FAT LEVELS  
 
 Cheese samples   ANOVA 
 Low Fat Reduced fat Full fat F ratio p 
Average temporalis activity  1.04 ± 0.20a 0.85 ± 0.26b 0.80 ± 0.24c 80 <0.0001
Average masseter activity  1.05 ± 0.14a 0.87 ± 0.18b 0.81 ± 0.16c 86 <0.0001
Average digastric activity  0.98 ± 0.20 0.99 ± 0.19 1.02 ± 0.21 3 NS
Temporalis peak activity 1.16 ± 0.30a 0.94 ± 0.32b 0.87 ± 0.30c 65 <0.0001
Masseter peak activity 1.13 ± 0.21a 0.88 ± 0.28b 0.81 ± 0.25c 97 <0.0001
Digastric peak activity 0.87 ± 0.20 0.87 ± 0.19 0.88 ± 0.18 0.3 NS
Cycle duration (ms) 672 ± 77.8b 680 ± 77.3ab 689 ± 82.5a 4 0.02
Opening duration (ms) 242 ± 35.4c 255 ± 35.2b 264 ± 42.8a 19 <0.0001
Closing duration (ms) 260 ± 52.8 262 ± 52.7 262 ± 54.2 0.4 NS
Occlusal duration (ms) 170 ± 36.5a 163 ± 42.6b 163 ± 41.0b 5 0.01
Open velocity (mm/s) 70.1 ± 9.89a 68.4 ± 9.48ab 67.1 ± 9.62b 4 0.02
Close velocity (mm/s) 67.8 ± 14.5 68.1 ± 13.5 69.1 ± 13.8 1 NS
Vertical amplitude (mm) 17.3 ± 1.9 17.5 ± 2.1 17.8 ± 1.8 3 NS
A/P amplitude (mm) 5.4 ± 1.7 5.4 ± 1.8 5.5 ± 1.7 0.5 NS 
Lateral amplitude (mm) 6.0 ± 1.2 5.8 ± 1.2 6.0 ± 1.2 2 NS 
*Values are means ± SD. Mean values are calculated from scaled muscle activities 
(dimensionless) of 14 subjects with 3 replicates. Different letters indicate significant 
differences among means within the same row (p<0.05). F, Fisher ratio; NS means not 
significant. 
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TABLE 4. MEAN VALUES OF ORAL PROCESSING PARAMETERS FOR CHEWING 
CYCLES DURING CHEWING CARAMELS WITH TWO DIFFERENT 
FORMULATIONS  
 
 Caramel samples ANOVA 
 10 % SP 30 % SP F ratio p 
Average temporalis activity  0.80 ± 0.16 0.71 ± 0.17 60 <0.0001
Average masseter activity  0.78 ± 0.16 0.70 ± 0.18 37 <0.0001
Average digastric activity  0.95 ± 0.18 0.80 ± 0.18 101 <0.0001
Temporalis peak activity 1.14 ± 0.19 1.10 ± 0.22 8 0.007
Masseter peak activity 1.03 ± 0.20 1.00 ± 0.20 3 NS
Digastric peak activity 0.89 ± 0.20 0.83 ± 0.21 12 0.001
Cycle duration (ms) 878 ± 128 767 ± 99.8 139 <0.0001
Opening duration (ms) 357 ± 56.9 311 ± 45.3 105 <0.0001
Closing duration (ms) 364 ± 72.1 317 ± 57.3 96 <0.0001
Occlusal duration (ms) 147 ± 40.0 139 ± 37.5 14 0.0004
Open velocity (mm/s) 63.8 ± 13.7 71.2 ± 12.1 50 <0.0001
Close velocity (mm/s) 65.0 ± 14.4 72.1 ± 13.4 52 <0.0001
Vertical amplitude (mm) 23 ± 2.8 22.3 ± 2.1 7 0.01
A/P amplitude (mm) 7.4 ± 3.0 6.8 ± 2.5 11 0.001
Lateral amplitude (mm) 8.9 ± 1.7 8.4 ± 1.3 17 <0.0001
* Values are means ± SD. Mean values are calculated from scaled muscle activities 
(dimensionless) of 14 subjects with 3 replicates. Different letters indicate significant 
differences among means within the same row (p<0.05). F, Fisher ratio; NS means not 
significant. 
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 First cycle Swallow
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FIG. 1. COMPLETE CHEWING SEQUENCE RECORDED DURING CHEWING OF 
FULL FAT CHEESE.  
The top portion indicates the mandibular movements in vertical (Vert), anterior-posterior 
(A/P), and lateral (Lat) directions (C:closing, O:opening, A:anterior, P:posterior, R:right, 
L:left). The bottom portion shows the simultaneously recorded electromyographic (EMG) 
activity of right and left temporalis (TA-R, TA-L), masseter (MM-R, MM-L), digastric (DA-
R, DA-L) muscles.   
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FIG. 2. JAW MOVEMENT DURING A SINGLE CHEWING CYCLE CONSISTING OF 
AN OPENING, CLOSING AND POWER STROKE.  
The vertical movement of the jaw is depicted along the y-axis. The opening phase begins 
from the upper and lower teeth contact (i) The jaw gape increases during the opening phase 
up to the maximum gape (ii). Gape decreases during the closing phase as the teeth move 
toward occlusal contact. The dotted line represents the start of power stroke as the upper and 
lower teeth contact food or each other (iii). Food is broken down at this time.  

 191



 

c
b

a

0

5

10

15

20

25

30

Low Fat Reduced fat Full fat

N
um

be
r o

f c
he

w
s

0

2

4

6

8

10

12

14

16

18

20

C
he

w
in

g 
du

ra
tio

n 
(s

)

chews
chewing duration

 
FIG. 3. NUMBER OF CHEWS AND TOTAL CHEWING TIME RECORDED DURING 
CHEWING OF CHEESES WITH VARYING FAT LEVELS 
Different letters indicate significant differences among cheeses for both parameters (p<0.05). 
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FIG. 4. TOTAL MUSCLE ACTIVITIES OF TEMPORALIS, MASSETER AND 
DIGASTRIC MUSCLES RECORDED DURING COMPLETE CHEWING SEQUENCE 
STARTING FROM FIRST BITE TO FINAL SWALLOW OF CHEESES WITH VARYING 
FAT LEVELS 
Mean values are calculated from scaled muscle activities (dimensionless) of 14 subjects with 
3 replicates. Different letters indicate significant differences among cheeses (p<0.05). *** 
means p<0.0001.
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FIG. 5. NUMBER OF CHEWS AND TOTAL CHEWING TIME RECORDED DURING 
CHEWING OF CARAMEL WITH TWO DIFFERENT FORMULATIONS 
Different letters indicate significant differences among caramels for both parameters 
(p<0.0001). 
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FIG. 6. TOTAL MUSCLE ACTIVITIES OF TEMPORALIS, MASSETER AND 
DIGASTRIC MUSCLES RECORDED DURING COMPLETE CHEWING SEQUENCE 
STARTING FROM FIRST BITE TO FINAL SWALLOW OF CARAMELS WITH TWO 
FORMULATIONS 
Mean values are calculated from scaled muscle activities (dimensionless) of 14 subjects with 
3 replicates. Different letters indicate significant differences among caramels. *** means 
(p<0.0001). 
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APPENDIX 1. 

Using dairy ingredients to alter texture of foods: implications based on oral processing 

considerations 
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International Dairy Journal, 2010 20(9): 562-570 

 

E. Allen Foegeding1*, Esra Çakir 1, & Hicran Koç 1 
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APPENDIX 2. 

 

Effect of flavor on perceived texture of whey protein isolate gels 
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