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ABSTRACT 

Oral Dynamics of Texture in Semisolid Foods 

Madhu Sharma      Advisor(s): 

University of Guelph, 2020      Dr. Lisa Duizer 

Texture perception is a dynamic process which occurs when food is orally processed. The 

contribution of oral processing to perception has yet to be explored in a semisolid real food 

matrix. There are many aspects to oral processing and the aim of this research was to understand 

the effect of saliva on dynamic textural perceptions of pureed foods and find relationships 

between instrumental measures and perceptions. Pureed foods are the compensatory semisolid 

foods recommended for people with swallowing difficulties. Nine pureed carrot matrices made 

with starch (0.4, 0.8 w/w%), xanthan (0.2, 0.4 w/w%), their blends and a control were 

characterized for instrumental (with and without saliva) and dynamic sensory properties. In vitro 

bolus characterisation was done after adding fresh stimulated saliva to the sample.  

Perceived textural evolution measured using dynamic sensory techniques of Temporal 

Dominance of Sensations and Temporal Check-All-That-Apply indicated that 3-4 attributes were 

perceived for each sample during the entire oral processing time. Both tests gave similar results 

about texture dynamics and divided samples into two groups based on graininess. Control and 

starch-only samples were perceived as grainy and the remaining products were perceived as 

smooth. Instrumental measures of viscosity showed that, at a shear rate of 10 s-1 viscosity 

decreased with hydrocolloid addition and saliva incorporation. Storage modulus varied between



 samples based on hydrocolloid and its concentration. In comparison to the control, friction 

measurements increased for all samples and also increased with addition of saliva.  

Oral starch breakdown measured in terms of maltose released, for control and starch samples 

(0.4, 0.8 w/w%), although not statistically significant, showed variation with starch concentration 

and oral processing times. Perceived thickness measured at different time-points of oral 

processing increased with starch concentration and decreased at a constant rate among these 

three samples.  

Findings from this work showed that it is important to include saliva in instrumental 

measurements to understand the dynamics of texture during oral processing of a semisolid food. 

Changes in oral starch hydrolysis due to the action of salivary amylase, from ingestion to 

swallowing, can help explain the decrease in perceived viscosity in a starch-based texture 

modified food.  
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 CHAPTER 1: GENERAL INTRODUCTION 

Texture is a complex and dynamic sensory modality which is perceived as a response to forces 

applied to food during oral processing (Bourne, 2004; Christensen, 1984; Szczesniak, 2002). 

Texture can be perceived only after food is manipulated and the sensations are sent to the brain 

via the central nervous system (Szczesniak, 2002). The mechanical properties of food are 

responsible for the textural perceptions formed by the mechanical, tactile, visual and auditory 

senses and can be measured objectively using various instruments (Szczesniak, 2002). Therefore, 

in order to understand the underlying mechanisms related to textural perceptions, research 

studies have tried to measure and relate these food properties to perceived sensations. 

During oral processing, there is a continuous change in food structure as it is broken down into 

smaller fragments, mixed with saliva and sheared in the oral cavity until a safe to swallow bolus 

is formed. During this dynamic process, the simultaneous changes in food properties lead to 

sensory perceptions (Hutchings & Lillford, 1988). These changes vary with the type of food 

(solid, semisolid or liquid). Differences in the properties of the food creates differences in the 

oral processing behaviour and oral residence time (van Vliet et al., 2009). Solid foods are 

processed for a longer time initiated by biting into the food and breaking the structure (related to 

the food’s fracture property) while liquid foods have a very short oral processing time which  

mostly relates to movement (flowability) from the front to the back of the mouth (van Vliet et al., 

2009). Semisolid foods, the focus of this research, are mostly palated in the mouth during bolus 

preparation, involving shearing action between the tongue and palate followed by the food’s 

transportation (Hiiemae & Palmer, 1999; van Vliet et al., 2009). These changes occurring in food 

during oral processing result in continuous evolution and changes in perceived properties from 

ingestion to swallowing.   

As food products continuously change during oral processing, it is not possible to predict their 

sensory properties solely on the basis of static information related to composition and structure 

of the original food (Panouillé et al., 2016). Bolus characterization is a key factor for 

understanding the missing link between changing food properties and dynamic sensory 

perception (Morell et al., 2014). This is usually done by measuring the food properties at 
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different time points of oral mastication from ingestion through to swallow. While analyzing the 

dynamics of texture during food oral processing, it is important to recognize and include the 

relevant oral physiology involved such as teeth, tongue, saliva and processing time (Chen, 2009).  

Oral processing studies on a food bolus using the “chew-spit-analyze” approach have been 

mostly conducted on solid foods such as meat (Yven et al., 2005), cheese (Drago et al., 2011), 

cereal (Yven et al., 2010), biscuits (Rodrigues et al., 2014; Young et al., 2013) and some model 

gel foods (Devezeaux de Lavergne et al., 2015a; Devezeaux de Lavergne et al., 2016; Joyner et 

al., 2014; Krop et al., 2019). Bread is the most extensively studied solid food in terms of oral 

processing behaviour and it has been shown that dynamics of perceived texture are more 

influenced by bolus properties than its initial structural properties (Panouillé et al., 2016). Oral 

breakdown of bread has been related to bolus hydration, chewing time and consistency of bolus 

(Bleis et al., 2016).  

Although there is significant research examining oral dynamics in solid foods and model gels, 

research investigating the in-mouth food breakdown pathway and associated changes in food 

properties, bolus formation and sensory perception during oral processing in a semisolid real 

food matrix is lacking. This research will focus on texture modified semisolid pureed foods 

because of the importance of their oral processing for safety in populations with dysphagia 

(Munialo et al., 2020; Sukkar et al., 2018). Since these foods are a ‘necessary diet’ for people 

with swallowing disorders, they must be examined. The safety of these foods is based on their 

texture which cannot be solely related to food properties but requires a deeper understanding of 

the changes occurring in the mouth after mixing with saliva. The limited published literature 

related to texture studies of pureed foods have focused on the static (single point) effect of 

hydrocolloids in these foods and the difference between various commercially available texture 

modified foods (Zarim et al., 2018; Ettinger et al., 2014; Ilhamto et al., 2014; Sharma et al., 

2017; Wendin et al., 2010). It is important to understand the dynamic changes occurring in these 

semisolid foods due to the type and concentration of added hydrocolloids. No study has been 

published, to date, which has looked at the dynamics of texture in pureed foods during oral 

processing. Incorporating saliva and understanding the changes occurring is an important aspect 

of designing safe-swallow texture modified foods. 
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Therefore, the aim of this research was to understand the effect of saliva on dynamic textural 

perceptions of pureed foods in order to develop an understanding of the mechanisms and 

relationships between instrumental food properties and perceptions involved during oral 

processing. The knowledge from this research can be applied in designing safe-swallow textured 

foods, while considering the oral dynamic changes in texture. Pureed carrot matrices made with 

different concentrations of starch and xanthan were tested in this research. Oral processing 

involves contributions from oral physiology which will be explored by examining the 

contribution of saliva to the bolus properties along with food and sensory properties. Based on 

the current gaps in the existing knowledge and to add information about textural changes being 

perceived during oral processing of semisolid foods, a series of experiments with the following 

objectives were conducted: 

1. To examine the dynamics of perceived textural properties during oral processing of 

semisolid foods made with different concentrations of starch and xanthan. 

This was conducted by characterizing the changes in perceived textural properties as food 

is manipulated and formed into a swallowable bolus using two rapid temporal sensory 

tests - TDS and TCATA. 

Hypotheses:  

• Hydrocolloid type and concentration influence the dynamics of texture in a 

semisolid food matrix. Starch will be perceived as thick in the initial stages and as 

thin in the final stages of oral processing with no perception of mouthcoating after 

final swallow. Xanthan will always have the perception of mouthcoating, 

irrespective of its concentration. 

• Hydrocolloid type and concentration affects the oral processing time in a semisolid 

food matrix. 

• TCATA results will capture more perceived textural properties during oral 

processing compared to TDS. 
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2. To examine the dynamics of food properties during oral processing of semisolid foods 

made with different concentrations of starch and xanthan. 

This was done by instrumental characterization of food and bolus properties using 

rheology and tribology. These were then compared to dynamic sensory properties to 

understand the relation between dynamics of oral processing and texture perception.  

Hypothesis:  

• As oral processing proceeds, the reduction in bolus viscosity will be greater in 

starch compared to xanthan. 

• Xanthan will impart a smoother oral texture perception and will result in lower 

friction compared to starch.  

 

3. To examine the relationship between starch hydrolysis and thickness perception during 

oral processing in a low starch semisolid food. 

This was conducted by measuring the changes in food structure (change in viscosity and 

starch breakdown) and relating it to specific changes in perceived oral thickness at 

different time-points, from ingestion through to swallowing of the food. 

Hypotheses: 

• Starch hydrolysis, instrumental viscosity and perceived thickness will increase with 

starch concentration. 

• Reducing sugars released due to oral starch hydrolysis will increase and perceived 

viscosity will decrease with oral residence time.  
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 CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Consumption of food involves ingestion, breakdown (where necessary) and reassembling of 

material to a swallowable mass (Lillford, 2011). This transformation of food to the point of a 

safe to swallow product is known as oral processing. Due to differences in mechanical properties 

that occur with different food structures, the mechanism of oral processing varies among foods. 

These differences lead to distinct in-mouth breakdown patterns for different food structures and 

result in the perception of specific properties. These perceptions, in turn, dictate oral processing 

behaviour (Fig. 2.1) (Devezeaux de Lavergne et al., 2017; Foster et al., 2011; Wilkinson et al., 

2001).  

 

   

Figure 2.1: Relation between food structure, oral processing and sensory perception 

2.2 Food Structure and Texture 

Food structure is characterized by the arrangement/assembly of molecular components which are 

constantly interacting with each other (Day & Golding, 2016). This organization, either by self-

assembly (natural) or prefabricated during manufacturing/processing, changes with time and 
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gives a food its basic structure. Food structure can be viewed at different spatial scales – 

molecular (<1 nm to ~150 nm; individual molecules making the food - water, minerals, lipids, 

proteins, mono- and polysaccharides), mesoscale (<1µm to ~300 µm; aggregation of molecules 

such as emulsions, starch granules, casein micelle) and macroscale (>300 µm; as viewed by 

consumers) (Aguilera & Lillford, 2008; Day & Golding, 2016; Foegeding, 2015; Kilcast & 

Lewis, 1990; Ubbink et al., 2008). The structure of a food is the basic foundation for its stability, 

sensory properties, acceptability, nutrient release, bioavailability and satiety (Campbell et al., 

2017; Joyner, 2019; Parada & Aguilera, 2007). Any ingredient added into a food changes the 

interaction of its components and consequently contributes towards its structure, stability and 

sensory properties (Arancibia et al., 2013; Foegeding et al., 2010). 

Based on their physical forms, foods can be broadly classified as – fluids, semisolids and solids 

(Foegeding et al., 2010; Koç et al., 2013). Although foods are found in many forms within each 

classification, the focus of this literature review will be on semisolid foods. The test material for 

the current research is pureed food which is a type of texture modified semisolid food. 

Semisolid foods possess both solid-like and liquid-like properties. These foods resemble solid 

foods as they do not flow considerably but differ from them as they deform without fracturing. 

They display yield stress, i.e. a stress which needs to be overcome during oral processing, using 

no to minimal chewing and more tongue compressive movements (Foegeding et al., 2015). Some 

semisolids can be swallowed as such in their original form, without much oral manipulation, 

while some need to be processed into a bolus for safe-swallow (Engelen & de Wijk, 2012; Yao, 

2014). A wide range of food products fall under the category of semisolid foods, starting from 

bread, cake, whole soft fruits, tofu to sauces, mayonnaise and desserts (Fig. 2.2) (van Vliet, 

2009). This diversifies the type of instrumental technique used for measuring mechanical 

properties as well as the results collected using these techniques (van Vliet, 2009). Some 

semisolid foods which require breakage of food structure by teeth (such as model gel foods) use 

fracture techniques (Texture Analyser) to investigate mechanical properties while others which 

are mainly palated (yogurt) during oral processing, use rheological tests (Bourne, 2004; Yao, 

2014). Even in the semisolid foods that have similar oral processing behaviour (palating), a huge 

variation exists in the viscosity of two products - yogurt (0.045 Pa.s) and butter spread (350 Pa.s) 

(Joyner, 2019).  
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Figure 2.2: Range of semisolid foods 

When a food is orally processed, various receptors are stimulated, giving rise to the perception of 

sensory properties such as texture. Texture is a physical attribute which is perceived by the 

various senses and central nervous system only after a certain degree of oral manipulation 

(Jowitt, 1974; Koç et al., 2013). As defined by the International Standards Organization  (ISO 

5492) texture is “All the mechanical, geometrical and surface attributes of a product perceptible 

by means of mechanical, tactile and where appropriate, visual and auditory receptors” 

(Rosenthal,1999). It is an essential sensory modality and contributes significantly to consumer 

experience and food acceptability (Foegeding, 2007; van Vliet et al., 2009; Witt & Stokes, 

2015).  

The perception of texture is structure dependent. The relations between structure and texture are 

so interdependent that often these terms are used interchangeably (Foegeding, 2007; Wilkinson 

et al., 2001). A change in texture necessitates a change in structure. An example of this is the 

addition of thickeners to increase the viscosity of fluids. Similarly, hydrocolloids such as xanthan 

and carrageenan interact with the casein matrix of yogurt (change in structure) which results in 

its increased perceived firmness (change in texture) (Nguyen et al., 2017). 

2.2.1 The need for semisolid food structures 

Ageing causes various physiological changes in the body, one of which is the loss of muscle 

strength resulting in various functional deficits. One such condition, known as dysphagia, is 

related to impairment in the autonomous oral processing and swallowing mechanisms 

(Logemann, 2007). This condition reduces dietary intake due to fear of choking and can 

sometimes become fatal due to aspiration pneumonia (Logemann, 2008). The exact percentage 

of dysphagia prevalence is not known but various studies have reported it to be around 20-25% 

of population over 50 years of age (Bhattacharyya, 2014; 

Https://Swallowingdisorderfoundation.Com/about/Swallowing-Disorder-Basics/, 2020; Philpott 
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et al., 2017). Globally there are 590 million people affected with dysphagia (Https://Iddsi.Org/, 

2020). With the rise in the older adult population, this number is going to increase which makes 

it important to consider the specific food requirements for this demographic. Texture 

modification is used as an alternative to the original textured meal so as to increase food intake 

of people having swallowing difficulties (Aguilera & Park, 2016). Different levels of food 

texture modifications have been identified (IDDSI, 2017). These modifications are prescribed as 

a compensatory diet to assist in food manipulation, bolus preparation and transportation 

(Cichero, 2018; Sungsinchai et al., 2019) (Fig. 2.3). These modifications also ensure that the 

foods are safe to swallow and reduce the risk of choking. Pureed foods, a form of semisolid 

foods, are a special class of texture modified foods. For this, regular hard and soft solid foods are 

mechanically altered by grinding or blending the solid food with the aim to reduce muscle 

activity needed for chewing and swallowing (Keller et al., 2012). The requirement of easy oral 

processing with less muscle activity ascribes higher significance to texture needs of these foods 

such as soft and moist texture, non-sticky/adhesive texture, small particle size, non-fibrous, 

cohesive and thick consistency (Aguilera & Park, 2016; Sungsinchai et al., 2019). 

     

  

Figure 2.3: The levels of texture modified foods for people with swallowing disorders as per IDDSI 

guidelines (Reproduced from Sungsinchai et al. (2019)) 
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2.3 Hydrocolloids as Structuring/Texturizing Components 

Hydrocolloids or water-soluble polymers, are widely used in designing food structures due to 

their unique properties of modifying texture and appearance of food products (Goff & Guo, 

2019). As structuring components, hydrocolloids are added to semisolid foods to give desired 

texture, improve consistency, reduce syneresis, improve appearance and organoleptic 

characteristics (Alvarez et al., 2012; Funami, 2011). Hydrocolloids also change the rheological 

and textural properties in foods (Agudelo et al., 2015). They have an effect on microstructure and 

hence on mouthcoating, lubrication of the bolus and force needed to deform the food during 

mastication (Arancibia et al., 2015; Çakir et al., 2012; Chen, 2015; van Vliet, 2009). Over the 

years, hydrocolloids have been studied in detail to understand their behaviour in various 

processed foods such as bakery, fried and frozen foods, dessert, sauce and salad dressing. This 

has resulted in in-depth knowledge about their characteristics, attributes and processing 

outcomes and they are extensively used to obtain desired texture as per market demand (Li & 

Nie, 2016; Varela & Fiszman, 2011).  

Hydrocolloids are an essential additive in texture modified foods meant for people with 

swallowing difficulties (dysphagia) predominantly due to their ability to make a cohesive bolus 

that helps with safe swallowing while requiring minimal force in oral manipulation (Keller et al., 

2012; Sukkar et al., 2018). However, there are limited published studies related to the use and 

effect of hydrocolloids in texture modified foods (Zarim et al., 2018; Ilhamto et al., 2014; 

Sharma et al., 2017; Tobin, 2014). Starch and xanthan are the two most commonly used 

hydrocolloids in texture modified foods (Cichero, 2013). 

2.3.1 Starch 

Starch is a natural polymer in plants and found abundantly in corn, wheat and potato. It is a 

homopolysaccharide, consisting of two molecules: amylose and amylopectin, the structure of 

which depends on the botanical source. Also size and shape of the starch granules are dependent 

on the botanical source (Fig. 2.4). Amylose is a linear chain molecule consisting of 

predominantly α-1,4-linked D-glucose units. Amylopectin is a highly branched molecule with 

similar linkages as amylose (α-1,4-bonds) and additional α-1,6-linkage every 20-26 glucose 

monomer units (Fig. 2.4). When heated in water, starch granules imbibe/absorb water, swell and 
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attribute different properties to a product (Mandala, 2012). Since native starch is sensitive to 

shear upon hydrothermal treatment, starches are often modified before use as food ingredients to 

withstand the adverse effects of processing and acquire better functional characteristics 

(BeMiller & Whistler, 1996; Murphy, 2000). The low cost, wide availability and extensive 

modification possibilities promote its use and applicability as the most commonly used food 

additive.  

 

 

Figure 2.4: Structural components of starch (Adapted from Pérez & Bertoft, 2010) 

Starches consisting almost entirely of amylopectin are called waxy starches. The term waxy is 

not related to the presence of wax but comes from the shiny and wax-like appearance of 

endosperm of waxy starch corn kernels (BeMiller, 2019a). Waxy maize starch has an increased 

resistance to acid and shear in comparison to other waxy starches, a property that may be 

beneficial for certain food applications. It swells easily, has improved freeze-thaw stability, 

forms soft clear gels and has smooth spherical/angular granules (Alcázar-Alay & Meireles, 2015; 

BeMiller, 2019a; Hsieh et al., 2019; Sandhu et al., 2007). One of the modifications for waxy 

maize starch focuses on the creation of cold water swelling starch which has pregelatinized intact 



 

 

11 

 

granules (BeMiller, 2019b). Due to their ease of use, waxy maize starch is often used in baking 

products, instant pudding mixes and in nursing homes to thicken foods meant for dysphagic 

individuals (BeMiller, 2019b; Meng & Rao, 2005). 

2.3.2 Xanthan 

Xanthan is a branched heteropolysaccharide, a pentasaccharide polymer secreted by the micro-

organism Xanthomonas campestris (Urlacher & Noble, 1997). It has a cellulosic backbone, i.e. 

β-1-4 linked D-glucose units, with a trisaccharide side chain located at every alternate glucose 

monomer (at the O3 position) comprising of two mannose residues and one β-D-glucuronic acid 

(in the middle of the two mannose units) (Fig. 2.5). The anionic side chains (glucuronic acid and 

pyruvic acid) increase the solubility of xanthan gum. When in solution, the side chains fold 

around the backbone in a rigid rod-like conformation and the high molecular weight of xanthan 

gives high viscosity to aqueous solutions at low polymer concentration which is barely affected 

by ionic strength, pH and temperature (Williams, 2006). As the shear is increased xanthan 

molecules align in the direction of shear which also reduces the polymer entanglements, both 

resulting in the strong shear-thinning properties observed for xanthan solutions. Other properties 

which increase its application in texture modified foods include excellent freeze-thaw and high-

salt stability, resistance to enzymatic hydrolysis, high viscosity at low concentration, ease of 

swallowing and perceived cohesiveness (Cichero, 2013; Nakauma et al., 2011; Steele et al., 

2014).  

 

   

Figure 2.5: Structure of xanthan 
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Research studies comparing the effect of starch and xanthan in dysphagia foods have focused 

primarily on thickened fluids and from the perspective of swallowing ease and oral residue left 

after swallowing (Leonard et al., 2014; Nakauma et al., 2011; Vallons et al., 2015; Vilardell et 

al., 2016). It is equally important to understand the textural differences occurring with the 

addition of these hydrocolloids to semisolid pureed foods (Rofes et al., 2014). Although effect of 

hydrocolloid on texture has been evaluated in few semisolid model foods (Devezeaux de 

Lavergne et al., 2015a, 2015b; Joyner et al., 2014), no published studies exist that investigate the 

change in textural properties of hydrocolloid added semisolid real foods during oral processing. 

Starch and xanthan vary in their interactions with salivary components. Starch is acted upon and 

hydrolyzed by salivary amylase while xanthan is resistant to this enzymatic degradation. This 

causes sudden decrease of viscosity in starch-thickened solutions with saliva addition, not 

observed in gum-thickened solutions and so preferred for dysphagia products. The salivary 

enzyme, α-amylase, catalyzes the hydrolysis of α-1,4 glycosidic linkages between glucose 

residues in starch (Schenkels et al., 1995). This action results in structure breakdown and affects 

sensory properties such as reduction in food oral viscosity, creamy sensation and flavor sensation  

(Chen, 2009; Engelen et al., 2007). There is no published literature which explores the 

interaction of salivary components with xanthan although it has often been associated with 

imparting slipperiness/slickness in thickened beverages. Choi et al. (2014) found that saliva plays 

an important role in extensional flow behaviour of xanthan. Saliva protects xanthan from break-

up and extends filament life time which was attributed to the rigid rod molecular conformation of 

xanthan and its interaction with salivary mucins. 

2.4 Oral Processing 

The goal of oral processing in all types of foods is the preparation of the bolus for swallowing. It 

is a series of activities that start with food acquisition followed by mastication and manipulation 

until swallowing. Oral processing changes the structure and properties of a food and, upon 

mixing with saliva, forms a bolus (Stieger & Van de Velde, 2013). Processing continues until the 

bolus is considered to be in a state that is safe to swallow (Chen & Lolivret, 2011).  

The various stages of oral processing, controlled by the central nervous system, are a function of 

individual oral physiology as well as food structure (Chen, 2009). Oral processing occurs in the 
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oral cavity with major roles played by muscles (such as temporalis, masseter, hyoid bone, 

submental), teeth, jaw movements, tongue, palate (both hard and soft) and saliva. Although all 

foods are processed in a similar manner - ingestion, mastication, bolus formation and 

transportation - the difference between different foods lies in the duration of each stage and 

usage of each part of the oral cavity (Hiiemae & Palmer, 1999). Food structure guides the way a 

food must be orally processed. For solid foods, oral processing starts with 

fragmentation/diminution into smaller pieces by the grinding action of the teeth and jaw whereas 

for semisolids, less chewing action is required (Koç et al., 2013; van Aken et al., 2007). The 

major processes involved in the oral processing of semisolid foods include shearing of the food 

between the tongue and hard palate, mixing with saliva and the resulting action of salivary 

enzymes on food components leading to the formation of a cohesive swallowable bolus (van 

Vliet et al., 2009). 

2.4.1 Dynamics of oral processing and texture perception 

Food oral processing is a dynamic activity. The most popular model, known as the Mouth 

Process Model, recognizes the aspect of time while characterizing the food breakdown pathway 

(Hutchings & Lillford, 1988) (Fig. 2.6). 

 

 

Figure 2.6: The Mouth Process Model (Adapted from Hawthornthwaite et al., 2015; Hutchings & 

Lillford, 1988) 
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Based on three primary factors, this model proposes that, during food breakdown, changes in the 

degree of structure and degree of lubrication are a function of time. During oral processing, food 

undergoes a breakdown in structure, an increase in lubrication and requires time to produce a 

bolus that is safe to swallow. Prinz & Lucas (1997) have indicated that the bolus that develops 

over time must attain a specific cohesive force before swallowing.  

Research studies aimed at understanding oral processing behaviour have widely accepted these 

models and focused on three factors – food, oral cavity and time. A number of solid foods, 

including bread, meat, cereals, peanuts, carrots, cheese, biscuits, mushroom and pasta, have been 

studied using the “chew-spit-analyze” approach at various stages of oral processing (Bleis et al., 

2016; Drago et al., 2011; Foegeding et al., 2015; Gao et al., 2015; Jalabert-Malbos et al., 2007; 

Joubert et al., 2017; Jourdren et al., 2016; Loret et al., 2011; Mioche et al., 2002, 2003; 

Rodrigues et al., 2014; Tournier et al., 2012; Young et al., 2013). Oral processing of semisolid 

foods, is different from that of solid foods. It involves a different mechanism of food breakdown 

and texture perception. To date, studies examining oral processing of semisolid foods have been 

published for commercial foods such as mayonnaise, custard, cream cheese, yogurt, peanut 

butter and tomato ketchup (Chen & Lolivret, 2011; Janssen et al., 2007; Terpstra et al., 2009; 

Yao, 2014) and gels (Devezeaux de Lavergne et al., 2015; Ishihara et al., 2011a; Joyner et al., 

2014; Krop et al., 2019; Tournier et al., 2017). A limitation of examining commercial foods is 

that they are composed of multiple components with mixtures of hydrocolloids and their 

composition is not known/specified. For this reason, often model gels are used in oral processing 

studies to help in investigating the functionality of one or more components (Krop et al., 2019). 

The oral processing of a model-gel food requires fracturing/use of teeth to break down the food. 

This differs, however, from texture modified semisolid food such as pureed food, as the action of 

breakdown is through palating (pushing the food to the roof of the mouth with the tongue). This 

leads to changes in the mechanical and sensory properties of the food. There is no published 

literature to date which has characterized the food and bolus properties to understand the 

dynamics of texture during oral processing of a semisolid real food. The studies on commercial 

semisolid foods have focused on relations between food/bolus properties with ease of 

swallowing (Chen & Lolivret, 2011), oral processing behaviour (Yao, 2014), static sensory 
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properties  (Janssen et al., 2007; Terpstra et al., 2009) and not on the dynamics of perceived 

texture. 

2.4.2 Decrease in oral viscosity and safe swallowing 

During oral processing, the most common phenomenon in almost all semisolid foods is a 

decrease in in-mouth viscosity. While this decrease is so natural and obvious that we hardly pay 

any attention to it from a safety perspective, this can be dangerous and sometimes fatal for 

people who have difficulty in controlling oral movement of food. Viscosity is the prime critical 

factor that controls tongue movement and bolus size to be swallowed (Logemann, 2014). People 

with dysphagia are recommended diets specific for viscosity and volume, mainly to avoid the 

risk of aspiration and in-mouth residues. Modified liquids and foods are considered safer in 

dysphagia as the increase in viscosity will reduce transit speed in the mouth and enable better 

control with weakened oral muscles. This safe alternative can become unsafe if the change in 

viscosity during oral processing is not taken into account.  

Factors causing a change in viscosity during oral processing include dilution with saliva, 

moisture release from food and breakdown of food structure due to the action of the salivary 

enzyme, α-amylase, on starch. Starch has been the most commonly used thickener in dysphagia 

foods and its hydrolysis and effect on oral viscosity has been the subject of research for many 

years (Ferry et al., 2004; Hanson et al., 2012; Mandel et al., 2010; Vallons et al., 2015). Past 

research found that the addition of saliva to a starch thickened liquid reduced its viscosity by 

90% in 10 s of oral processing (Hanson et al., 2012). In  starch pastes, Mandel et al. (2010) found 

that although a decrease in viscosity was observed from the time the food was ingested, it was 

observed after 10 s which was termed as the amylolytic phase and the phase before 10 s was 

known as the mixing phase. This highlights the fact that the decrease in viscosity is dependent on 

the type of food – liquid or semisolid. Vallons et al. (2015) conducted an oral processing study of 

thickened liquids based on starch and gums and found that viscosity decreased by 80% for starch 

and 50% for gums, after oral processing for 20 s. Viscosity stability is one of the major drivers in 

the search for an alternative thickener to starch such as xanthan gum which is resistant to 

enzymatic degradation (Newman et al., 2016).  
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Although the reduction in viscosity of starch-based foods in the oral cavity has been recognized 

and poses a major safety concern for people with swallowing disorders, there is no published 

literature which describes a method to determine the extent to which its viscosity will decrease 

during the oral processing time. Understanding this mechanism will be helpful in designing safe-

swallow starch-thickened texture modified foods. 

2.5 Factors affecting oral processing and texture perception 

It is clear from the oral processing models mentioned earlier that the two major factors 

influencing oral processing (structural breakdown and lubrication) and texture perception are 

oral physiology and food properties. 

2.5.1 Oral Physiology 

Since oral processing of semisolid foods involves minimal chewing and more palating/shearing 

between the tongue and palate, saliva plays an important role of mixing with food which is done 

by using tongue movements, during the development of a swallowable bolus (Engelen et al., 

2007).  

Saliva is an enzymatic fluid primarily consisting of 99% water with the remainder being organic 

and inorganic substances such as sodium, bicarbonate, phosphate and proteins, amino acids and 

antibacterial compounds (Schipper et al., 2007). Saliva is a perfect in-mouth material for oral 

health such as bolus formation and transport, mouth clearance, tooth integrity, antibacterial 

activity and dental protection with high elasticity, viscosity, shear-thinning and lubrication 

properties which performs multiple functions (Humphrey & Williamson, 2001; Pedersen et al., 

2002; Schipper et al., 2007). Saliva is primarily secreted from three glands – parotid, 

submandibular and sublingual, the composition of saliva from each gland differing in the ratio of 

serum to mucus content (van Aken et al., 2007). At rest, mucus-rich saliva is secreted from the 

submandibular gland which helps in lubrication and protection of the oral surfaces. During oral 

processing, more than 50% of saliva is excreted from the parotid gland, rich in serum and 

enzymes, modulating the sensory perceptions of texture, taste and flavor (Humphrey & 

Williamson, 2001). Saliva can be collected both at rest (unstimulated saliva) and after using a 

stimulus (stimulated saliva) such as mechanical (chewing Parafilm), chemical (citric acid) and 
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odor. Unstimulated saliva is  primarily secreted by the submandibular gland and has a higher 

lubrication property compared to stimulated saliva secreted from parotid gland with higher 

concentration of salivary amylase (Humphrey & Williamson, 2001; Schipper et al., 2007). 

Stimulated salivary flow rate ranges from 0.58-7 mL/min with the daily volume being between 

1-1.5 L and has a slightly acidic to neutral pH, ranging between 5.6-7.4 (Chen, 2009; Humphrey 

& Williamson, 2001; Schipper et al., 2007).  

The effect of saliva on the sensory properties of semisolid foods is evident shortly after ingestion 

where no oral breakdown/fracture of food is needed. Mixing of food with salivary components 

dilutes the food, assists in release of flavor compounds, helps in the transportation of taste 

compounds to specific sites and as a buffering agent (Salles et al., 2010). The lubricating effect 

of mucins in saliva help in binding the food particles together, forming a cohesive-smooth bolus 

and reducing irritation to oral mucosa (Lucas et al., 2002). The enzymes of saliva such as α-

amylase, lipase and lysozyme affect perception of textural attributes and taste (Drago et al., 

2011; Feron & Poette, 2013; Ferry et al., 2006; Lapis et al., 2017; Rossetti et al., 2008; Stewart et 

al., 2010). The importance of including saliva in instrumental measurements for better 

understanding of texture has been recognized in previous studies (Drago et al., 2011; Janssen et 

al., 2007; Mosca & Chen, 2017; Terpstra et al., 2009).  

Salivary flow rate does not affect the sensory properties in a semisolid food. Engelen et al. 

(2003a), found no correlations between salivary flow rate and rating of various sensory textural 

and flavor attributes. Various components in saliva, however, do affect sensory perceptions of 

semisolid foods. The component varies by product. For a starch-based product (custard), amylase 

activity of saliva had more correlations with texture attributes while in the case of an oil-in-water 

emulsion (mayonnaise), the total salivary protein concentration was a dominating factor 

associated with texture perception (Engelen et al., 2007; Terpstra et al., 2009). These correlations 

were, however, found for unstimulated (resting) saliva composition and not stimulated saliva 

(Engelen et al., 2007). During oral processing of starch pastes, greater decrease in perceived 

thickness was observed in individuals who possessed higher amylase activity in stimulated saliva 

(Ferry et al., 2006; Mandel et al., 2010). This highlights the fact that, although, model foods help 

in understanding the mechanisms involved, the results are not directly applicable in real foods 

due to the presence of multiple components which induce complex interactions. Another reason 
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for the difference in effect of amylase activity between custard and starch gel might be the oral 

residence time. Custard has a very short oral residence time (~ 4 s) (Engelen et al., 2003b; 

Heinzerling et al., 2008) while starch gel was orally processed for 60 s (Mandel et al., 2010).  

The surface of the tongue, its muscular activity, pressure exerted and movements against the 

different parts of the oral cavity such as hard palate, lips, teeth and cheeks are important for oral 

processing. Alsanei et al. (2015) have shown that tongue muscle strength is related to the oral 

handling of food during mastication which should be considered while designing foods for the 

elderly population. Complex and diverse tongue movements result in higher ratings of texture 

because of the presence of mechanoreceptors located in the tongue surface which respond to 

tactile stimulants (de Wijk et al., 2011). The roughness of the tongue surface due to the presence 

of embedded papillae provides the required friction and deformation during chewing and 

transportation of food (Thomazo et al., 2019). This roughness also contributes to clearance 

kinetics of foods and sensory perceptions such as smooth, grainy and mouthcoating. It was 

hypothesized by De Jongh & Janssen (2007) that xanthan molecules are small enough to enter 

into the cavities of the tongue surface and accumulate with prolonged palating action while 

starch granules, being bigger in size, would be easily cleared. Food coating/retention on the oral 

mucosa, during mastication and after swallowing impart textural attributes such as creaminess 

and oily/fatty mouthcoating. The polysaccharides such as guar gum, used as fat replacers, form a 

thin lubricating film on the surface of the tongue and palate due to a viscous coating resulting in 

a fatty perception (Vingerhoeds et al., 2009). The hydrophobic tongue becomes hydrophilic due 

to the adherence of salivary proteins and this plays an important role in bolus formation and 

texture perception. The interaction of tannins and salivary proteins causes the precipitation of the 

former and reduces saliva lubrication leading to the textural perceptions of dry and astringent 

such as in yogurt (Joyner, 2019).  

Oral processing parameters can differ between individuals but lead to similar perceptions. While 

testing the texture of two chocolates which had the same composition and comparable melt 

viscosity, Carvalho-da-Silva et al. (2011) found that although individuals varied in oral 

processing behaviours such as chewing rate, chewing time and muscle work, they had 

similarities in perceived differences between the two chocolates. In terms of textural differences, 

chocolates were differentiated for hardness and mouthcoating and not for melting, thickness 
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(both related to product melt viscosity) and smoothness (related to product composition) 

(Carvalho-da-Silva et al., 2011). It is apparent that oral physiology plays an important role 

during food processing, but food properties such as hardness and deformation are also important. 

Engelen et al., (2005) found that the swallowing threshold of a swallowable bolus varied more 

by product properties than physiological factors (less than 10%). These findings indicate the 

greater significance of the effect of food properties on oral processing and sensory perception of 

foods. 

2.5.2 Instrumental Properties 

Properties of food are assessed using different instrumental methods. The purpose of measuring 

these properties is to help understand the mechanism of differences in oral processing and 

sensory perception, particularly texture. Szczesniak (1963) recognized this relation and classified 

textural characteristics into three classes based on food properties as mechanical, geometrical 

and other characteristics. The attributes such as hardness, cohesiveness, adhesiveness and 

viscosity which are perceived as a result of pressure applied on food by oral parameters of teeth, 

tongue and palate are classified as mechanical characteristics. These are measured by 

instruments which measure the reaction of food to stress, the most commonly being used include 

the Texture Analyzer and rheometers. Geometrical characteristics highlight the arrangement of 

food components, affect their appearance and are sensed through oral sensations of touch and 

pressure. These include attributes related to particle shape and size such as rough, grainy, smooth 

and coarse and are measured quantitatively with instruments such as a particle size analyzer (e.g. 

Mastersizer) and qualitatively with various microscopic techniques (optical, scanning electron 

microscope). The lubricating properties of food come under the category of other characteristics, 

representing the mouthfeel qualities perceived during oral processing and are related to fat and 

moisture content. Instruments such as a tribometer or rheometer (with appropriate attachment) 

may be used for measuring these properties. 

2.5.2.1 Food Properties 

Instrumental assessment of semisolid food properties that do not fracture during oral processing 

and involve primarily manipulation with the tongue is mostly conducted with a rheometer. 

Rheology, describing the deformation and flow behaviour of materials under stress or force, is 
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used for measuring the viscosity and viscoelastic properties in a semisolid food (Joyner, 2019). 

Rheology has been the gold standard for understanding the changes in food structure and 

behaviour through instrumental characterization of foods for many years (Fischer & Windhab, 

2011). Thorough knowledge of rheological properties is an important criterion for understanding 

the texture of semisolid foods (van Vliet, 2002). These measurements are done by using 

appropriate geometry such as vane geometry, parallel plates, cone and plate and concentric 

cylinder. Flow and deformation behaviour are measured using rotational and oscillatory tests, 

respectively. The semisolid foods show a shear-dependent flow behaviour where viscosity 

changes with shear and mostly these are shear thinning, where viscosity decreases as shear rate 

increases. The shear rates functional during oral processing vary widely but the most commonly 

accepted shear rate used to study viscous behaviour of semisolid foods is 10 s-1 (Casanovas et al., 

2011; Stanley & Taylor, 1993; Terpstra et al., 2009; Yao, 2014). Oscillatory tests are used to 

measure the deformation-related viscoelastic parameters of storage modulus (G'), loss modulus 

(G") and phase angle (δ). Storage modulus indicates the elastic/solid-like behaviour and loss 

modulus represents the viscous/liquid-like behaviour of foods. Phase angle, mostly represented 

as its tangent (tan δ – loss factor) is the ratio of loss to storage modulus. Semisolid foods 

behaving more as viscoelastic solids have a tan δ < 1.  

Viscoelastic parameters at a frequency of 1 Hz are usually compared for correlation with sensory 

parameters (Bayarri et al., 2012; Joyner et al., 2014; Laguna et al., 2017; Tárrega & Costell, 

2007). This frequency is considered to be a reasonable compromise between high and low 

frequencies, as at higher frequencies entanglements can occur resulting in a solid-like response. 

Lower frequencies can cause loss of data precision and reliability (Clark & Ross-Murphy, 1987). 

While characterizing the viscoelastic parameters of denture liners, Murata et al. (2008) 

recommended that values at 1 Hz should be used for assessing clinical significance as it 

represents masticatory conditions. Tárrega & Costell, (2007) differentiated and clustered 

semisolid dairy desserts based on rheological behaviour and found that 90% of product 

variability (using Principal Component Analysis (PCA)) could be explained with G', G", tan δ 

(all at 1 Hz and accounted for 71% of variance) and viscosity at a shear rate of 10 s-1. It has been 

suggested that rheological characterization should be used for clustering and differentiating 

between various classes of texture modified foods (Casanovas et al., 2011; Quinchia et al., 2011; 
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Wendin et al., 2010). Pureed carrots made with eight hydrocolloids having similar viscosities at a 

shear rate of 50 s-1 indicated the significant contributions of G' and G" on textural properties and 

found positive correlations between tan δ (1 Hz) and perceived smoothness and oily 

mouthcoating (Sharma et al., 2017). Testing five thickeners at three concentrations in texture 

modified chicken puree, Zarim et al. (2018) identified 30% CMC as an appropriate hydrocolloid 

addition in safe-swallow foods based on rheological characterization of G' (structural stability), 

higher viscosity and shear thinning behaviour. 

Though rheology well describes the textural properties related to deformability, recovery and 

flow behaviour of foods when subjected to different stresses in the mouth, it misses explaining 

some of the other processes occurring simultaneously during oral processing (Bourne, 1977). 

Bolus preparation involves mixing of food with saliva which then leads to lubrication-related 

perceptions such as oiliness, fattiness and watery either due to a dilution effect and/or release of 

moisture/lipids  from foods (Bourne, 1977). Kokini & Cussler (1983) showed that in semisolid 

foods, while thickness is related to in-mouth shear stresses and viscous forces, smoothness is 

related to friction and creaminess is based on thickness and smoothness. de Wijk & Prinz (2005) 

found that surface-related textural attributes such as roughness, prickliness, stickiness and 

creaminess varied with fat content and were related to friction in custards. The breakdown of 

starch by salivary amylase during oral processing of custards reduced the friction due to the 

release of fat from the starch matrix and its migration and availability for surface lubrication (de 

Wijk & Prinz, 2005). These results may be explained through tribological testing. 

Tribology is the branch of science dealing with wear, friction and lubrication between two 

surfaces/parts in relative motion. This science is gaining importance in our continued endeavour 

to understand the relations between oral processing and in-mouth texture perception which was 

not being completely identified by using existing methods such as by means of a texture analyzer 

and rheology. A number of oral surfaces interact during mastication such as the tongue, lips, 

cheeks, teeth and palate, when a food is orally processed for making a swallowable bolus. This 

indicates that surface properties such as rough, smooth and creamy are an important class of 

attributes in foods which are not explained by rheology (Chen & Stokes, 2012). These properties 
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are perceived when food mixes with saliva, becomes a slurry and there is a thin-film between the 

tongue and palate (Chen & Stokes, 2012; Stokes et al., 2013).  

Method and issues related to tribological measurements 

Traditionally tribology was used in the field of mechanics to optimize moving mechanical 

systems. Over the years, this has diversified from traditional fields such as ball bearings and 

gears, to other fields such as nanotribology and biotribology as well as non-food related areas 

such as green tribology. A growing interest in understanding the oral processing behaviour and 

consequent perception changes in texture, has seen a further diversification of tribology as soft 

tribology.  

When force (FN) is applied on two surfaces which are in contact with each other, they start 

rolling/sliding against each other. The force of friction (Ff) acts in the opposite direction of the 

sliding motion and is proportional to the applied force/load. These forces are related with a 

dimensionless parameter µ, referred to as the friction coefficient (Fig. 2.7). 

 

 

 

 

Figure 2.7: Mechanism of frictional force between two sliding surfaces 

The applied load is set as a constant during the measurement and the change in friction 

coefficient is measured to study material behaviour. This change is proportional to the frictional 

force which varies with the flow of the material between the interacting surfaces. This indicates 

that friction is a system property influenced by the testing environment and properties of both 

surfaces such as interfacial behaviour between surfaces and between the surface and test 

material. To get a realistic understanding of the lubrication/friction behaviour of a material, it has 

to be tested under simulating conditions using surfaces as close as possible to the realistic 

settings. The friction behaviour is usually depicted in the form of a friction profile, known as the 

FN 

Sliding Force Ff = µFN 

FN 
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Stribeck Curve, which indicates the change in friction coefficient with varying speed. This curve 

(Fig. 2.8A) is split into different regimes based on the speed as boundary regime, mixed regime 

and elastohydrodynamic regime (EHD) (Pradal & Stokes, 2016; Selway & Stokes, 2013). 

Boundary regime is characterized by high friction at low speed as very little lubricant is 

entrapped between the test surfaces and friction is due to the interlocking of test surfaces. Mixed 

regime starts when the friction starts decreasing due to more lubricant getting entrapped between 

the test surfaces, with the increase in speed. After reaching a minimum in friction, it again starts 

increasing which marks the initiation of EHD regime. The shape of the Stribeck curve depends 

on the properties of contact surfaces, type of material and on the experimental conditions 

(Shewan et al., 2019) (Fig. 2.8). Friction of oil-in-water emulsions (Fig. 2B) is dependent on its 

composition, droplet size and phase separation of aqueous and oil phases. The profile of friction 

curve for yogurts (Fig. 2.8C) was attributed to the entrapment of fat globules in the gel network 

of whey proteins (Nguyen et al., 2017) which was also found in fat-containing custards (Godoi et 

al., 2017). Products which have particles that get confined in between the tribo-pairs have 

friction profiles like Fig. 2D and are found for glass spheres (Yakubov et al., 2015), microgels 

(Sarkar et al., 2017), and starch granules (Zhang et al., 2017).  

 

   

Figure 2.8: Friction profile of different products (adapted from (Joyner, 2019; Nguyen et al., 2017; 

Shewan et al., 2019). A - typical Stribeck curve, B – o/w emulsion, C - yogurt, D – particle entrainment 
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The roughness, hardness, hydrophobicity and elasticity of test surfaces affect the friction 

measured. The probe/test surfaces that have been used in food tribology include pig tongue, 

Teflon, silicone, neoprene, PDMS (Polydimethylsiloxane), glass, rubber, whey protein isolate 

(WPI) gels and steel. As with all materials, polysaccharide lubrication behaviour varies with the 

surface used for testing. For  example, xanthan had similar lubrication behaviour when tested 

with the surfaces of Teflon, silicone and neoprene while pectin lubricated well on smooth 

surfaces (silicone and Teflon) and not on rough surface (neoprene) (Chojnicka-Paszun, 2009). 

Shearing action differs between pig tongue and glass in comparison to PDMS and glass 

(Dresselhuis et al., 2008). When comparing the lubrication behaviour of aqueous dispersions of 

whey-protein microgel particles, Sarkar et al. (2017) found a higher wettability (and lubrication) 

with hydrophilic PDMS coated with bovine submaxillary compared to both hydrophilic and 

hydrophobic PDMS surfaces. 

Multiple mechanisms exist to explain the friction behaviour of test materials based on their 

interactions with the surfaces. The type of polymer has an effect on the friction profile and the 

underlying friction behaviour mechanism (Fig. 2.9). WPI with globular shapes showed a 

decrease in friction in the mixed regime which was due to an increase in viscosity while with 

fibrillar ovalbumin, other additional factors such as ordering of fibers also contributed to a 

decrease in friction (Chojnicka et al., 2008). Smaller, round, smoother particles – both intact and 

easily deformable, reduce friction with different mechanisms (Liu, Tian, et al., 2016). The intact 

particles reduce friction through a (rolling motion) ball-bearing mechanism (Fig. 2.9A) while the 

deformable, reduce it with plate-out mechanism (Fig. 2.9B). The surfactants such as Tween 20 

get adsorbed on the hydrophobic surfaces, form a robust separating layer and provide lubrication 

(Fig. 2.9C). When milk varying in fat concentration was tested for lubrication properties, the 

friction values varied with silicone, neoprene and Teflon (Chojnicka-Paszun, 2009). These 

results indicate that a comparison of friction properties across different studies using similar 

samples should be done with caution, considering all the test parameters (Morell et al., 2017).  
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Figure 2.9: Various mechanisms of lubrication behaviour (A) ball-bearing mechanism with hard round 

particles (B) plate-out mechanism with deformable particles (C) adsorbing surfactants on the test surfaces 

(Adapted from Liu, Tian, et al., 2016) 

 

Current Scenario 

With recognition of the significance of friction in texture perception, various model food systems 

based on fat emulsions and hydrocolloid solutions have been examined using tribology 

(Chojnicka et al., 2008; Dresselhuis et al., 2008; Dresselhuis et al., 2007; Goh et al., 2010; 

Malone et al., 2003; Vardhanabhuti et al., 2011). Research on friction behaviour and lubrication 

properties in semisolid real foods has focused on dairy foods and primarily explored to 

understand the relationship with fat and protein content. Selway & Stokes (2013) used tribology 

to differentiate semisolid foods which were similar in rheological properties but differed in fat 

content. Sonne et al. (2014) performed tribological analysis with stirred yogurt and found that 

friction decreased with increasing fat and protein concentration. The authors found that sample 

discrimination due to fat was greater at a lower speed (< 10 mm/s) while with protein it was at 

high speeds (≥ 50 mm/s). Another study indicated that the friction factor at speeds greater than 

0.1 mm/s can be used for differentiating yogurts similar in viscosity (Laiho et al., 2017). Huc et 

al. (2016) analyzed 13 commercial yogurt varieties for textural properties and emphasized that 

since rheology and tribology give complementary information, complete characterization of food 

should be done using both these measurements. Viscosity and creaminess prediction increased 

when tribology (friction) and rheology (shear stress) data were combined (Sonne et al., 2014). 

While studying the effect of different hydrocolloids on texture of yogurt, Nguyen et al. (2017) 

found correlations of tested sensory properties with tribological and not rheological parameters 

(viscosity and viscoelastic parameters). These authors proposed a tribology model for predicting 

sensory properties of gel-based dairy products (such as yogurt, milk gel) based on a four-zone 
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friction profile (Fig. 2.8C) where the transition point and slope of the curve in each zone 

corresponded to specific texture perceptions (Nguyen et al., 2017).  

A recent review about texture modified foods has recognized the fact that there is no published 

literature describing tribological measurements and friction profiles of these foods (Munialo et 

al., 2020). Lubrication properties have an effect on liking and acceptability of food (Bourne, 

1977). Understanding the mechanisms of these properties in pureed foods can help in designing 

specific foods and improving the diet of people with swallowing difficulties. 

2.5.2.2 Bolus Properties 

Saliva and its components play an important role in sensory perception and should be included in 

research studies aiming to understand the mechanisms of changing texture perception in 

semisolid foods (Stanley & Taylor, 1993; van Vliet, 2002). Incorporation of saliva during 

instrumental measurements of food has always been highlighted, from the time instrumental tests 

were designed to measure textural properties until now (Nishinari, Fang, et al., 2019; Proctor et 

al., 1955). Initial studies trying to investigate the effect of saliva on texture of semisolid foods 

were focused on starch-based custards. These were aimed at understanding the role of salivary 

amylase in oral starch breakdown and its effect on sensory perception (de Wijk et al., 2004; de 

Wijk et al., 2006; Engelen et al., 2003b). Using confocal laser scanning microscopy, Janssen et al 

(2007) showed that starch in custard was partially digested after 6 s and completely digested 

after 18 s. This study (Janssen et al., 2007) characterized saliva-induced structural breakdown 

and found that a number of sensory attributes such as creaminess, thickness, melting, fattiness, 

roughness and stickiness were related to enzymatic breakdown of custard, highlighting the 

importance of including saliva in instrumental measurements to understand oral perceptions. The 

texture of mayonnaise was predicted with large deformation rheological properties, turbidity 

measurements of rinsed water just after swallowing and viscosity measurements after saliva 

addition (Terpstra et al., 2009). Ishihara et al. (2011) found that smaller changes in viscoelastic 

properties of food after saliva addition give information about its swallowing ease which relates 

to the structural homogeneity and cohesiveness of the bolus - an important criterion for safe-

swallow foods. Acid milk gels tested with saliva showed similarities between friction curves and 

this similarity was also observed in trained panel results for friction-dominated sensory terms 



 

 

27 

 

such as smoothness, fatty, gritty and astringent (Joyner et al., 2014). It is for this reason Joyner et 

al. (2014) recommended to study the entire friction profiles of foods in addition to friction 

coefficient values at specific speeds. Higher correlations were found with sensory properties 

when viscosity values were multiplied by the friction coefficient which suggest the contributions 

of both these instrumental properties to texture perception (Joyner et al., 2014). While analyzing 

the lubrication behaviour of protein-added yogurts, addition of starch was shown to decrease 

friction which was also found to relate to sensory properties of reduced acidic perception and 

astringency and increased creaminess (Morell et al., 2017). In this study lubrication properties 

were enhanced with saliva addition and gave a more realistic understanding of sensory 

perception (Morell et al., 2017). Tribological and not rheological measurements, distinguished 

between fat-free and full-fat semi-solid dairy products (yogurt, cream cheese) which were also 

discriminated by consumers (Laguna et al., 2017).  

While bolus characterization has been widely studied in dairy based semisolid foods (as 

discussed above), it has rarely been used for texture modified foods (Funami, 2017). Since a 

cohesive safe-swallow bolus is made only after oral mixing of food with saliva and its 

manipulation, incorporation of saliva during instrumental measurements will improve our 

knowledge about in-mouth perception of texture modified foods meant for people with 

swallowing difficulties (Sukkar et al., 2018). 

2.6 Sensory Properties 

The dynamics of sensory perception was first recognized in 1937 but for a long period of time 

studies only focused on flavor attributes (Holway & Hurvich, 1937; Lawless & Heymann, 2010). 

Measuring textural changes over time started only after 1963 but the methods employed were 

static (single point) in nature (Brandt et al., 1963). The dynamic nature of texture was 

investigated using Descriptive Analysis (DA) during different stages of oral processing such as 

first bite, chew down and after-feel attributes, which were unipoint (single time-point and not 

continuous) methods. Some dynamic sensory tests developed and used for textural properties 

include time intensity, dual-attribute time intensity and Progressive Profiling (PP) (Duizer et al., 

1996, 1997; Jack et al., 1994) but these have the associated drawbacks of being time consuming 

and expensive and can be applied only for a limited number of attributes (one or two) in a single 
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test, which make them less viable. The information obtained from these approaches gives an idea 

about the changes occurring in the tested attributes over time, but they do not give any 

information about the sequential evolution of all the attributes of a product and the duration of 

each attribute during an entire oral processing cycle. Products with similar sensory profiles may 

vary in the sequence and appearance of attributes and this information is not obtained by static 

and some dynamic sensory tests (Lawless & Heymann, 2010). Two new sensory methods - 

Temporal Dominance of Sensations (TDS) and Temporal Check-All-That-Apply (TCATA)  

record the appearance/disappearance of perceived attributes during the tasting time (Castura et 

al., 2016; Pineau et al., 2009). These methods include testing of an increased number of 

attributes in a single test where panelists are provided with a complete list of all the attributes 

and, based on the test (TDS or TCATA), select appropriate attributes from the start of food 

ingestion until it is swallowed. As implied from the name, TDS involves selection of one most 

dominant/striking attribute being perceived while in the case of TCATA panelists can select all 

the attributes being perceived, at a point of time.  

While testing the differences in commercial canned foods due to the addition of different 

varieties of oil (pureed canned beans and tomato with oil added), Dinnella et al. (2012) found 

that TDS provided better characterization compared to DA where although certain attributes had 

lower intensity ratings (DA) but were perceived as a dominant attribute during certain stages of 

oral processing (TDS). This was also found in yogurt made with ingredient variations (fat, starch 

and gelatin) where although TDS and DA showed similar results, the increase in the dominance 

of creaminess sensation due to starch addition was reflected only in TDS (Bruzzone et al., 2013). 

While analyzing the dynamic sensory properties of yogurts with identical composition but 

differing textural properties (thickness, size of added particles and flavor), better description and 

differentiation was provided by TCATA than TDS (Nguyen et al., 2018).  

To better understand the relations between instrumental and sensory properties, it is better to 

include data from sensory methods that capture these dynamic changes in perception (Devezeaux 

de Lavergne et al., 2017). Limited published literature comparing the food and bolus properties 

to dynamic sensory perceptions have been conducted in model foods (Devezeaux de Lavergne et 

al., 2015a; Devezeaux de Lavergne et al., 2016) and solid foods (Jourdren et al., 2016; van Eck 

et al., 2019). One published study on semisolid real food compared TDS results to instrumental 
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food properties. In a recent study investigating the effect of adding β-glucan and phytosterols to 

make reduced fat cream cheese, Ningtyas et al. (2019) compared the progression of attributes in 

TDS curves with rheology, texture analyzer, tribology and particle size measurements. The 

limited use of TDS and TCATA in studies trying to understand mechanisms of oral perceptions 

might be because these methods give curve/profile based qualitative data and not quantitative 

data for comparing to instrumental measurements. Based on the similarities in results of data 

extracted from TDS and TI curves, Pineau et al. (2009) suggested that various parameters from 

TDS curves can be used for statistical analysis. There is no published literature which has used 

this in oral processing studies. 

2.7 Summary 

The literature review provided an overview about changes in textural perceptions during oral 

processing. It is evident that texture is one of the most important sensory attributes for food 

appreciation in semisolid foods. It is a safety concern in texture modified hydrocolloid based 

semisolid diets for people with swallowing difficulties. A lot of work still needs to be done in 

these foods with regard to the dynamics occurring in the food due to mixing with saliva and its 

effect on perception. These questions will be addressed in the current research which is based on 

pureed carrot matrices made with starch, xanthan, and blends thereof. 

  



 

 

30 

 

 CHAPTER 3: CHARACTERIZING THE DYNAMIC 
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3.1 Abstract  

Pureed foods, a compensatory diet for dysphagia, require the incorporation of hydrocolloids in 

order to be swallowed safely. The effect of hydrocolloid addition on textural dynamics of pureed 

foods has not yet been investigated. Starch and xanthan were added to levels that allowed 

products to meet the criteria of the International Dysphagia Diet Standardization Initiative. Nine 

pureed carrot matrices made with two concentrations of starch, xanthan, and their blends were 

characterized for textural evolution using two dynamic sensory techniques: Temporal 

Dominance of Sensations (TDS) and Temporal Check-All-That-Apply (TCATA). Each test, with 

four replications, was conducted with 16 panelists. Results indicate that purees were divided into 

two groups based on sensory responses––grainy and smooth were the primary differentiating 

attributes for these two groups. Grainy was associated with starch-added samples, while samples 

with xanthan (alone and in blends) were smooth and slippery. For both groups, thickness was 

perceived during the first half of processing, adhesiveness in the second half of oral processing, 

and mouthcoating was perceived toward the end of processing. A comparison of results from 

these tests showed that both TDS and TCATA gave similar information about texture dynamics 

and product differentiation of pureed foods. 

3.2 Introduction 

Texture modified foods, such as pureed foods, are a recommended management option for 

people with swallowing disorders, particularly those with oropharyngeal dysphagia (Sukkar et 

mailto:lduizer@uoguelph.ca
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al., 2018). Pureed foods are semisolid materials wherein the food structure has been destroyed 

during blending and pureeing. Liquids can be added to ensure proper consistency (Keller et al., 

2012). Hydrocolloids are also added and form an integral part of these foods. Hydrocolloids 

improve product consistency and cohesiveness and reduce syneresis of the product (Funami, 

2011, 2016; Nishinari, Turcanu, et al., 2019). These improvements make the food safe to 

swallow for individuals with dysphagia. While providing the desired benefits, hydrocolloids will 

affect the rheological and sensory properties of the food (Zarim et al., 2018; Agudelo et al., 

2015). They impact food microstructure, the breakdown of particles, force needed to deform the 

food during mastication, lubrication of the bolus, and mouthcoating (Chen, 2015; van Vliet et al., 

2009). Each of these properties impact food oral processing and ultimately sensory perception. 

Therefore, the effect of hydrocolloid addition on sensory perception of foods must be measured. 

The two most commonly used hydrocolloids added to dysphagia-specific products are starch and 

xanthan (Hanson, 2016; Newman et al., 2016). At present, sensory studies examining the 

addition of these hydrocolloids to products for individuals with dysphagia have primarily 

focused on thickened fluids (Garin et al., 2014; Matta et al., 2006; Ong et al., 2018; Vilardell et 

al., 2016). When starch or xanthan are added to liquids, they interact with salivary components, 

resulting in differences in sensory perceptions (Nishinari, Turcanu, et al., 2019). Starch imparts a 

grainy texture in thickened liquids while xanthan-thickened liquids are perceived as sticky and 

slippery (Matta et al., 2006; Ong et al., 2018). There is less known about the effect of 

hydrocolloid addition on perception of semi-solid foods, particularly pureed foods. In one of the 

few published studies examining modified textured foods, xanthan-thickened pureed carrots 

were perceived as smooth, sticky, and slimy while starch thickened carrots were rated low in 

smoothness (Sharma, 2015). Starch addition also produced a product that was perceived to be 

denser than the xanthan-thickened product (Sharma et al., 2017). However, all of these sensory 

results are static and the dynamic perceptions of these foods have not yet been characterized. As 

food structure and associated properties change during oral processing, their perceptions also 

evolve and keep changing as the food is mixed with saliva, manipulated, and prepared to form a 

swallow-able bolus.  

A number of sensory methods exist for measuring dynamic nature of perception. Two recent 

techniques are Temporal Dominance of Sensations (TDS) and Temporal Check-All-That-Apply 
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(TCATA). TDS and TCATA differ in their approach. TDS is based on the philosophy of 

capturing the most dominant sensation at a particular time whereas TCATA captures all the 

sensations being perceived at a particular time, during oral processing. The advantages of TDS 

and TCATA over other dynamic sensory tests are that both are less time-consuming, require 

minimal training of judges, and can be used for up to 10 attributes during each evaluation ( 

Pineau et al., 2012; Schlich, 2017; Varela et al., 2018). The methodology and analysis of TDS 

data was first introduced in 2003 and since then it has been extensively used in almost all oral 

processing studies to understand the dynamics of sensory perception (Pineau et al., 2003). This 

has included examining flavours, tastes, and textures of semi-solid gel-based systems made with 

different sweeteners (Di Monaco et al., 2016; Miele et al., 2017). Textures of emulsion-filled 

gels have also been studied using this approach (Devezeaux de Lavergne et al., 2016). Using the 

technique of TDS, Varela et al., (2014) examined how hydrocolloid addition modulates the 

negative attributes in ice cream, e.g., iciness. TCATA is a relatively recent technique, introduced 

in 2016 and has been used to examine flavours and taste in aqueous model systems with non-

nutritive sweeteners (Castura et al., 2016; Reyes et al., 2017). While these two techniques 

provide a holistic picture of the dynamics of sensory attributes of a food as they evolve and 

change during oral processing, few studies have compared the results of these two techniques 

(Ares et al., 2015; Esmerino et al., 2017; Nguyen et al., 2018).  

Texture, the primary attribute responsible for flow of the bolus, is the driving factor for safety 

during swallowing of modified textured foods. The purpose of the current research was two-fold. 

The first objective was to investigate the effect of starch, xanthan, and their blends on dynamic 

texture perception in a hydrocolloid thickened pureed food. It is hypothesized that since the 

original texture of the food is destroyed during pureeing, the type and concentration of added 

hydrocolloid contributes significantly to textural properties. The second objective was to 

determine if TDS and TCATA provide similar or complementary information in terms of texture 

evolution and product differentiation considering the aspect of dynamics of sensory perception. 

3.3 Materials and Methods 

In this study, dynamic testing of semisolid foods was conducted using pureed food matrices 

made with two hydrocolloids and their blends. Pureed carrots made with starch and xanthan were 
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studied for temporal evolution of texture attributes. Carrots, being part of orange colored 

vegetables, were selected as a model food because they are recommended for older adults (with 

or without swallowing difficulties) as a good source of fiber and Vitamin A (www.Hhs.Gov, 

2005; Richman, 1994). The carrots (cultivar SV2384DL, Stokes Seeds, Canada) were generously 

donated by the Muck Crops Research Station, Guelph, Canada. The starch, Precisa Sperse 100, 

was provided by Ingredion Inc. (Bridgewater, New Jersey, USA). This is a cold water swelling 

modified waxy maize starch, indicative of a high amylopectin content. Xanthan, KELTROL®-

521, was supplied by CP Kelco (Atlanta, GA, USA). It is an 80-mesh xanthan gum with low 

dusting characteristics and a high hydration efficiency. All carrots were cooked, pureed, and 

vacuum sealed in plastic bags and stored in a freezer (−20 °C) until required. To prepare the 

puree, carrots were peeled, sliced, and pressure cooked in an electric pressure cooker (Power 

Pressure Cooker XL, Tristar Products Inc., Model-PPC772) for 4 min (under the settings 

‘vegetables’), at a pressure of 70 kPa. For cooking, 80 g of water was added to 1 kg of peeled, 

sliced carrots. After cooking, carrots were strained and cooled for 15 min and pureed in a Robot 

Coupe food processor (R2NCLR, 1725 rpm) for 15 min with intermittent breaks, every 3 min, 

for stirring and mixing. The pureed carrots were vacuum sealed using a FoodSaver® 2-in-1 

Vacuum Sealer and immediately frozen (−20 °C) until further use. 

The pureed carrot matrices with added hydrocolloids were prepared on each day of sensory 

testing. The frozen pureed carrots were defrosted for 14 hours in a refrigerator (4 °C). Prior to 

mixing the hydrocolloids, the temperature of the purees was equilibrated to room temperature 

(approximately 20 °C). Starch/xanthan were added to the puree and mixed using a whisk 

attachment in KitchenAid Artisan Mixer (325 W) for 80 s with intermittent breaks, after every 20 

s, for scraping the puree from sides in order to have a uniform dispersion of hydrocolloid in the 

carrot puree. The control sample with no additives was also subjected to similar processing, in 

order to maintain consistency. The product was then transferred to Styrofoam cups and warmed 

to 55 °C in a temperature-controlled cabinet (Metro C5 Controlled Temperature) before being 

served for the sensory testing.  

The concentrations of starch (0.8% w/w) and xanthan (0.4% w/w) added to the purees were 

selected such that the purees would meet International Dysphagia Diet Standardization Initiative 

(IDDSI) guidelines for modified textured foods. A broad outline of the four tests which were 
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followed as part of IDDSI guidelines has been included in the Appendices section (Appendix H). 

Pureed foods fall under IDDSI level 4 (Fig. 2.3). Using the selected concentrations as the 

maximum level, a 3 by 2 full factorial design with 9 treatments (Table 3.1) was selected to 

investigate the effect of type and concentration of each hydrocolloid and their blends, on the 

dynamic sensory texture properties of pureed carrots. 

 

Table 3.1: Concentrations of starch, xanthan, and starch/xanthan blends used while making pureed carrot 

matrices. (S - Starch, X – Xanthan, S/X – Blend of Starch and Xanthan) 

Treatments Sample Starch (w/w %) Xanthan (w/w %) 

1 Control 0 0 

2 S0.4 0.4 0 

3 S0.8 0.8 0 

4 X0.2 0 0.2 

5 X0.4 0 0.4 

6 S0.4X0.2 0.4 0.2 

7 S0.8X0.2 0.8 0.2 

8 S0.4X0.4 0.4 0.4 

9 S0.8X0.4 0.8 0.4 

3.3.1 Attribute Selection and Training 

Two dynamic sensory tests were conducted on the puree treatments: Temporal Dominance of 

Sensations (TDS) and Temporal Check-All-That-Apply (TCATA). Both tests were conducted 

with the same attributes. The attributes selected for dynamic texture evaluation are usually based 

on previous sensory studies of similar products (Esmerino et al., 2017; Tang et al., 2017). A list 

of nine attributes was generated for this study based on the results of projective mapping and a 

trained panel examining textural perceptions in pureed carrot matrices (Sharma, 2015; Sharma et 

al., 2017). Attributes selected included: adhesive, cohesive, dense, grainy, mouthcoating, 

slippery, smooth, thick, and thin.  

The TDS and TCATA tests were completed by 16 panelists each and four replications of each 

test were conducted. All panelists (age between 20–40 years) were recruited from the University 

of Guelph. Selection was based on the screening test (Appendix C), availability and interest of 
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panelist in the study. The TDS panel consisted of two males and 14 females and the TCATA 

panel consisted of three males and 13 females. Two panelists completed both tests. Tests were 

conducted 5 months apart.  

This study was approved by the University of Guelph Research Ethics board (REB # 17-04-013) 

(Appendix A). All subjects gave their informed consent (Appendix D) for inclusion before they 

participated in the study. For each test, panelists were oriented for 2 days, 1 h each day. The 

purpose of this orientation was to familiarize all panelists with the selected attributes, the concept 

of dynamic testing, and the use of the computer software for sample evaluation. On the first day, 

each attribute was defined and explained using one reference food (Table 3.2). This was done so 

that the panel developed a common understanding of attributes found in a pureed carrot matrix. It 

was clearly stated to the panel that there were no restrictions on the selection of the number of 

attributes and also the fact that the same attributes could be re-selected if perceived again. The 

concept of the test—TDS (the sensation/attribute that triggers the attention most) and TCATA 

(check/uncheck all the attributes being perceived or stopped being perceived) was exemplified 

by explaining how the attributes change over time while eating a hard cookie—starting from 

hard and crunchy, then moving to soft and sometimes pasty towards the end.  

Oral processing of a pureed food is short; therefore, the layout of the attribute list was kept the 

same for all training and testing days so that the panelists were aware of attribute location on the 

screen. The attribute layout was similar for all the panelists and it was the same for both TDS 

and TCATA. Testing was conducted on individual laptops and the data was collected using 

Compusense Cloud version 8.8 (Compusense Inc., Guelph, Ontario, Canada). The panelists were 

instructed to eat the whole sample (10 ± 1 g) served in Styrofoam cups for sensory evaluation. 

The cups were coded with three-digit blinding codes. They were required to cleanse their palate 

with a bite of unsalted cracker and a sip of water after each sample. The samples were 

randomized across all panelists and across all replicates for each panelist. 
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Table 3.2: Attribute definition with reference foods used for Temporal Dominance of Sensations (TDS) 

and Temporal Check-All-That-Apply (TCATA) test. 

Attribute Definition Reference Food 

Adhesive The degree of sample that sticks to oral surfaces 

(like palate, tongue, teeth). 

WOWBUTTER Creamy, 

Canada 

Cohesive Tendency of the product mass to stay together in 

one piece. 

Gerber® Rice & Banana Baby 

Cereal (Add Water), Nestle, 

Canada 

Dense The compactness of the food product, or how solid 

it feels when you are orally processing it. 

PHILADELPHIA Original 

Cream Cheese, Kraft Canada 

Inc. 

Grainy The presence of small, rough particles in the mouth 

surface. 

Unsweetened Applesauce, 

Mott’s® USA 

Thick This is related to the viscosity of the sample, how 

hard/easy (amount of effort needed) it is to move 

the sample in the mouth while orally processing it. 

Nordica Smooth Plain Cottage 

Cheese, Gay Lea®, Canada 

Thin Product readily flows, related to viscosity of the 

sample (the opposite of thick). 

0% Vanilla Yogurt (Mixed 

with water 1:1), IÖGO, 

Canada 

Mouthcoating The amount of film on the mouth surfaces, the 

coating on the oral surfaces inside the mouth. 

Homestyle Mashed Potato, 

Betty Crocker, USA. Made as 

per instructions but used 35% 

cream and 2 Tbsp Margarine 

instead of milk. 

Slippery How the food slides/slips down to the back of the 

mouth. 

Miracle Whip Regular, Kraft 

Canada Inc. 

Smooth Velvety feeling of the sample in your mouth. It is 

the absence of surface particles (the opposite of 

grainy). 

Greek Yogurt (Vanilla Bean 

5%), LIBERTÉ, Canada 

3.3.2 Data Analysis 

The data collection and analysis were similar for both the tests. First, TDS and TCATA product 

curves were constructed by plotting dominance (TDS)/absence or presence (TCATA) of each 

attribute by standardized time. For TDS curves, two additional lines were drawn for statistical 

interpretation. The first line, ‘chance level’ represents the selection of an attribute by random, 

was set at 0.11 (1/9). The second line ‘significance level’ represents statistical significance (95% 

confidence) for an attribute and was calculated as 0.18 (Pineau et al., 2009). An attribute is said 
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to be significantly dominant at a given point in the mastication process if its proportion of 

selection is above this line of significance for that time period.  

To examine the hypothesis that type and concentration of thickener will have an effect on 

dynamics of perception, difference curves, based on Fischer’s Exact test (95% significance), 

were generated using Compusense. This was done on the non-standardized data, representing the 

actual oral processing time (OPT).  

A product map was generated by conducting Canonical Variate Analysis (CVA), using the 

CVApack R-package (Peltier et al., 2015). In this two-way multivariate analysis of variance, 

samples were treated as fixed effects and panelists as random effects. The outcome is a product 

map with confidence ellipses for each sample, representing subject ellipses, where there is a 90% 

probability of specific sample selection by a subject. The layout of the ellipses and segment lines 

connecting samples give information about the degree of sample similarities and differentiation. 

The information on this map is a statistical test that complements the results shown on the 

product curves. To investigate the effect of hydrocolloid type and concentration on chewing 

time, oral processing times were determined and an Analysis of Variance (ANOVA—repeated 

measures) was conducted with samples as a fixed factor and panelists as a random factor. A 

Tukey’s Honest Significant Difference (HSD) with a level of significance of p < 0.05 was 

performed to check the samples which differed significantly from one another.  

A trajectory map, representing the oral breakdown path of each sample, was constructed by 

conducting a Principal Component Analysis (PCA) on the TDS and TCATA standardized data 

(Lenfant et al., 2009). It gives information about progression of perceived attributes from the 

initial point of ingestion of food until it is swallowed. This was analyzed with the tempR package 

in R software version 3.5.1 using a data table where rows represented the dominance rate/citation 

proportion of each sample at 11 time-points, starting from 5%, 10%, 20% … to 100% and the 

attributes tested in columns (Castura, 2016). In this research, there were 9 columns (attributes) 

and 99 rows (11 time-points × 9 samples). The sensory trajectory was drawn by linking the 11 

points of a particular sample from 5% (initial chew time) to 100% (final chew time), on the first 

two components of the PCA biplot of attributes and samples. 
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3.4 Results 

3.4.1 Dynamic Product Curves 

Sample curves were generated for both sensory tests to understand the effect of hydrocolloids in 

pureed carrots and to compare the two methods for the dynamic textural properties. These curves 

are in standardized format where the X-axis no longer represents the actual processing time but 

is the percentage of oral processing time. The Y-axis represents the dominance rate in TDS and 

citation proportion in case of TCATA curves. Dominance rate or citation proportion is the sum 

of all responses divided by the number of times the sample was evaluated, at a particular point of 

time. 

3.4.1.1 TDS Curves 

TDS curves are shown in Figures 3.1 and 3.2. The control sample (with no added hydrocolloid) 

had three dominant attributes during the entire oral processing time—grainy, thick, and 

mouthcoating (Fig. 3.1A). This was similar for S0.4 (Fig. 3.1B) but there were two more 

attributes perceived as dominant—dense and adhesive—at very low dominance rates. These 

were very close to the significance limit of 0.18. For both the samples, grainy had the highest 

dominance rate for the initial one-third of the OPT at which point thick became dominant until 

almost the end of the mastication time. Mouthcoating became dominant at approximately 80% of 

the mastication time. For S0.8 (Fig. 3.1C), the dominant attributes were same as in the control 

sample with an additional attribute of adhesive being above the significance limit for a small 

duration during the mid-mastication time (45%–60% OPT). 
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Figure 3.1: Standardized TDS curves of five pureed carrot matrices made with starch and xanthan: A—

control (no starch/xanthan), B—0.4% w/w starch, C—0.8% w/w starch, D—0.2% w/w xanthan, and E—

0.4% w/w xanthan. 
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Pureed carrots matrices made with xanthan showed a different set of attributes as dominant than 

the control sample. Thick and smooth were the dominant attributes for X0.2 for the majority of 

the OPT (Fig. 3.1D). Slippery was dominant after the initial one-third chewing time to the end. 

Similar to the starch samples, mouthcoating was dominant after 80% OPT. Grainy was dominant 

for a very short time in the first quarter. Similar to the profile of X0.2, pureed carrots made with 

X0.4 (Fig. 3.1E) was perceived as smooth for most part of chewing time. The other dominant 

attributes above the significance limit were thick, slippery, adhesive, and mouthcoating. 

Adhesive was dominant in the third quarter, while slippery and mouthcoating became dominant 

in the last quarter of OPT and remained that way to the end.  

Each of the four blends (Fig. 3.2A–D) had two similar dominant attributes in comparison to the 

control sample; thick and mouthcoating. The main difference was observed for grainy and 

smooth. The trend for these two attributes was opposite in the blends in comparison to the 

control. While grainy was dominant and smooth was below the chance limit for the control, in 

the case of starch–xanthan blends, smooth was a primary dominant attribute and grainy was 

below the chance limit. The other dominant attributes in all blends were slippery and adhesive.  
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Figure 3.2: Standardized TDS curves of four pureed carrot matrices made with starch and xanthan blends 

(S—starch, X—xanthan, number represent the w/w percent concentration in pureed carrots): A—

S0.4X0.2, B—S0.4X0.4, C—S0.8X0.2, and D—S0.8X0.4. 

3.4.1.2 TCATA Curves  

The dynamic TCATA curves for the 9 pureed carrot samples are shown in Figures 3.3 and 3.4. 

The control sample had a very high citation proportion for grainy followed by thick (Fig. 3.3A). 

Grainy was the perceived attribute with highest citation proportions until the end while thick 

remained high until the third quarter of the OPT. The citation proportion for three attributes—
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adhesive, mouthcoating, and slippery were higher than thick after 75% of the mastication time. 

The remaining four attributes of cohesive, dense, thin and smooth had very low citation 

proportions. Pureed carrots matrices made with S0.4 (Fig. 3.3B) and S0.8 (Fig. 3.3C) showed 

similar trends in dynamic perception as the control sample. 

The main difference between both xanthan samples and the control sample was grainy 

perception. It was very low for X0.2 (Fig. 3.3D) while it was very high in control sample for 

most of the mastication time. Xanthan attributed the perception of smooth in the pureed carrot 

matrix. Slippery and thick were the other two most cited attributes in the first half of the OPT. As 

the citations decreased for thick, they increased for the attributes of mouthcoating and thin. 
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Figure 3.3: Standardized TCATA curves of five pureed carrot matrices made with starch and xanthan: 

A—control (no starch/xanthan), B—0.4% w/w starch, C—0.8% w/w starch, D—0.2% w/w xanthan, and 

E—0.4% w/w xanthan. 
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Comparison of the blend samples (Fig. 3.4A–D) with the control sample indicated that two 

attributes, grainy and smooth, had opposite trends in these samples. Grainy was very low for all 

blends and smooth was high for most of the chewing time. Thick was the only attribute with a 

similar trend and citation proportion while all the other attributes were perceived at a higher 

citation than in the control. 

 

  

 

 

 

 

 

 

 

 

 

 

  

  

Figure 3.4: Standardized TCATA curves of four pureed carrot matrices made with starch and xanthan 

blends (S—starch, X—xanthan, number represent the w/w percent concentration in pureed carrots): A —

S0.4X0.2, B—S0.4X0.4, C—S0.8X0.2, and D—S0.8X0.4. 
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3.4.2 Difference Curves 

The difference curves have been plotted in the unstandardized format with the x-axis 

representing the actual processing times. Difference curves for xanthan and starch products in 

comparison to the control sample are shown in Figures 3.5 and 3.6. As evident from these curves 

(Fig. 3.5), starch samples (S0.4 and S0.8) had very few differences compared to the control for 

both TDS and TCATA. The few evident differences are present at a low significance level and 

for a very low duration. The difference attributes for both the xanthan samples against the control 

sample are similar except that the difference rate of each attribute increases with the 

concentration of xanthan. In general, xanthan samples are more smooth, slippery and have higher 

mouthcoating while the control is significantly higher for grainy and thick attributes (Fig. 3.6). 

Some attributes were only captured by individual tests such as mouthcoating and thick with 

TDS, and cohesive with TCATA. The difference curves in TCATA have longer durations for an 

attribute compared to TDS because of the difference in the nature of the test. 

The similarity in texture perception between control and starch containing pureed carrot matrices 

is also evident from the difference curves between starch and xanthan samples. Most of the 

significant attributes between starch and xanthan were similar to those between control and 

xanthan. The differences in texture dynamics due to different concentrations of hydrocolloids 

used in this study were negligible in both starch and xanthan.  

Within the blend samples xanthan was more influential and impacted perceptions more than 

starch, as shown in the supplementary section (Appendix I). Although this is only one example, 

all blends followed a similar pattern. The differences between blends was also very minimal and 

a comparison between two blends is shown in the supplementary section (Appendix J). 
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Figure 3.5: Difference curves of pureed carrot matrices between control and two starch concentrations 

(0.4% and 0.8% w/w). TDS (left columns) and TCATA (right columns). Comparisons are made between 

a pair of samples, the first and second sample are depicted respectively above and below the zero line. 

Significantly different attributes varying between the samples are shown, calculated at 95% Fischer’s 

Exact test. 
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Figure 3.6: Difference curves of pureed carrot matrices between control and two xanthan concentrations 

(0.2% and 0.4% w/w). TDS (left columns) and TCATA (right columns). Comparisons are made between 

a pair of samples, the first and second sample are depicted respectively above and below the zero line. 

Significantly different attributes varying between the samples are shown, calculated at 95% Fischer’s 

Exact test. 
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3.4.3 Product Map 

The product map was obtained by performing a CVA on perception duration of each attribute of 

the sample by panelist mean score. This biplot gives information regarding product 

discrimination using product means while also keeping the panelist scores as close as possible 

for a specific product mean (Peltier et al., 2015).  

As indicated in Figure 3.7A, the products were significantly discriminated with p < 0.001 and F-

statistic of 5.46, for TDS. The first dimension explains a significant amount of variability (84%) 

of the sample discrimination. The control and both starch samples are characterized by grainy, 

X0.2 by thin and slippery while most of the others are characterized by smooth, slippery and 

thin. All blends have textural similarities with X0.4. Since mouthcoating and thick were present 

in all samples in approximately the same dominance rates, they are either very close to the origin 

or have a short attribute arrow. In other words, these two do not play a significant role in 

discriminating the samples.  

For the CVA product-attribute biplot of TCATA (Fig. 3.7B), 95% of sample discrimination is 

accounted by the first two dimensions. The first axis accounting for 90% of the data variability is 

primarily based on geometrical characteristics of texture—smooth and grainy. The samples are 

significantly discriminated with p < 0.001 and F-statistic of 11.51. As in the case of TDS, the 

control and two starch samples have textural similarities which are grainy, thick and 

mouthcoating. The remaining samples are closely related in texture perception, being 

characterized by smooth, slippery, and thin. This is very similar to TDS except for one 

difference. In the product maps, the connecting solid black lines between the samples is an 

indicator of their similarities. According to the TDS output, the four blends are closely related to 

only X0.4 while, as per the TCATA output, these share similarities with both the xanthan 

samples. In both tests, the discriminating attributes ae grainy, smooth, slippery, and thin. 
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Figure 3.7: Product map discriminating the nine pureed carrot matrices (w/w) made with starch, xanthan 

and their blends, using CVA analysis. A—TDS, B—TCATA. The sample names are in blue, attributes 

are in red and the connecting black line between the samples is an indicator of their similarities. The 

samples are control (no starch/xanthan), starch (0.4%, 0.8% w/w), xanthan (0.2%, 0.4% w/w), S0.4X0.2, 

S0.4X0.4, S0.8X0.2, and S0.8X0.4. 

3.4.4 Oral Processing Time 

The oral processing times were analyzed to see if addition of hydrocolloid and its concentration 

had an effect on the time to process the purees. No significant differences were found between 

samples for the oral processing times either by TDS or TCATA. The oral processing times were 

around 7 s more while performing TDS (range from 30.1–31.7 s) compared to TCATA (22.6–

24.2 s). This difference in time between the two techniques could be an artifact of testing. 

Panelists have to focus on one attribute catching their attention in TDS while in TCATA they 

have to select all the attributes being perceived, so less focus is needed during the latter sensory 

evaluation. 

B - TCATA 
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3.4.5 Sensory Trajectory 

The sensory trajectories of dominant rates for the nine samples, in TDS, are plotted on the PCA 

biplot (Fig. 3.8). The first two dimensions explain 68% of the variance. Both the dimensions are 

guided strongly by geometrical textural parameters, grainy being on the first dimension and 

smooth on the second dimension. Slippery and thin are the other attributes contributing 

significantly to the first dimension. All the samples have mouthcoating as the last perceived 

dominant attribute. The sensory trajectories for the nine samples can be classified into two 

groups based on their initial perceived attribute and the pathway to reach the end-point of 

mouthcoating. The first group consisting of control and both starch-only samples start from 

grainy perception, move towards thick, dense, and adhesive, and then end at mouthcoating. The 

second group consisting of rest of the six samples following the path of dense, cohesive, smooth, 

adhesive, thin, and mouthcoating.  
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Figure 3.8: A PCA biplot, depicting the sensory trajectory (TDS) at 11 equally spaced time points during 

oral processing of nine pureed carrot matrices made with starch (S), xanthan (X), and their blends (S/X). 

The nine samples are each indicated by a different number and each trajectory ends where the number 

appears in a colored square box. Some of the numbers are overlapping due to similarities. S—starch, X—

xanthan. 1-Control (black), 2-S 0.4X 0.2 (red), 3-S 0.4X 0.4 (green), 4-S 0.8X 0.2 (blue), 5- S 0.8X 0.4 

(turquoise), 6-S 0.4% w/w (pink), 7-S 0.8% w/w (yellow), 8-X 0.2% w/w (grey), and 9-X 0.4% w/w 

(navy blue). 

The sensory trajectories of citation proportions for TCATA data, represented on the first two 

dimensions of PCA biplot explain 82% of the variance (Fig. 3.9). As observed in TDS, both the 

dimensions in this case are also strongly influenced by geometrical texture characteristics of 

smooth (first dimension) and grainy (second dimension). All the other attributes were placed 

close to each other, specifically thick, dense, thin, and cohesive. The two classification groups of 

all samples are evident as in the case of TDS with similar samples being in each group. The 

pathway being followed, showing the progression of attributes from the start to the end is not as 

clearly marked in the TCATA plot when compared to the TDS plot. All the samples had a 

common final attribute of mouthcoating in TDS which was not the case in TCATA. This is 

probably because of the nature of TCATA, which is based on the concept of selecting all the 

perceived/multiple attributes at a particular time point. Although it could be visualized that the 
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group consisting of control and the two starch samples were mainly in the quadrant for grainy 

and thick and the other samples had proximity to smooth, thin, cohesive, and slippery perception. 

 

Figure 3.9: A PCA biplot, depicting the sensory trajectory (TCATA) at 11 equally spaced time points 

during oral processing of nine pureed carrot matrices made with starch (S), xanthan (X) and their blends 

(S/X). The nine samples are each indicated by a different number and each trajectory ends where the 

number appears in a colored square box. Some of the numbers are overlapping due to similarities. S—

starch, X—xanthan. 1-Control (black), 2-S0.4X 0.2 (red), 3-S 0.4X 0.4 (green), 4-S 0.8X 0.2 (blue), 5- S 

0.8X 0.4 (turquoise), 6-S 0.4% w/w (pink), 7-S 0.8% w/w (yellow), 8-X 0.2% w/w (grey), and 9-X 0.4% 

w/w (navy blue). 

3.5 Discussion 

Most published literature investigating the effect of hydrocolloids on sensory properties of semi-

solid food systems have looked at starch, fat, and/or protein-based foods such as mashed 

potatoes, custard, and mayonnaise and have used static methodologies, with a trained panel 

(Fernández et al., 2009; Terpstra, 2008). Our goal was to examine the effect of commonly used 

hydrocolloids, starch and xanthan, on dynamic textural properties of a carbohydrate-based 

modified texture food system, as perceived by a semi-trained panel. 
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Pureed carrot matrices were made with two concentrations each of starch, xanthan, and four 

combinations of starch–xanthan blend. These were compared to the control puree that did not 

contain any hydrocolloid. The dynamic texture perception of starch-containing pureed carrots 

was very similar to the control sample, exhibiting three dominant attributes—grainy, thick, and 

mouthcoating. The duration and the rate of grainy perception decreased with the increase of 

starch concentration. Addition of xanthan masked the grainy perception and reduced the 

perception of thick. Xanthan samples were perceived as smooth for most of the processing time 

followed by slippery, thin, and mouthcoating. Sensory characterization of thickened fluids 

highlighted similar results where starch had a higher grainy perception while xanthan attributed 

slipperiness (Ong et al., 2018). The smooth perception in pureed carrots attributed by xanthan 

was similar to that perceived in mashed potatoes where addition of xanthan reduced the 

perception of granularity and enhanced creaminess (Fernández et al., 2009). The slippery 

perception of xanthan can be associated with its increased extensional flow properties, shear 

thinning behaviour, interaction with salivary mucins and resistance to amylase action (Zarim et 

al., 2018; Choi et al., 2014; Nishinari, Turcanu, et al., 2019). The extremely shear-thinning 

property of xanthan might be the reason for its low rating for the perception of thick compared to 

the control and starch samples.  

Synergistic interactions of binary hydrocolloids in the form of blends have been used in various 

food applications as the desired functional properties can be achieved with a reduced overall 

concentration of a sole hydrocolloid (BeMiller, 2011; Krystyjan et al., 2012). In this research, the 

four blends of starch and xanthan tested for dynamic texture perceptions were very similar to 

each other and with the two xanthan samples. Even at low concentrations, xanthan masks the 

grainy perception of starch as observed in the blend where xanthan was added at one-fourth of 

starch concentration (S0.8X0.2).  

Addition of starch and xanthan increased the cohesive perception of pureed carrots, fulfilling an 

important criterion of adding these to the compensatory diets of people with swallowing 

disorders. Starch and xanthan had no effect on mouthcoating, which was similar in all samples 

occurring towards the end of the OPT and with almost similar dominance/citation rates. Another 

highlight of this study is that even when the overall concentration of starch and xanthan in 

pureed carrots is the highest (S0.8X0.4), dense is not a dominant attribute.  
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Since modified texture foods are used as a dietary intervention for people with dysphagia, an 

important attribute that needs to be examined is ease of swallowing. Cohesiveness and ease of 

swallowing are interrelated; a cohesive sample is easier to manipulate and swallow (Nishinari, 

Turcanu, et al., 2019). Given the nature of dynamic testing, it was not possible to include ease of 

swallow as an attribute, however, it should be included in future studies of food oral processing 

of pureed products. Cohesiveness was not a dominant/perceived attribute in any of the pureed 

carrot matrices. However, in situations where information about such attributes is required, other 

dynamic tests such as Time Intensity or Progressive Profiling can then be used. 

TDS and TCATA product and difference curves showed similarities in attribute appearance in all 

samples. The major difference between the two tests was the increased duration and citation rate 

of attributes in TCATA compared to TDS. This is a function of test methodology. These tests 

also differentiated the samples in the same way with similar differentiating attributes across the 

nine samples, as per the CVA results (Fig. 3.7). This is contrary to the findings of other 

published literature comparing TDS and TCATA. The results of a dynamic sensory study 

conducted on a range of products indicated better sensory discrimination with TCATA than TDS 

(Ares et al., 2015). Others have concluded that, although the results were similar across TDS, 

TCATA, and Progressive Profiling, TCATA was felt to provide a complete product description 

(Esmerino et al., 2017). Similarly, it was concluded that product discrimination was found to be 

better with TCATA and M-TDS (TDS by one modality such as texture or flavour) than TDS, 

when studying yogurts varying in flavor and texture (Nguyen et al., 2018).  

An advantage of using dynamic sensory tests over static tests is the ability to visualize the 

sensory trajectory which provides information about the succession of perceived attributes over 

the oral processing time. Others have also shown this in semi-solid foods, gels, and cheese 

(Devezeaux de Lavergne et al., 2015b; Saint-Eve et al., 2015). In the current study, the sensory 

trajectory generated for TCATA was less obvious than the trajectory generated from the TDS 

data, although the sample groupings was similar in both tests. A clear attribute path was drawn, 

in TDS, for the movement of a sample starting from the initial attribute to the time it was 

swallowed as only one attribute was selected at a point of evaluation, unlike TCATA, where 

multiple attributes can be selected at a particular point of time.  
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While this study has shown the differences in dynamic perceptions of starch and xanthan-based 

products, one limitation is that the attribute list was not randomized across the panelists. As 

suggested by Pineau et al. (2012), the attribute order can create a small bias on the time of 

selection where attributes at the top are selected before the ones at the bottom of the list. 

However, in the current study, attributes were listed in a 3x3 matrix with thick, thin, and 

adhesive at the top of the matrix. Attributes that were most often considered dominant/perceived 

by participants were smooth, mouthcoating, and grainy, indicating that a bias toward the 

attributes at the top of the list was not evident. Another limitation is that the subjects performing 

the tests were not the population for which modified textured foods exist. Participants used in 

this study were selected from a healthy population of university students and while this may have 

biased the results, collecting dynamic perceptions using individuals with dysphagia may not be 

possible to due cognitive difficulties and other health concerns. To date, no one has studied 

dynamic sensory perceptions with this population. 

3.6 Conclusions 

The purpose of this research was first, to examine the effect of hydrocolloid addition on dynamic 

sensory properties of pureed carrots. The concentration of hydrocolloid added to the carrots was 

less influential on dynamic sensory properties than the type of hydrocolloid used. Corn starch 

addition contributed a grainy texture while xanthan contributed a smoothness to the product. 

When blending the two hydrocolloids, xanthan was more influential than corn starch on 

impacting sensory perception. The second objective was to compare results between two 

dynamic tests. Based on the results observed in this research, both TDS and TCATA capture 

similar information indicating that either of the two tests can be used to examine the dynamic 

nature of sensory perception of a modified texture food such as pureed foods. 

After characterizing the dynamic sensory properties of the nine pureed carrots, the nine pureed 

carrot matrices were characterized for instrumental textural properties (with and without saliva) 

to understand the relationship between sensory perception and structural properties. This formed 

the basis for Chapter 4. 
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4.1 Abstract 

Texture perception is a dynamic process which occurs concomitantly during oral processing 

when food is chewed and bolus is prepared for a safe swallow. The aim of this study was to 

characterize instrumental (with and without saliva) and sensory properties of texture modified 

foods (pureed carrots) and examine the changes occurring when made with (% w/w) starch (0.4 

(S0.4), 0.8(S0.8)), xanthan (0.2 (X0.2), 0.4 (X0.4)), their blends (4) and a control. In vitro bolus 

characterization was done by adding fresh stimulated saliva to the sample and immediately 

testing it. In comparison to the control, viscosity measured a shear rate of 10 s-1 decreased after 

adding the hydrocolloids (except S0.8) and with saliva incorporation. The change in storage 

modulus (1 Hz) was dependent on hydrocolloid type and concentration. Friction increased for all 

samples compared to control, where the initial increase observed for the starch samples was 

attributed to its deformable granules (S0.8>S0.4) and in the case of xanthan samples to the high 

hydrodynamic volume of the added xanthan (X0.4<X0.2). Friction values were extracted from 

three distinct regimes of the tribology profiles. These instrumental parameters were correlated 

with the dynamic sensory perceptions. Information about the texture dynamics was extracted as 

area under the curve values from the Temporal Dominance of Sensations curve. Correlations 

were found between texture attributes and viscosity, friction coefficients and viscoelastic 

parameters which improved after incorporation of saliva for friction and viscoelastic parameters. 

So, either tribology or rheology can be used for predicting texture properties depending on 

equipment availability. 
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4.2 Introduction 

Oral processing is a dynamic process which starts with the ingestion of food in the mouth and 

continues until the food is swallowed. During the formation of the bolus, multiple stimuli are 

generated and sensed simultaneously (Chen, 2014; Koç et al., 2013). In our continued endeavour 

to develop customer specific products with desired sensory properties, researchers have always 

strived to find the instrumental methodologies which can help mimic oral processing and give a 

proper understanding of the perceived attributes. Rheological properties have historically been 

believed to be an important class of measurements to relate to oral perceptions. However, it has 

been found that when foods are matched for rheological criteria such as viscosity, sensory 

perceptions such as mouthfeel characteristics and final textural acceptability can differ (Laguna 

et al., 2017; Malone et al., 2003; Selway & Stokes, 2013; Sharma et al., 2017; Stokes et al., 

2013). This indicates that additional measurements other than rheological properties should also 

be used to characterize food for better relation to sensory properties.  

Since bolus preparation involves processing the food with and between various surfaces of the 

oral cavity such as tongue, palate, lips and teeth, it was quite natural to believe that this 

lubricating saliva-food film generates surface/friction properties which affect textural parameters 

such as adhesiveness, creaminess and smoothness (de Wijk & Prinz, 2005; Kokini & Cussler, 

1983). It is for this reason that tribology, which is the science of friction and lubrication between 

interacting surfaces in relative motion of each other, is increasingly gaining popularity among 

food scientists (Chen & Stokes, 2012; Koç et al., 2013; Rudge et al., 2019; Sarkar, Andablo-

Reyes, et al., 2019; Shewan et al., 2019; Stokes et al., 2013). Oral processing and sensory 

perception vary with the type and structure of food. In the case of solid foods, this starts with 

comminution and breakdown of food structure which results in initial rheology-dominated 

sensory perceptions and switch to tribology-dominated in the later stages of granulation and 

bolus formation (Koç et al., 2013; Stokes et al., 2013). However, in the case of semisolid foods 

particularly texture modified foods such as pureed foods, where the hard structure is 

mechanically altered to a soft structure during manufacturing, in-mouth mechanical breakdown 

or fragmentation is negligible and oral processing primarily involves mixing and shearing of 

food with saliva and its interaction with the oral surfaces. This means that perceived sensory 

properties should be related to both rheology and tribology, during the entire process. Recent 
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studies examining model gel foods and semisolid foods have found that lubrication related 

properties such as smoothness and slipperiness were perceived during the entirety of oral 

processing, from the early to final stages (Krop et al., 2019; Ningtyas et al., 2019).  

Semisolid foods encompass a wide range of products with varying structural characteristics such 

as ice cream, salad dressings, sauce and butter spread (Joyner, 2019). Oral processing studies 

combining rheology, tribology and sensory perceptions have been conducted on semisolid foods 

such as emulsions, chocolate boluses, model gels, yogurt and cream cheese (He et al., 2018; 

Joyner et al., 2014; Krop et al., 2019; Laguna et al., 2017; Nguyen et al., 2017; Ningtyas et al., 

2019). There is limited published literature however using these techniques (rheology and 

tribology) to examine the progression of changes in pureed foods during oral processing. Pureed 

foods are an important class of semisolid modified texture foods, prescribed as a compensatory 

diet for people with swallowing difficulties (Cichero, 2016). These safe-to-swallow foods are 

recommended to address the issues of reduced food intake, but the poor acceptability of these 

foods are a challenge (Sura et al., 2012). As food products progressively change during oral 

processing, characterization of the rheological and tribological changes in the food bolus (food 

and saliva) is a key factor for understanding the missing link between changing food properties 

and dynamic sensory perception and translating a food structure to specific desirable attributes 

(Foegeding et al., 2017; Morell et al., 2014). This is particularly important for pureed foods to 

ensure that such foods are acceptable to consumers.  

Apart from the type of food and its structure, oral physiological parameters, including saliva, 

chewing behaviour and oral processing time are equally important for texture perception (Witt & 

Stokes, 2015). Since oral processing of semisolid foods involves very little chewing action, 

saliva plays an important role in mixing, dilution and texture perception of these foods during the 

formation of a swallowable bolus (Engelen & Sukkar, 2008). It is a biological fluid with 99% 

water and multiple enzymes (α-amylase, lipase, protease), proteins, other organic compounds 

and inorganic salts, which have been shown to cause changes in food structure during oral 

processing (Schipper et al., 2007). The unique characteristics of saliva and its components play 

an important role in the way a food is perceived. Continuous mixing and interactions of food 

with saliva leads to physical and chemical modifications of the bolus which, stimulates 

mechanoreceptors and taste buds in the oral mucosa. The lubricating, viscoelastic and shear-
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thinning properties of saliva are bound to have an effect on mechanical and textural properties of 

food as it is processed into a swallowable bolus ( Bongaerts, Rossetti, et al., 2007; Haward et al., 

2011). Addition of saliva helps in better capturing the oral processing insights of texture (Joyner 

et al., 2014; Laguna et al., 2017, 2019; Morell et al., 2017; Selway & Stokes, 2013; Upadhyay & 

Chen, 2019). 

Pureed foods are prepared by blending/grinding the food in a blender with the incorporation of a 

hydrocolloid to improve consistency and reduce syneresis. As the hard structure is destroyed 

during pureeing, the hydrocolloids and their interaction with saliva play a major role in sensory 

perception. Sukkar et al. (2018) have asserted the need to characterize the effect of saliva on 

instrumental and sensory properties of texture modified foods - pureed and minced. Pureed carrot 

matrices made with starch, xanthan and their blends were tested in this study as these are the two 

most commonly used hydrocolloids in dysphagia foods (Cichero, 2013). Since the mechanism of 

reducing syneresis is different for these two classes of thickeners, a synergistic effect is expected 

for blends of starch and xanthan. In a food product, starch granules control syneresis by 

adsorbing water and swelling (particulate thickener) (Mitchell, 2008). The water-holding 

properties of xanthan (polymeric thickener) molecules are attributed to its three-dimensional 

network due to weak, non-covalent intermolecular interactions which manifests into formation of 

weak gels (Patel et al., 2020). In blends, starch and xanthan exist in a biphasic system where the 

gum exists in the continuous phase and starch granules in the dispersed phase (Achayuthakan & 

Suphantharika, 2008; Mitchell, 2008). This leads to changes in viscoelasticity, flow behaviour 

and sensory properties in the final product. Recently, in a temporal sensory dynamic study, 

Sharma & Duizer (2019) (Chapter 3), found that xanthan masks the grainy perception imparted 

by starch even when added at low concentrations. The aim of this research is to explore relations 

between the dynamics of sensory perception and instrumental measurements (rheology and 

tribology) of a pureed food matrix, to gain a better understanding of parameters which relate to 

perceived textural properties. During instrumental testing, samples were tested with and without 

saliva to identify if instrumental testing could be better related with sensory testing when saliva 

was introduced during measurements. It is expected that the results of the current study will help 

in designing and guiding the formulation of specific-textured safe acceptable pureed foods for 
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people with swallowing disorders which will be the first step towards providing a nutritious and 

satisfying meal. 

4.3 Material and methods 

4.3.1 Pureed Carrot Matrices Preparation 

Carrots (cultivar SV2384DL, Stokes Seeds, Canada) for the research were kindly donated by the 

Muck Crops Research Station (Guelph, Canada). These carrots were brought in bulk, pureed and 

stored at -20 °C until further use. To prepare purees, carrots were peeled, sliced and pressure 

cooked (4 min) in an electric pressure cooker (Power Pressure Cooker XL, Tristar Products Inc., 

Model – PPC772) at a pressure of 70 kPa. The cooked carrots were strained and cooled for 15 

min. A Robot Coupe food processor (R2NCLR, 1725 rpm) was used for pureeing the carrots (15 

min with intermittent breaks after every 3 min). The pureed carrots were vacuum sealed using a 

FoodSaver® 2-in-1 Vacuum Sealer and immediately frozen (-20 ºC). The pureed carrot matrices 

with starch, xanthan and blends were prepared from the frozen purees on each day of testing. 

Starch (Precisa® Sperse 100) and Xanthan (Keltrol 521) were provided by Ingredion Inc. and CP 

Kelco respectively. The starch was a cold water swelling (CWS) derivative of waxy maize. Both 

starch and xanthan were easily dispersible in cold and hot systems. The concentrations of starch 

and xanthan were selected based on the testing methods suggested by International Dysphagia 

Diet Standardisation Initiative (IDDSI) (IDDSI, 2017). All the concentrations used met IDDSI 

level 4 (pureed foods – Fig. 2.3). 

On the testing day, the frozen pureed carrots were defrosted (14 h) in a refrigerator (4 ºC) and 

then equilibrated to room temperature (~ 20 ºC), before adding the hydrocolloids. Thickeners 

were added to the puree at selected concentrations in a mixer (KitchenAid Artisan Mixer, 325 

W) using a whisk attachment (Table 3.1). Mixing was done for 80 s with intermittent breaks after 

every 20 s, to scrape the puree from the sides of the mixer, in order to achieve a uniform 

dispersion of starch. Pureed carrot with no added hydrocolloid was used as the control. The 

pureed carrot matrices were then transferred to Styrofoam cups and warmed to 55 °C in a 

temperature-controlled cabinet (Metro C5 Controlled Temperature) for 1 h before testing. 
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4.3.2 Instrumental Measurements 

In order to gain an overall insight about the changes in pureed carrot matrices during oral 

processing, instrumental characterization was done for both sample (pureed food) and 

sample+saliva (bolus). Bolus characterization was carried out in vitro using mechanically 

stimulated fresh whole human saliva. For a consistent comparison of salivary action across all 

samples and tests, saliva was added at 20% of the sample. Varied amounts of saliva have been 

added in oral processing studies (in vitro) of semisolid foods ranging from 15% (Joyner et al., 

2014; Terpstra et al., 2009), 18% (Ishihara et al., 2011b) to 25% (Morell et al., 2017) .  

Since this is a preliminary study exploring the relation of dynamics of instrumental 

measurements to sensory perception, a single subject was screened (Appendix G) and used for 

saliva collection to reduce the large inter-individual variability in salivary composition (Morell et 

al., 2017; Neyraud et al., 2012; Rodrigues et al., 2014). The subject was prohibited from eating 

or drinking, except water, 2 h before saliva collection. The salivary flow rate (2.58 mL/min) and 

alpha amylase activity (205.2 U/mL) of the selected person was within the range of a normal 

healthy individual (Ben-Aryeh et al., 1986; Engelen et al., 2007; Humphrey & Williamson, 

2001). Saliva collection and consequent in vitro testing was done at different times of the day. 

Since the amount of saliva to be added was fixed, the changes in salivary flow rate with time will 

have no effect on the results. Research has indicated that salivary alpha amylase activity does not 

follow a circadian rhythm (Behringer et al., 2013; Engelen et al., 2005; Tarragon, Stein, & 

Meyer, 2018; Yamaguchi, Deguchi, & Miyazaki, 2006). Saliva was stimulated by chewing 

Parafilm for 3 minutes (discarding the collection from the first minute) and collecting after every 

30 s. The saliva collected was transferred to a cuvette, to get rid of the foam, and then the 

appropriate amount was pipetted into the weighed pureed carrot in a Falcon tube. This was 

vortexed for 10 s and each instrumental measurement initiated immediately after mixing. This 

protocol was followed for each sample. The study was approved by the University of Guelph 

Biosafety Committee (certificate # 400-01-03-20) (Appendix B). 

4.3.2.1 Viscosity and Viscoelastic Measurements 

The viscosity and viscoelastic measurements were performed with a Physica MCR 301 

rheometer (Anton Paar, Ostfildern, Germany) using a 50 mm diameter serrated plate geometry at 
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a 2 mm gap. This was done by first running a rotational test at a shear rate of 10 s-1 for 1 min 

followed by an oscillatory test from 10 to 0.01 Hz at 0.1% strain. The linear viscoelastic region 

was estimated by performing an amplitude sweep from 0.01% to 100% strain at a frequency of 1 

Hz. All tests were conducted at 37 °C in duplicate. A peltier hood was used to maintain a 

uniform temperature across the entire sample width. Before starting the measurements, the 

pureed carrot matrices were equilibrated to body temperature by placing them (7 g) in a water 

bath at 37 °C for 5 min. For bolus characterization, 1400 µL of saliva was added to 7 g pureed 

carrot. Each sample (puree and bolus) was loaded on the rheometer and allowed to rest for 5 min 

before initializing the measurements. The resting time was used for relaxing the sample and 

interaction of saliva with sample (Minekus et al., 2014). 

4.3.2.2 Tribology Measurements 

The tribological properties were tested with a tribology accessory (T-PTD200, BC12.7) attached 

to a Paar Physica rheometer (MCR 301, Anton Paar GmbH). A glass ball and three PDMS pins 

(ball-on-three-pin configuration) represented the palate and human tongue respectively. The 

glass ball had a diameter of 12.7 mm and an average surface roughness of 0.55 µm. The 

cylindrical shaped PDMS pins had a diameter and height of 6 mm with an average surface 

roughness of 0.17 µm. The test sample was placed on the sample holder with the three pins fixed 

on it. The glass ball attached to a rotating shaft was lowered on the sample holder for contact 

with the sample, simulating the oral action. The spring mechanism of the sample holder gives it a 

certain degree of movement which helps in the alignment of pins with ball during friction 

measurement (Pondicherry et al., 2018). A new set of pins was used for each test. Prior to 

beginning each test, the new pins were cleaned with soap and water and air dried to remove any 

impurities. After each test, the glass ball was first cleaned with soap and water and then in an 

ultrasonic cleaner (5 min). It was finally air dried to remove any adsorbed materials. All the 

measurements were done in duplicate using a temperature-controlled hood at 37 °C.  

The sample (2 g) was loaded on the sample holder and the rotating shaft with the glass ball was 

lowered to establish a contact. For bolus characterization, 400 µL of saliva was mixed with the 

pureed carrot sample (2 g) and vortexed before loading on the sample holder. When the glass 

ball was being lowered, a maximum load of 0.5 N was maintained to avoid sudden impact on the 
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sample surface. Next the load was increased from 0.5 N to 3 N and maintained at 3 N for 5 min 

to relax any stresses developed upon contact. A normal force of 3 N has been used in tribological 

studies related to hydrocolloid solutions and yogurts (de Vicente et al., 2005; Krzeminski et al., 

2014; Laiho et al., 2017; Malone et al., 2003; Sonne et al., 2014). The holding time of 5 min at 

this stage was also appropriate for saliva-food interaction and similar to the wait time in rheology 

tests. In the final step, the sliding speed was increased logarithmically from 10−9 to 1 m/s in 5 

min. The second and third steps of wait time and the test speed run respectively, were repeated 

three times (runs) during each test without changing the sample and without breaking contact 

between the ball and the pins. The data from the third run (each sample each rep) was used for 

analysis (correlation with sensory) and plotting the friction profile. 

4.3.3 Sensory Measurement – Temporal Dominance of Sensations 

The dynamic textural sensations perceived during oral processing of the pureed carrots were 

evaluated using the sensory technique of Temporal Dominance of Sensations (TDS). TDS is 

based on the concept of capturing the most dominant sensory attribute being perceived at a 

particular time during chewing, from the time the food is put in the mouth until it is swallowed 

(Pineau et al., 2009). This sensory study was approved by the University of Guelph Research 

Ethics Boards (certificate #17-04-013) (Appendix A).  

The sensory evaluation has been previously discussed in Chapter 3 and published in Sharma & 

Duizer (2019). In brief, the TDS study was conducted with 16 panelists in 4 replications. 

Panelists were recruited from the University of Guelph based on their availability and interest. 

All respondents provided informed consent before participation. The panelists were provided 

with a short training for 2 h (1 h/day) to become familiar with the software and attributes, so that 

everyone was on a similar platform of attribute understanding. During testing, panelists were 

presented with pureed samples of starch, xanthan or starch/xanthan blends as identified in Table 

3.1 and a list of 9 attributes for selection (Table 3.2) (Sharma & Duizer, 2019). The attributes 

were selected based on the results of previous sensory tests on pureed carrot matrices made with 

different hydrocolloids (Sharma, 2015; Sharma et al., 2017). Pureed carrots were served in 3-

digit blind coded Styrofoam cups at 55 °C. Panelists were asked to orally process a spoonful (~ 
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10 g) of the sample in their natural way. They were asked to identify, from the list of 9 attributes, 

the dominant attributes perceived during the entire course of oral processing.  

Using the data, graphical curves showing the trend of each attribute for each sample were 

produced. In this curve, the x-axis represents the oral processing time and the y-axis represents 

the dominance rate which indicates the number of subjects who scored each attribute, for a 

particular sample at a particular time (Lenfant et al., 2009).The attributes above a statistically 

significant line are generally used for describing the sensory dynamics of a sample (Pineau et al., 

2009). For each attribute on the TDS curve, an area under the curve (AUC) was extracted for 

each sample and used during data analysis. 

4.3.4 Data Analysis 

All collected data were analyzed with PROC GLIMMIX using SAS 9.2 © 2002-2008 (SAS 

Institute, Cary, NC). Two-way ANOVA was conducted for rheology and tribology data to see if 

significant differences existed amongst samples (p < 0.05). The pureed carrot matrices and saliva 

addition (with and without) were the two fixed factors. A Tukey's Honestly Significant 

Difference (HSD) test was conducted to identify the differences among pureed carrot samples 

with and without saliva addition. The residuals were normally distributed for all the analyses. 

The AUC of each sensory panelist for each sample per trial was subjected to a one-way ANOVA 

to find differences for each tested attribute. Spearman’s correlation coefficient was calculated to 

find the simple correlation between rheology, tribology and sensory measurements. For 

rheology, the points selected were viscosity at a shear rate of 10 s-1 (Cutler et al., 1983), G', G" 

and tan δ at 1 Hz (Joyner et al., 2014; Tárrega & Costell, 2007) as all these have been found to 

provide some correlation with sensory properties. These correlations were conducted with both 

samples with and without saliva. In tribology measurements, friction coefficients at three sliding 

speeds (26 mm/s (mixed), 182 mm/s (mixed) and 782 mm/s (elastohydrodynamic regime)) 

covering various regimes were used for correlation with sensory attributes. 
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4.4 Results and discussion 

4.4.1 Instrumental Measurements 

4.4.1.1 Viscosity Measurements 

Although a range of shear rates are operational in the mouth during oral processing, 10 s-1 has 

been accepted as being the most representative for assessing the viscosity of soft foods (Cutler et 

al., 1983; Nishinari et al., 2016; Shama & Sherman, 1973; Terpstra, 2008). The average viscosity 

value at a shear rate of 10 s-1 after running the test for 1 min is shown in Fig. 4.1 for the pureed 

carrot matrices with and without saliva.  

Addition of starch, xanthan and their blends reduced the viscosity of the control pureed carrot 

samples (except S0.8). Starch and xanthan behaved differently with regard to the change in 

viscosity with concentrations used in this research. Viscosity decreased with increasing 

concentration of xanthan (X0.2 > X0.4) while it increased in starch (S0.4 < S0.8). The effect of 

starch and xanthan on the properties of pureed carrots has to be considered with regard to the 

components of carrots and thickening behaviour of these hydrocolloids. Starch increases the 

viscosity by absorption of water and consequent swelling. Pectin (Lopez-Sanchez et al., 2012; 

Sinaki, 2017) and sucrose (Bufler, 2013) are present in appreciable amounts in carrots and pectin 

is its primary rheological unit. Pectin-starch interactions have indicated decrease in viscosity 

which was attributed to decrease in hydration of starch granules (Ma, Pan, et al., 2019; Witczak, 

Witczak, & Ziobro, 2014). Like pectin, sucrose has also been reported to decrease the swelling 

of starch granules (Hirashima, Takahashi, & Nishinari, 2005; Sharma, Oberoi, Sogi, & Gill, 

2009). The similarity in viscosity of S0.8 with control might be due to swelling of some starch 

granules interspersed in the continuous phase. Xanthan thickens a sample by forming shear-

reversible entanglements which get aligned under shear causing a drop in viscosity (Urlacher & 

Noble, 1997). The decrease in viscosity as xanthan concentration increases can be attributed to 

its semi-rigid conformation and shear thinning behaviour. The shear thinning behaviour of 

xanthan solutions was found to increase with sucrose concentration (Jo & Yoo, 2019). In the 

case of binary blends, the viscosity was intermediary between the viscosities of individual 

hydrocolloids. It was higher than the viscosity of xanthan and lower than that of starch when 

compared at the specific concentrations used. For instance, the viscosity of S0.8X0.4 was higher 



 

 

68 

 

than X0.4 and lower than S0.8. This was observed for all the blend matrices. This is similar to 

the results of Lad et al. (2009) who observed that xanthan restricts the swelling of cold water 

soluble waxy maize and lowers its viscosity. Addition of CWS waxy maize powder to xanthan 

solution increased the viscosity of xanthan solution (Lad et al., 2009) as observed in the current 

study. 

An interaction effect of saliva addition to pureed carrot matrices (Appendix K) was observed (p 

< 0.05). A decrease in viscosity was observed in all pureed carrot matrices after saliva 

incorporation. This drop was greater in the starch samples compared to the xanthan samples 

(Appendix L). Xanthan’s ability to resist enzymatic degradation resulted in a lower decrease in 

viscosity upon saliva addition, compared to starch (Torres et al., 2019). Starch hydrolysis by 

salivary amylase results in breakdown of its bonds and consequent decrease in viscosity (Evans 

et al., 1986). Overall, the differences across sample viscosities decreased after incorporation of 

saliva. Addition of saliva in these pureed carrot matrices resulted in an equalizing action which 

reduced the differences among the samples. The eight pureed carrot matrices (excluding control) 

could be classified into two groups, after saliva addition, based on the viscosity value at a shear 

rate of 10 s-1: X0.4 and two blends with X0.4 in one and the other 5 in another group. The 

viscosity of the bolus was similar for some starch and xanthan samples (X0.2<S0.4/S0.8, 

X0.2+saliva = S0.4/S0.8+saliva). This might indicate that while the dilution action (presence of 

water) of saliva plays a primary role in lowering the viscosity of the xanthan samples (Choi et 

al., 2014), hydrolysis by salivary amylase must be responsible for the additional decrease 

observed in the starch samples. Joyner et al. (2014) observed the equalizing action of saliva on 

friction behaviour of acid milk gels. These results highlight the importance of incorporating 

saliva during instrumental measurements for better insights of texture as perceived during oral 

processing.   
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Figure 4.1: Viscosity of pureed carrot matrices (with and without saliva) at a shear rate of 10 s-1 for 1 

min. 1400 µL of saliva was added to 7 g of the pureed carrot during rheological testing. 

4.4.1.2 Viscoelastic Measurements 

During oral processing, food is subjected to deformation and information about this behaviour 

can be obtained from measurement of viscoelastic properties. This is more important in 

dysphagia-specific foods and their boluses in order to avoid aspiration risk and aid in safe 

swallowing (Sukkar et al., 2018). The viscoelastic parameters of storage/elastic modulus (G'), 

loss/viscous modulus (G") and loss factor (tan δ) were analyzed for all the pureed carrot 

matrices. The viscoelastic parameters at 1 Hz (Table 4.1) have been used in various oral 

processing studies (Joyner et al., 2014; Laguna et al., 2017; Le Bleis et al., 2016). All matrices 

behaved like a weak gel where G' was higher than the G" over the entire frequency range with 

slight dependence on frequency (Appendix M & N).  

The storage modulus (G') has a great significance in dysphagia diets as it is associated with a 

cohesive and safe-swallow bolus (la Fuente et al., 2017; Nishinari et al., 2016; Sherman, 1969; 

Sukkar et al., 2018). Addition of starch (S0.4, S0.8) decreased the storage modulus of control 

pureed carrots while it either remained similar (X0.4 and S0.8X0.4) or increased for the other 
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samples (X0.2 and other 3 blends) (Table 4.1). The gel properties in carrots are the result of 

pectin-induced interactions (pectin-sucrose, pectin-pectin and pectin-particle) in the matrix 

(Sinaki, 2017). A decrease in G' with starch addition could be due to the dilution of this pectin 

induced interaction. The hydrocolloids cause network defects and weaken the resulting structure 

(Eidam et al., 1995) which has been reported in other studies such as in the case of wheat starch 

with gum arabic and soybean soluble polysaccharide (Funami et al., 2008) and wheat/potato 

starch mixtures with pectin, HPMC, arabic gum and konjac glucomannan (Varela et al., 2016). 

The increase in G' of waxy maize pastes with the addition of xanthan is due to the stiffness of the 

continuous phase in a biopolymer matrix (Wang et al., 2009) that leads to a higher storage 

modulus. 

The storage modulus decreased with saliva addition in all the pureed carrot matrices. Although 

G' is often associated with perceived cohesiveness and required in dysphagia foods, there is no 

recommended value for it (Sukkar et al., 2018). Based on the results of G' in the current study, 

the blends (except S0.8X0.4) and X0.2 are expected to have a higher cohesiveness with and 

without saliva, making them possibly more suitable as dysphagia foods. This also shows that 

addition of starch reduces the storage component of the pureed carrot compared to control, which 

might make it less cohesive and less safe for swallowing. But these have to be seen in 

combination with other parameters such as relative thixotropic area (Sharma et al., 2020) and 

other viscoelastic properties. Like the storage modulus, the loss modulus of the control pureed 

carrot decreased with the addition of starch (S0.4 and S0.8). It increased for rest of the pureed 

carrot matrices. Saliva reduced the G" of all the samples with starch samples having the least 

viscous component. Lower G″ is related to a greater flow-ability in the samples. Foods with a 

higher viscous components will have a slower bolus flow and hence are easier to control during 

swallowing (Ishihara et al., 2011a). The viscous component has also been associated with saliva 

miscibility, higher cohesiveness and lower springiness (Ishihara et al., 2011a; Shahzad et al., 

2019). This also makes xanthan and xanthan-starch blends a better choice than starch as 

additives for designing safe-swallow foods. 
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Table 4.1: The storage modulus (G'), loss modulus (G") and loss factor (tan δ) of pureed carrot matrices 

(with and without saliva) at a frequency of 1 Hz and strain 0.1%. 1400 µL of saliva was added to 7 g of 

the pureed carrot during rheological testing. 

Sample 
Saliva  

with/without 
G' G" tan δ 

control  

no 3124.2 ± 83.1 c1 563.3 ± 18.8 c 0.18 ± 0.0014 d 

saliva 1977.2 ± 28 fgh 326.9 ± 4.7 fg 0.17 ± 0.0000 ef 

S0.4X0.2 

no 3758.3 ± 4.5 ab 754.0 ± 2.8 a 0.20 ± 0.0007 c 

saliva 2174.6 ± 33.4 ef 431.7 ± 9.5 de 0.20 ± 0.0007 c 

S0.4X0.4 

no 3542.6 ± 36.8 b 779.1 ± 20.3 a 0.22 ± 0.0035 ab 

saliva 2033.3 ± 66.5 efg 459.7 ± 25.3 d 0.23 ± 0.0057 a 

S0.8X0.2 

no 3858.2 ± 117.7 a 767.1 ± 26.7 a 0.20 ± 0.0007 c 

saliva 2062.9 ± 63.5 efg 407.3 ± 13.7 de 0.20 ± 0.0007 c 

S0.8X0.4 

no 2963.1 ± 143.3 c 656.1 ± 9.6 b 0.22 ± 0.0078 a 

saliva 1629.2 ± 17.32 i 375.9 ± 10.6 ef 0.23 ± 0.0042 a 

S0.4 

no 2326.8 ± 125.6 de 411.3 ± 20.6 de 0.18 ± 0.0007 de 

saliva 1554.5 ± 0.07 i 253.0 ± 1.9 h 0.16 ± 0.0014 f 

S0.8 

no 2509.7 ± 30.7 d 453.0 ± 4.5 d 0.18 ± 0.0007 d 

saliva 1677 ± 34.1 hi 273.2 ± 6.3 gh 0.16 ± 0.0000 f 

X0.2 

no 3584.9 ± 110.4 ab 745.9 ± 38.9 a 0.21 ± 0.0042 bc 

saliva 2271.6 ± 101.3 def 449.7 ± 22.4 d 0.20 ± 0.0014 c 

X0.4 

no 2909.6 ± 117.5 c 667.4 ± 16.9 b 0.23 ± 0.0035 a 

saliva 1861.5 ± 0.2 ghi 421.8 ± 2.7 de 0.23 ± 0.0014 a 

1Mean values with different letters within the same column are significantly different (p < 0.05).  

Loss factor (tan ẟ = G″/G′) is an indicator of the relative ratio between the loss and storage 

components of the food and the profiles are depicted in Fig. 4.2a. The loss factor of all the 

matrices was within the recommended range of 0.15-0.44 (G'>G"), which has been a suggested 

criterion in foods designed for people with swallowing difficulties (Ishihara et al., 2011a). 

Minimum variation in viscoelasticity (tan δ) with saliva addition is related to the perceived ease 

of chewing and hence a positive attribute in foods designed for older adults (Ishihara et al., 

2011a). Pureed carrot matrices made with xanthan and starch-xanthan blends did not show 

significant differences in tan δ with and without saliva addition, which makes them more suitable 
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for dysphagia compared to the control and starch samples (Table 4.1). Based on the visual profile 

for tan δ (Fig. 4.2b), the nine pureed carrot matrices can be categorized into 3 groups. The three 

groups are – control, S0.4 and S0.8; X0.2, S0.4X0.2 and S0.8X0.2; X0.4, S0.4X0.4 and 

S0.8X0.4. A higher tan δ with higher G' (as observed for xanthan and blend samples) absorbs 

more energy and does not deform under stress and so has been associated with ease in 

masticatory function in case of denture liners (Murata, 2012; Murata et al., 2008). The same can 

be applied for dysphagia foods. 

  



 

 

73 

 

  

 

Figure 4.2: Loss factor curves of the pureed carrot matrices (without (a) and with saliva (b)) made with 

starch, xanthan and their blends. 

4.4.1.3  Tribology Measurements 

Stribeck curves, indicating the change in friction coefficient with the entrainment speed, help in 

understanding the lubrication-related behaviour of samples. A conventional Stribeck curve has 

three distinct regimes – boundary, mixed and elastohydrodynamic (EHD) regimes, primarily 

moderated by the sliding speed of the instrument, lubricant thickness and asperity contacts of the 

0.0

0.2

0.4

0.01 0.1 1 10

ta
n
 δ

Frequency (Hz)

(a) without saliva

0.0

0.2

0.4

0.01 0.1 1 10

ta
n
 δ

Frequency (Hz)

(b) with saliva



 

 

74 

 

sliding surfaces (Chen & Stokes, 2012; Selway & Stokes, 2013). The boundary regime occurs at 

low speed where very little lubricant is entrained between the contact surfaces leading to higher 

friction due to the asperities getting locked up and rubbing against each other. As the speed 

increases, the lubricant moves into the gap between the surfaces, decreasing the contact of 

asperities and consequent friction. This is the mixed regime. The friction continues to decrease in 

this regime until a minimum is reached and then again starts an upward trend. This is the 

transition from mixed to EHD regime, where the asperities are no longer in contact because of 

the thick film of the lubricant separating the surfaces. Here, the entire load is carried by the 

lubricant and the resulting friction is due to viscous drag of the lubricant. In the current study, 

pureed carrot matrices and in vitro bolus samples (pureed carrots and saliva) were the lubricants 

tested for friction measurements.  

The friction coefficient profiles for control and both concentrations of starch and xanthan are 

depicted in Fig. 4.3 (a-pureed carrots & b-bolus). The demarcation of three friction regimes was 

not observed for the control sample (without saliva addition). It is hypothesized that the low and 

relatively constant friction of the control pureed carrots (as a function of the entrainment speed) 

up until high speed might be due to the ability of the large carrot particles (~ 184 µm D[4,3], data 

not shown) to retain their shape and keep the tribo-pairs separated. Addition of starch and 

xanthan increased the friction coefficient of the control carrot puree especially in the low and 

medium-speed regimes, due to changes induced in structure.  

The friction profiles for starch and xanthan samples look different to the control sample and also 

the typical Stribeck curves where a constant high friction is observed at lower speeds. The 

profiles of the pureed carrot matrices made with starch-xanthan blends follow a similar trend as 

starch and xanthan samples (Fig. 4.4). The reasons for this behaviour include the nature of the 

experimental set up, material properties of tribo-pair used for measurement and the lubricant 

being tested. Unlike conventional tribological setups, the current experimental setup allows for 

capturing the frictional behaviour of the system in the far-boundary regime, extending all the 

way to the region of static friction (Pondicherry et al., 2018). In this particular instance, the 

portion of the curves up to around 30 mm/s of sliding velocity represent the boundary regime. 

The mixed regime lies from that point onwards, until the slope of the curve changes its sign, 

followed by the EHD friction regime. The friction profiles observed here (Fig. 4.3 & 4.4) are 
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typical for particle suspensions (Shewan et al., 2019). The samples in the current study, pureed 

carrot matrices, are inhomogeneous suspensions with particles of carrot as well as starch 

granules (in the starch-based samples). A bell-shaped friction profile, indicative of particle 

entrainment, similar to this result has been observed earlier in various studies such as starch 

pastes (Zinoviadou et al., 2008), soft gels (Gabriele et al., 2010), maize starch granules (Zhang et 

al., 2017), yogurt (Nguyen et al., 2017) and gelatin microparticle suspensions (Rudge, van de 

Sande, Dijksman, & Scholten, 2020).  

At low speeds where the boundary friction occurs, frictional response of a tribo-system is 

dependent on the surface-to-surface interaction between the tribo-pair and composition of the 

lubricant such as size and deformability of particles and hydrocolloids (in this case). In this 

particular case, the soft nature of the PDMS surface tends to get elastically deformed at low-

speeds which causes an increase in the frictional response of the system. Also, the thickness of 

sample at the contact interface is very small at low-speeds, whereby shearing the same would 

require higher torque due to an increased shear rate. Therefore, we have to look at the properties 

of the components of the sample to explain the observed trends. The regime of initial increase in 

friction with speed (at low speeds) has been referred to as the zone of particle lubrication 

(Gabriele et al., 2010; Nguyen et al., 2017). In this zone/regime, as the speed increases, particles 

start to enter and are entrapped in the gap between the contact surfaces. Rudge et al. (2020) 

observed that even at low speeds small amounts of sample are entrapped between the contact 

surfaces and the friction is due to the fluid (continuous phase) and the particles. This single layer 

of particles separate the contact surfaces and the friction increases with speed until a maximum is 

reached, which is dependent on the size and elasticity of the particles (Gabriele et al., 2010). This 

type of behaviour has also been observed in the current study. We hypothesize that although the 

profile is similar, the mechanism of increase is different for starch and xanthan which is evident 

from the different effect of hydrocolloid concentration on the initial increase in the friction 

coefficient. Starch-based pureed carrot matrices can be considered as soft particle suspensions 

for two reasons – the cold water swelling waxy maize used in this study is known to maintain its 

granular integrity which is amorphous in nature (Chen & Jane, 1994) and the waxy maize 

granule is easily deformable. Rudge et al. (2020) has shown that friction at low speed is 

dependent on the deformability of the particles. As the starch-based pureed carrot starts entering 
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the gap, deformable starch particles are flattened by the tribo-surfaces which causes an increase 

in asperity contact and consequent friction increase. The friction in this regime increased with 

concentration (S0.8>S0.4) (Fig. 4.3a). While using gelatin microparticles, Rudge et al. (2020) 

demonstrated that friction will be higher for suspensions with a low particle density compared to 

suspensions with a high particle density which was attributed to the greater geometrical 

deformation of lower volume fraction as the applied load will be more on each particle in 

comparison to higher volume fractions. It was opposite in this study where S0.8 had higher 

friction compared to S0.4. This was due to the type of the starch used, waxy maize, which is an 

amylopectin rich variety. It has been earlier reported that waxy maize causes an increase in 

stickiness of dispersions leading to an increased friction coefficient (Adhikari et al., 2001; Liu, 

Stieger, et al., 2016). Waxy maize causes molecular adhesion on the contact surfaces which 

resists their relative motion and increases friction. The deformation of S0.8 and its stickiness 

leading to increased friction is also evident from the stick-slip effect (spikes in the friction curve) 

observed in the low speed regime for S0.8 and not S0.4. In the case of pureed carrots made with 

xanthan, the possible mechanism for an increasing trend of friction might be due to its restriction 

to enter into the gap between the tribo-surfaces. It has been observed earlier that due to their high 

hydrodynamic volume, polymers cannot entrain into the contact area at low speeds which causes 

an increase in friction (Garrec & Norton, 2012; Zinoviadou et al., 2008). This trend is observed 

in the current research where xanthan exhibited higher friction than starch at low speeds. 

Zinoviadou et al. (2008) observed a similar result in the case of tapioca starch which had lower 

friction compared to locust bean gum. Torres et al. (2019) attributed the high friction at low 

speeds for lower concentration of xanthan-thickened solutions to it being slipped-off from the 

contact area. An alternative hypothesis is that the weak gel formed by xanthan might have 

restricted the entry of carrot particles into the gap between contact surfaces thereby resulting in 

increased asperity and therefore higher friction. Polymers with a rigid rod conformation (such as 

xanthan) usually result in a decrease in friction coefficient with concentration (Garrec & Norton, 

2012) as observed for X0.4 compared to X0.2 (Fig. 4.3a). Xanthan has a tendency to adsorb on 

PDMS (Stokes et al., 2011) which might have also played a role in the reduced friction observed 

for the higher concentration samples.  
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This upward trend of friction continues until a certain maximum point is reached and then with 

the onset of the mixed regime it starts decreasing, when multilayers of particles are entrapped 

between the contact surfaces leading to the wide separation of the asperities (Gabriele et al., 

2010). The mechanism of friction decrease in this regime is primarily due to a thicker layer of 

lubricant along with additional mechanisms for starch and xanthan. The smooth starch granules 

will reduce the friction with a ball-bearing mechanism by way of changing the motion between 

the contact surfaces from sliding to rolling and rolling motions reduce friction as they induce less 

drag (Liu, Tian, et al., 2016). The decrease in friction by xanthan might be due to its increased 

adsorption to PDMS (Stokes et al., 2011) and its ability to align along the direction of shear and 

form a thin lubricant film (Shewan et al., 2019). After this the friction again increases for all 

pureed carrot matrices, characteristic of the EHD regime and driven by the viscosity of the 

material. S0.8 and control have higher friction values compared to the other samples (Fig. 4.3a). 

The higher viscosity leads to an earlier onset of EHD regime (Chen & Stokes, 2012) as observed 

here for control and S0.8. 
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Figure 4.3: Friction profile curves of pureed carrot matrices made with different concentrations of starch 

and xanthan before (a) and after adding saliva (b). 400 µL of saliva was added to 2 g of the pureed carrot 

during tribological measurements. Curves are representative runs. 

Incorporation of saliva increased the friction of pureed carrot matrices and equalised the 

differences between concentrations of starch and xanthan, particularly in the mixed regime (Fig. 
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4.3b). A lower viscosity resulting in an increased contact area, is considered as one of the factors 

for the higher friction values observed with saliva addition (Torres et al., 2019). In the bolus 

tribological profiles, the stick-slip effect was observed for both starch samples which might be 

due to the products of starch hydrolysis causing stickiness (Liu, Stieger, et al., 2016). This was 

more prominent in S0.4 with a greater change in friction and increased stick-slip effects 

compared to S0.8. Xanthan is known to interact with the salts in saliva such as calcium ions 

through ion-binding and electrostatically with positive residues of mucin (Torres et al., 2019). 

This might have caused depletion of xanthan and mucin which are otherwise adsorbed at the 

hydrophobic tribo-surfaces, causing an increase in asperity contacts and friction (Torres et al., 

2019). These interactions of xanthan with saliva may have increased with concentration as 

indicated in the greater change in friction profile of X0.4 bolus compared to X0.2. In the case of 

starch samples, due to lower interaction, mucins are available for adsorption to the hydrophobic 

tribo-surfaces (Torres et al., 2019) which might be the reason for the lower friction profile of 

starch compared to xanthan based pureed carrot matrices. In the absence of any polymers, the 

lubrication by salivary pellicles in control sample is responsible for its low friction profile. 

Salivary pellicles adsorb to the PDMS through hydrophobic interaction (Ma, Tang, Zeng, & 

Zheng, 2019) which might be causing the lubrication effect.  

When comparing blend samples before and after saliva addition, no effect of saliva was observed 

on the friction profiles of two blends (S0.4X0.2, S0.8X0.2) and increased slightly for S0.4X0.4 

(Fig. 4.4). The stick-slip effect was observed only for the bolus of S0.4X0.2, indicating that 

presence of xanthan might have affected the breakdown of starch by amylase. It was interesting 

to see that S0.8X0.4 was the only sample where friction decreased with saliva addition. The 

exact reason for this needs to be investigated and a possible reason might be that at this 

concentration of blend, xanthan and salivary pellicle is still available in sufficient quantities for 

adsorption on tribo-surfaces thereby limiting their contacts. 
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Figure 4.4: Friction profile curves of pureed carrot matrices made with blends of starch and xanthan 

before (a) and after adding saliva (b). 400 µL of saliva was added to 2 g of the pureed carrot during 

tribological measurements. Curves are representative runs. 
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4.4.2 Sensory Measurements 

The TDS results are plotted as curves/profiles depicting the perceived dominance path of each 

attribute in a product. It has two additional lines - ‘chance level’ and ‘significance level’ 

indicative of the panel consensus for a particular attribute (Pineau et al., 2009). Statistically, an 

attribute is considered to be dominant only when it is above the significance level (Pineau et al., 

2009). We have plotted TDS curves of each attribute across all samples (Fig. 4.5) which helps in 

visual comparison of differences in an attribute due to the addition of a particular hydrocolloid. 
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Figure 4.5: Temporal profiles (TDS) of tested sensory attributes for the nine pureed carrot matrices made 

with starch, xanthan and their blends. 

The difference in texture due to different hydrocolloids was perceived from the beginning of the 

chewing process. The bulk properties of thick, grainy and smooth indicated clear differences 

among pureed carrots which could be broadly divided into two groups – where starch samples 

had similarities with the control while the rest could be clustered together. These attributes were 

dominant for most of the oral processing time (OPT). Control pureed carrot was perceived as 

grainy during the first half of the OPT and this was similar for starch samples where the higher 

concentrations resulted in lower dominance of this attribute. Xanthan and all starch-xanthan 

blends did not show the grainy perception as significant, during the entire OPT. This was exactly 

opposite for the attribute of smooth where all samples except the control, S0.4 and S0.8 had this 

as dominant from the beginning till around 70% of the OPT. The grainy perception of starch 

samples might be due to the waxy maize which is higher in crystallinity (Singh et al., 2014). 

Maize starches have irregular shapes and the granule smoothness has a direct relation with its 

amylose content, indicating that an amylopectin-rich waxy maize will be perceived as grainy 

(Jane et al., 1994). CWS maize maintain granular integrity in foods. Xanthan is known for its 

lubricating properties and making surfaces smoother (Chen, 2007; Chojnicka-Paszun & de 

Jongh, 2014; De Jongh & Janssen, 2007). Thick was the single attribute which was dominant in 
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all samples and in the control exhibited this attribute for almost the entire OPT. Starch samples 

were perceived as thick for a longer duration than xanthan samples. 

Unlike the bulk properties, no clear differentiation could be observed for the chew-down 

attributes of adhesive, cohesive, dense and slippery. In general starch samples were perceived as 

dense and xanthan samples as adhesive and slippery. Cohesive was not dominant for any of the 

pureed carrot matrices. Adhesive was dominant for only two samples (X0.4 and S0.4X0.4) for a 

similar duration and oral processing stage (~ 60-80%). Dense was dominant for only S0.4 

between 40-60% of the OPT. Perceptions of mouthcoating and thin usually appear in the later 

stages of chewing. Mouthcoating became dominant for all samples only after 90% of the 

chewing process. It decreased with starch (S0.4, S0.8) and increased with xanthan (X0.2, X0.4) 

concentration. As expected, thin had a profile which started increasing with the oral processing 

time, due to the incorporation of saliva. Interestingly the starch samples had the lowest ratings 

for thin which indicates that either there was no liquefaction action of amylase during the short 

oral exposure or it was not high enough to be perceived as a dominant attribute (Sharma et al., 

2020). Xanthan had a greater influence on the perceived textural attributes of the blends than 

starch as observed in the similarity of their trends. 

The TDS results give qualitative information about dynamics of dominant attributes. A recent 

study compared this perceived evolution of attributes to the instrumental measurements of food 

to understand the texture changes during oral processing (Ningtyas et al., 2019).  Schlich (2017) 

recommends that dominance durations of attributes can be used for testing product differences. 

The AUC parameter is a representation of the panel consensus for selecting a dominant attribute 

(Pineau & Schlich, 2015) and so it was used (each attribute each sample) for finding correlations 

with rheological and tribological properties. It was hypothesized that using AUC values from 

TDS curves will include the dynamics of perception and will be resource saving (time and 

money) compared to other dynamic process such as Time Intensity and Progressive Profiling. 

This is the first study where this type of methodology has been applied. 

4.4.2.1 Correlation between Instrumental and Sensory Measurements 

Sensory perceptions are complex sensations which need to be well understood and applied 

during product development/formulation. Texture is a multi-parameter attribute which cannot be 
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described with a single measurement (van Vliet et al., 2009). It is for this reason that correlations 

are generally worked out between sensory and various instrumental measurements which can be 

used for designing customer need-based new products. Recognizing the importance of saliva in 

texture perception, correlations are now sometimes being carried out with in vivo and/or in vitro 

boluses along with samples.  

In the current study statistically significant correlations were found for most of the tested sensory 

attributes with rheological and tribological parameters for sample only (Table 4.2) and after 

saliva addition (Table 4.3). More attributes correlated with instrumental measurements after 

incorporation of saliva. 

 

Table 4.2: Spearman’s correlation coefficients of instrumental measures of pureed carrot matrices with its 

dynamic sensory attributes. Only statistically significant correlations (p < 0.05) are shown here. 

Correlations in bold are significant at p ≤ 0.01. 

 adhesive dense grainy mouth 

coating 
slippery smooth thick Thin 

µ at 26 mm/s - - - - 0.78 0.72 - - 

µ at 182 mm/s - - - - 0.82 - - - 

µ at 782 mm/s - 0.83 - -0.77 -0.8 - 0.77 - 

η at 10 s-1 - - - -0.90 -0.75 -0.74 0.91 -0.69 

G'1Hz - - - - - - - - 

G"1Hz - - - - - 0.72 - - 

tan δ1Hz - -0.81 -0.83 0.92 0.75 0.8 -0.92 - 
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Table 4.3: Spearman’s correlation coefficients of instrumental measures of pureed carrot matrices after 

saliva addition with its dynamic with sensory attributes. Saliva was added at 20% w/w of food. Only 

statistically significant correlations (p < 0.05) are shown here. Correlations in bold are significant at p ≤ 

0.01. 

 adhesive dense grainy 
mouth 

coating slippery smooth thick Thin 

µsaliva at 26 mm/s - - - - - 0.68 - - 

µsaliva at 182 mm/s - - - 0.72 0.78 0.9 -0.77 - 

µsaliva at 782 mm/s - 0.94 0.68 -0.88 -0.82 - 0.83 - 

ηsaliva at 10 s-1 - - - - - -0.83 - - 

G'1Hz_saliva -0.68 - - - - - - 0.7 

G"1Hz_saliva - -0.69 - 0.82 0.78 0.73 -0.77 0.72 

tan δ1Hz_saliva - -0.79 -0.83 0.83 0.69 0.81 -0.78 - 

 

A positive correlation was observed between the friction factor and smoothness, when compared 

at the speed prevalent in the oral cavity during chewing (10 – 200 mm/s). This is contrary to the 

expected inverse relation between smoothness and friction (Kokini & Cussler, 1983), similar to 

that of slippery. We suggest that this is primarily due to the differences between topographic and 

surface characteristics of the tribo-pairs in comparison to the surfaces of the oral cavity. In 

addition, due to the multiple mechanisms involved for friction behaviour between various tribo-

surfaces and polymers, accompanied by the limited research of polymer interaction with food 

and subsequent friction behaviour (Joyner, 2019), correlations obtained are different than the 

conventional ones (where smoothness and slipperiness are inversely related to friction). 

De Jongh & Janssen (2007) attributed the presence and size of papilla on the middle part of the 

tongue for the diffusion of xanthan molecules into the cavities of the oral surface resulting in a 

smooth sensory perception. This is similar for most food emulsion droplets which have a very 
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small radius compared to the tongue papillae (Dresselhuis et al., 2008). The presence of cone-

shaped filiform papillae with protruding hairs gives roughness to a human tongue unlike the 

smooth PDMS and glass (Dresselhuis et al., 2008; Sarkar, Andablo-Reyes, et al., 2019). Similar 

unconventional relations between tribology measurements and sensory attributes have been 

reported in the literature. Addition of milk reduced the astringency perception in tea catechins 

while it increased the friction coefficient which was attributed to the interaction of milk caseins 

and/or catechins with PDMS (Rossetti et al., 2009). Vardhanabhuti et al (2011) found that an 

increase in protein concentration from 0.5 to 4% was perceived as increased astringency but the 

friction coefficient did not change in this range. Krop et al. (2019) attributed the positive relation 

between friction and smooth perception of kappa carrageenan hydrogels to the differences 

between PDMS (hydrophobic) and oral surface (hydrophilic). 

In the mixed regime, the friction is characterized by thickness of lubricant layer and interaction 

between contact surfaces and lubricant. Although tribology has been recognized as an important 

tool in understanding food oral processing, its applicability has certain limitations due to the 

differences between the current available tribo-surfaces and the human oral cavity (Dresselhuis 

et al., 2008; Sarkar, Andablo-Reyes, et al., 2019; Shewan et al., 2019). PDMS and glass are 

hydrophobic compared to the tongue which is hydrophilic due to the presence of salivary film. 

This is expected to markedly change the way hydrocolloids will interact in the two scenarios. 

When testing Newtonian fluids, Bongaerts, Fourtouni et al. (2007) found that the friction 

coefficient decreases with an increase in surface roughness of PDMS and changing from a 

hydrophobic to hydrophilic surface. Adsorption of saliva is a primary factor in modulating 

sensory perceptions (Shewan et al., 2019). But the PDMS surface does not change properties 

(wetting characteristics – from hydrophobic to hydrophilic) even after coating it for 2 h with 

saliva before measurements (Krop et al., 2019). The hydrocolloids being surface active have a 

tendency to adsorb to the surfaces and affect the friction measurements (Shewan et al., 2019). 

Storage modulus, deformability and high contact pressure of tribo-surfaces (300 kPa) than that 

operational in the mouth during oral processing (~ 30 kPa) are other factors contributing to the 

differences between in-mouth perception and friction measurements (Sarkar, Andablo-Reyes, et 

al., 2019).  
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The correlations between friction and sensory were as expected, (positive with dense, grainy and 

thick and negative with mouthcoating and slippery) in the EHD regime (at 782 mm/s and 1082 

mm/s) where the friction coefficient is characterized by the viscosity of the test lubricant and not 

by properties of the contact surfaces. Torres et al (2019) have highlighted that the lubrication 

behaviour of hydrocolloid-thickened solutions is viscosity-dominated. Although oral processing 

conditions are known to be represented most in the mixed regime, studies have found relations 

between sensory properties and other friction profile regimes. Correlations have been found in 

the boundary regime for wine (Brossard et al., 2016) and stirred yogurt (Laiho et al., 2017) and 

in the EHD regime for hydrocolloid-added yogurts (Nguyen et al., 2017) and chocolates (He et 

al., 2018).   

Most of the tested sensory attributes correlated with the loss modulus (G"1Hz_saliva) where dense 

and thick had negative correlations while mouthcoating, slippery, smooth and thin had positive 

correlations. The importance of viscous component in a safe-swallow food has been highlighted 

which is recognized as a prime component responsible for saliva-miscibility (Ishihara et al., 

2011a). A sample which was easier to mix with saliva will be perceived as smooth, slippery and 

thinner. On the other hand, a dense and thick sample will be difficult to mix with saliva. The loss 

factor (tan δ) was primarily characterized by G" and so the correlation trend with sensory 

attributes was similar to G". Viscosity at a shear rate of 10 s-1 had positive correlations with 

thick. It was negatively correlated with mouthcoating, slippery, smooth and thin perceptions. 

This type of inverse correlation between viscosity and smoothness have been reported earlier in 

gels, pureed foods and cream cheese and attributed to probable ease of mixing of the bolus 

making and chewing process (Joyner et al., 2014; Ningtyas et al., 2019; Sharma et al., 2017; van 

Aken et al., 2007).  

This research has indicated that designing and comparing the oral behaviour of safe-textured 

pureed foods, based on rheological (storage modulus, loss modulus and loss factor) and 

tribological (friction coefficient in the hydrodynamic regime) measurements, should be done 

with saliva incorporation. It is also emphasized that viscosity measurements at a range of shear 

rates need to be conducted, as perceived thickness values were different to viscosity measured at 

a shear rate 10 s-1 (Sharma et al., 2020). Including saliva and testing with other semisolid foods 

and a larger population will help in creating a texture-based predictive model. 
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4.5 Conclusion 

The aim of the current study was to understand textural dynamics during oral processing and 

examine relationships between rheology, tribology and sensory parameters in a semisolid food 

matrix. Pureed carrots were made using starch, xanthan and their blends as per the guidelines of 

IDDSI. The purpose of adding hydrocolloids to foods for a dysphagic diet is to provide a cohesive 

structure with ease of oral manipulation. Knowledge about parameters such as viscosity, 

viscoelasticity and friction, considered important for understanding textural perception will help 

in better designing specific textured foods. The changes in sensory perceptions during oral 

processing were captured using the dynamic test of TDS. The AUC values extracted for each 

attribute and sample were correlated with rheological and tribological measurements. Instrumental 

measurements were done for each sample with and without saliva to understand the dynamics of 

oral processing behaviour. 

A total of nine sensory attributes were tested and out of these eight (excluded cohesive, which 

did not differ significantly among samples) correlated with at least one of the instrumental 

parameters measured. Most of the tested textural attributes correlated with viscosity, friction 

coefficients in various regimes and viscoelastic parameters. So, either tribology or rheology can 

be used for predicting texture properties depending on equipment availability. This indicates that 

in a semisolid food matrix, such as pureed foods made with hydrocolloids, tribological 

measurements, conducted with a rheometer (using contact surfaces of PDMS and glass), do not 

give any additional information about texture attributes. Correlations with most of the friction 

and viscoelastic parameters were better after incorporation of saliva. This reiterates the findings 

of other oral processing studies which highlight the importance of including saliva during 

measurements for a more realistic understanding of sensory perceptions. The results of this study 

can be used to design need-based specific textured pureed foods for people with swallowing 

difficulties. 

The relation between dynamics of texture perception and oral structure changes was investigated 

and a relationship was obtained between the two properties. Since oral decrease in viscosity is a 

major safety concern in pureed foods, encountered mostly in starch-based foods, the purpose of 
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Chapter 5 was to investigate if any relationship exists between oral breakdown of starch and its 

perceived thickness. 
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5.1 Abstract 

While it is known that salivary amylase changes perceived thickness in starch-based foods, the 

temporal dynamics of oral breakdown of starch have not been related to that of sensory 

perception. This work examines the associations between in-mouth oral breakdown of starch by 

α-amylase and thickness of a semisolid product measured instrumentally and using a sensory 

panel. Pureed carrots made with added waxy maize (w/w) (0% (control), 0.4% (S0.4) and 0.8% 

(S0.8)), were tested for dilution and hydrolysis effects with the addition of water and saliva and 

measuring viscosity (shear of 10 s-1), viscoelasticity (10–0.01 Hz at 0.1% strain) and maltose 

release. Sensory testing was conducted using progressive profiling. The control and S0.8 pureed 

carrots showed similar viscosities at 10 s-1 while S0.4 was lower. Addition of saliva had the 

highest impact on viscosity drop for S0.8. Viscoelastic properties of pureed carrots decreased 

with starch addition and these decreased further with water/saliva in-corporation. Starch 

breakdown measured in terms of maltose release did not change with starch concentration and 

oral processing times. Unlike the instrumental viscosity results, the perceived thickness of purees 

increased with starch concentration. During oral processing, thickness decreased at a constant 

rate across all samples highlighting the dilution effect of saliva. A relation was observed only 

between oral viscosity and starch hydrolysis and not rheological measurements. This indicates 

that changes in starch hydrolysis during oral processing can be used as an indicator of rate of 

drop in perceived viscosity in starch-based semi-solid foods such as pureed carrots. 
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5.2 Introduction 

Sensory perception of texture is the result of changes that occur to a food during oral processing; 

food is manipulated and saliva is added to make a swallowable bolus. Saliva plays an important 

role in the changes that occur to the bolus and the resulting sensory properties. It is an enzymatic 

fluid primarily made up of water and < 1% organic and inorganic components (proteins, 

enzymes, immunoglobulins, mucins and electrolytes) (Humphrey & Williamson, 2001). In 

addition to the dilution effects from the water, the remaining components in saliva, mainly 

enzymes, contribute to changes in the sensory properties during oral processing (Mosca & Chen, 

2017). An important contributor is the enzyme α-amylase. 

Salivary α-amylase hydrolyzes starch. When interacting with starch, the α-amylase follows a 

multiple attack mechanism wherein during one enzyme-substrate complex formation, several 

bonds are cleaved successively after the first attack (Bijttebier et al., 2008; Jacobsen et al., 1972; 

Robyt & French, 1967). This cleavage results in the formation of reducing sugars that include 

maltose, maltotriose, maltotetraose and α-dextrins. Evans et al. (1986) first demonstrated that the 

cleavage of glycosidic bonds in starch pastes by salivary α-amylase results in a liquefying action 

and decreases its viscosity. Since then, studies have been conducted to investigate the in-mouth 

action of saliva and α-amylase solutions on starch breakdown and its effect on viscosity (Engelen 

et al., 2003b; Engelen et al., 2007; Ferry et al., 2004, 2006; Janssen et al., 2007, 2009; Mandel et 

al., 2010; Prinz et al., 2007). The action of saliva and its effect on the production of reducing 

sugars has also been examined in solid starch-based foods such as spaghetti (Hoebler et al., 

1998) and breads (Hoebler et al., 1998; Joubert et al., 2017; Pentikäinen et al., 2014). To our 

knowledge, the development of reducing sugars during starch hydrolysis in low starch-based 

semisolid foods that require minimal oral processing has not yet been investigated. Specifically, 

the link between release of reducing sugars and viscosity decrease of these foods has not been 

explored. 

It has been postulated that amylase action during oral processing can be divided into two phases 

– the mixing phase, which occurs within the first 10 s of the food entering the mouth followed by 

the starch breakdown phase, occurring after 10 s (Ferry et al., 2004; Mandel et al., 2010; Prinz et 

al., 2007). There is limited published literature available examining the dynamic nature of 
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amylase action and its effect on sensory perception (Bridges et al., 2017; Joubert et al., 2017; 

Mandel et al., 2010). During the course of chewing starch pastes for 1 min and recording the 

change in oral viscosity (time-intensity), Mandel et al. (2010) found that individuals with higher 

amylase concentration and activity perceived a higher decrease in perceived viscosity. Bridges et 

al. (2017) conducted a time-based sensory study with starch-thickened commercial puddings and 

yogurt, where panelists had to identify five points of thickness progressing from very thick to 

very thin. Based on the time taken to perceive the thinnest consistency, the panelists were 

clustered as fast, medium and slow in terms of food breakdown and these groupings were 

ascribed to differences in salivary amylase activity (Bridges et al., 2017). 

An important factor contributing to the rate/extent of starch hydrolysis is the ease of saliva 

mixing with food. In the oral cavity, this is dependent on the type of starch, its concentration, 

food structure (starch accessibility) and the duration of chewing (Ferry et al., 2004; Hoebler et 

al., 1998; Joubert et al., 2017). Various researchers have shown that liquefying properties of α-

amylase is substrate dependent whereby waxy cereals result in a rapid and greater viscosity 

decrease than other types of starch (Evans et al., 1986; Ferry et al., 2004; Pomeranz & 

Shellenberger, 1963). This was attributed to increased permeability of waxy maize compared to 

the more compact and dense structure of other starches such as wheat. From a food matrix 

perspective, permeability of saliva in the food product is important for starch hydrolysis. Hoebler 

et al. (1998) attributed the lower level of starch hydrolysis in spaghetti to its lower saliva 

impregnation in comparison to bread. Breads of low density released a higher concentration of 

reducing sugars than high density breads (Joubert et al., 2017). To date, all of the products have 

been solid products. Less is known about starch hydrolysis in semisolid matrices. 

In a texture modified semisolid food, the structure of the product is destroyed during its 

preparation, by blending/pureeing the original food, either raw or cooked, and often a 

hydrocolloid is added to the final product for consistency, as well as to reduce syneresis and 

improve palatability. These types of foods require minimal oral manipulation, so the exposure of 

food to salivary components is for a very short duration. However, since the solid structure has 

been destroyed, saliva is quite readily mixed with the food matrix. The objective of the current 

study was to examine if the decrease in the instrumental and perceived viscosity of food during 

oral processing is related to the amount of reducing sugars produced in a carbohydrate-based 
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semisolid food made with different concentrations of starch. The dynamics of maltose release 

and its effect on oral thickness was measured at different time-points during oral processing. In 

the current study, oral thickness was measured using the sensory dynamic technique of 

Progressive Profiling which gives the perceived value of the tested attribute at selected time 

points over the entire oral processing time which can then be compared with the instrumental 

measurements at the same time points. We hypothesize that the decrease in the perceived 

viscosity of starch is proportional to the increase in the equivalent maltose released due to starch 

hydrolysis. We also hypothesize that oral hydrolysis of starch increases with oral processing time 

and concentration of added starch in a semisolid food. 

5.3 Material and methods 

5.3.1 Material 

Carrots (cultivar SV2384DL, Stokes Seeds, Canada) were donated by the Muck Crops Research 

Station (Guelph, Canada). Precisa® Sperse 100, a cold-water swelling (CWS) waxy maize was 

provided by Ingredion Inc. (Bridgewater, New Jersey, USA). CWS starches, also known as 

instant starches, swell extensively and typically retain a high percentage of granular integrity 

upon wetting (BeMiller, 2019b; Chen & Jane, 1994; Chen & Jane, 1994). All the reagents (3,5-

dinitrosalicylic acid (DNS), potato starch, sodium phosphate (Na3PO4), sodium chloride (NaCl), 

p-hydroxybenzoic acid hydrazide (PAHBAH), sodium carbonate (Na2CO3), hydrogen chloride 

(HCl), sodium hydroxide (NaOH) and ethanol were purchased from Sigma-Aldrich. This study 

was approved by the University of Guelph Biosafety Committee (certificate # 400-01-03-20) 

(Appendix B) and University of Guelph Research Ethics Boards (certificate #17-04-013) 

(Appendix A). All respondents provided informed consent (Appendix F) before participation. 

5.3.2 Methods 

5.3.2.1 Pureed Carrot preparation 

To prepare the puree, carrots were peeled, sliced and pressure cooked (4 min) in an electric 

pressure cooker (Power Pressure Cooker XL, Tristar Products Inc., Model – PPC772) at a 

pressure of 70 kPa. These were strained, cooled (15 min) and pureed in a Robot Coupe food 

processor (R2NCLR, 1725 rpm) for 15 min with intermittent breaks, every 3 min. The pureed 
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carrots were vacuum sealed (FoodSaver® 2-in-1 Vacuum Sealer) and immediately frozen 

(−20°C). Pureed carrot matrices were prepared on the day of testing. The frozen pureed carrots 

were defrosted (14 h) in a refrigerator (4°C). The puree was then kept on the counter-top to 

equilibrate to room temperature (~20°C). Starch was added to the puree at 0.4% w/w (S0.4) and 

0.8% w/w (S0.8) and mixed using a whisk attachment (KitchenAid Artisan Mixer − 325 W). 

Each mixing was done for 80 s with intermittent breaks (20 s), to scrape the puree from the sides 

of the mixer and to achieve a uniform dispersion of starch. Pureed carrot with no added starch 

was used as the control. The product was then transferred to Styrofoam cups and warmed to 

55°C in a temperature-controlled cabinet (Metro C5 Controlled Temperature) for 1 h before 

testing. The cups were lidded to prevent evaporation during warming. 

5.3.2.2 Saliva Collection 

To minimize the high inter-individual salivary variability and shortcomings of artificial 

saliva/frozen bolus and replicating the trials as close as possible to the in-mouth oral processing 

scenario, whole fresh stimulated saliva from a single subject, acting as an ‘instrumental device’, 

was used in the current study (Hutchings et al., 2012; James et al., 2011; Rodrigues et al., 2014; 

Rossetti et al., 2008). Additionally it has been shown that salivary amylase activity is not related 

to maltose release (Joubert et al., 2017) and perceived thickness (Engelen et al., 2007). 

The subject, selected for saliva collection, abstained from eating and drinking, except water, two 

hours before saliva collection. No heavy physical activity/training was done 24 h prior to saliva 

collection. Before collection, the subject rinsed the mouth with water and saliva was collected 

while chewing a 5 cm square of Parafilm for 3 min (with intermittent breaks after 30 s). Saliva 

from the first minute was dis-carded and rest of the fresh whole saliva was used for in vitro tests 

(rheometer tests and release of maltose). For the in vivo test (α-amylase activity), the saliva was 

collected after chewing and swallowing the pureed carrots for specified duration (Sec 5.3.2.5). 

The collection was done at different times on testing days. Viscosity of stimulated saliva does not 

change in the day time (Rantonen & Meurman, 1998). Previous studies have shown that human 

salivary amylase activity is not affected by time of day (Behringer et al., 2013; Engelen et al., 

2005; Tarragon et al., 2018; Yamaguchi et al., 2006). 
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5.3.2.3 Layout of tests 

Initial trials indicated that the oral processing time of 7 g of puree was 21 s. The pureed carrots 

were tested at selected time-points to examine changes in the bolus – 0, 7, 14, and 21 s. 

5.3.2.4 Rheological Measurements 

Rheological measurements were performed on a Physica MCR 301 rheometer (Anton Paar, 

Ostfildern, Germany) using a serrated plate geometry (PP50/P2) at a gap of 2 mm. This gap was 

selected based on the particle size (~400 µm) recommendations (between 5 and 10 times of 

maximum) of the pureed carrots (Mezger, 2014). The measuring cell had a peltier temperature 

controller and a peltier hood was used to maintain uniform temperature across the sample width. 

For all rheological measurements, 7 g of puree was weighed in a 50 mL Falcon tube and kept in 

a water bath at 37 °C for 5 min. It was then loaded on the rheometer and allowed to rest for 5 

min before initializing the measurements. The tests were conducted at 37 °C in duplicate. 

Flow measurements of pureed carrots 

Pureed carrots were characterized for flow properties by subjecting to rotational tests and 

changing the shear rate in the following order: 

1. Increasing the shear rate from 0.1 to 100 s−1 in 496 s (up curve) 

2. Maintaining a constant shear rate of 100 s−1 for 100 s 

3. Decreasing the shear rate from 100 to 0.1 s−1 in 496 s (down curve) 

 

Since the samples exhibited a yield stress, data from the up curve was fitted to the Herschel–

Bulkley model (Eq. (1)): 

σ = σo + K(γ̇)n   (1) 

where σ is the shear stress (Pa), σo is the critical/yield stress (Pa), K represents the consistency 

index (Pa.sn), γ̇ is the shear rate (s−1) and n is the flow behaviour index (dimensionless). Relative 

thixotropic area was determined by dividing the total area between the up and down curve 

(hysteresis area) by the area under the up curve. This is an indicator of structural stability against 

agitation, when comparing systems with different viscosities (Dolz et al., 1995). 
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Viscosity and Viscoelastic measurements (in vitro) of pureed carrots with water/saliva 

To understand the hydrolysis and dilution effects, viscosity and viscoelastic measurements were 

performed with 1400 µL of liquid (fresh saliva or water) added to 7 g of pureed carrots. This 

proportion of saliva is similar to the values reported in other semisolid food-based saliva studies 

(Joyner et al., 2014; Terpstra, 2008). A rest time of 5 min. before initiating the test was 

appropriate for enzyme action to occur (Minekus et al., 2014). 

A range of shear rates are operational during oral manipulation of food. Cutler et al. (1983) 

found a high correlation between viscosity measured at 10 s−1 and perceived thickness, in a range 

of semisolid foods. Therefore, viscosity and viscoelastic measurements were performed by doing 

an initial rotational test at a shear rate of 10 s−1 for 1 min followed by an oscillatory test from 10 

to 0.01 Hz at 0.1% strain. The linear viscoelastic region was estimated by performing an 

amplitude sweep from 0.01% to 100% strain at a frequency of 1 Hz. 

5.3.2.5 Measurement of α-amylase activity 

Salivary α-amylase activity was measured to examine its possible stimulation with varying 

concentrations of starch and oral processing times. It was determined by a colorimetric method 

using DNS reagent (96 mM DNS in 5.3 M potassium sodium tartrate tetrahydrate) to analyze the 

generation of reducing sugars. Potato starch was used as the substrate and the α-amylase activity 

was expressed as units of activity/ml of saliva (U/ml). One unit refers to the amount of enzyme 

that liberates 1.0 mg of maltose from potato starch (reference substrate) in 3 min at pH 6.9 and 

20ºC. 

To determine the change in salivary amylase activity with starch, its concentration and oral 

processing time, 1 g of pureed carrot (control, S0.4 and S0.8) was chewed for 7 s and 21 s, 

swallowed and saliva immediately expectorated into a 50 mL Falcon tube. This was done as in-

mouth separation of saliva from pureed carrot bolus was not feasible for practical reasons. The α-

amylase activity was measured according to the methodology of Sigma Aldrich for Enzymatic 

Assay of α-Amylase (EC 3.2.1.1). 1 mL of 1.0% (w/v) potato starch (solubilized in 20 mM 

Na3PO4 with 6.7 mM NaCl, pH 6.9) was incubated at 21 °C for 5 min. Expectorated whole fresh 

saliva (500 μL) was then added to the potato starch solution and incubated at 21 °C for 3 min 
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with magnetic stirring at 350 rpm. After this, immediately 1 mL of DNS reagent was added and 

incubated for 15 min in boiling water. It was then cooled on crushed ice and the volume adjusted 

to 50 mL with water. The absorbance was measured at 540 nm using a DR 6000 UV/Vis 

spectrophotometer (Hach, Düsseldorf, Germany) and the α-amylase activity was calculated 

based on the calibration curve of maltose (Eq. 2): 

𝛼 − 𝑎𝑚𝑦𝑙𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑚𝑔 𝑚𝑎𝑙𝑡𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑖𝑛 3 𝑚𝑖𝑛 

𝑚𝑙 𝑠𝑎𝑙𝑖𝑣𝑎
                                                        (2) 

The volume of added saliva was selected based on the maximum α-amylase activity detected in 

previous experiments by adding 500, 700 and 1000 μL of α-amylase to 1 mL of potato starch. 

Deionized water was used as a blank for the DNS reaction. All tests were conducted in duplicate. 

5.3.2.6 Measurement of reducing sugars 

Release of reducing sugars was measured in vitro to examine the changes in starch hydrolysis of 

pureed carrots during oral processing using the method of Pico et al. (2019). Pureed carrot (1 g) 

was weighed in a 50 mL Falcon tube and incubated for 5 min at 37 °C. After this, 300 µL/900 

µL of fresh stimulated saliva was added and vortexed for 7 s/21 s. This proportion of saliva at 

selected time-points was based on the oral processing time and stimulated salivary flow rate 

(2.58 mL/ min) of the selected subject. Amylolytic action was immediately halted by adding 1 

mL of 0.3 M Na2CO3 and placing the tubes on ice for 5 min. It was then centrifuged for 5 min at 

3500 rpm and 25 °C, and the supernatant was decanted into a 15 mL Falcon tube. A second 

extraction of reducing sugars from the pellet was performed by adding 5 mL of 78% ethanol and 

shaking for 15 min in the wrist shaker at maximum speed. The mixture was centrifuged again (5 

min at 3500 rpm) and both the supernatants pooled together. The combined supernatants were 

centrifuged for another 5 min and the final volume was made up to 10 mL with deionized water. 

The colorimetric reaction was done in an Eppendorf tube by adding 100 µL of combined 

supernatants to 1 mL of 0.5% PAHBAH (0.5 M NaOH). The mixture was incubated at 100 °C 

for 6 min at 350 rpm in an Eppendorf F2.0 thermomixer (Eppendorf, Hamburg, Germany). This 

was cooled for 15 min and the final absorbance measured at 410 nm in a Cytation 5 multi-plate 

reader (Biotek, VT, USA). The amount of reducing sugars released was expressed as ‘% of 

maltose equivalents’ and calculated based on the calibration curve of maltose (Eq. (3)): 
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% 𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟𝑠 =  
𝑚𝑔 𝑜𝑓 𝑚𝑎𝑙𝑡𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑚𝑔)
 𝑥 100                                             (3) 

Deionized water (100 μL) was mixed with 1 mL of PAHBAH for the blank reaction. 

Experiments were done in duplicate. 

5.3.2.7 Sensory Perceived Thickness 

Progressive Profiling was used to determine the dynamics of perceived thickness in pureed 

carrots during oral processing. This is a trained panel-based method where all the panelists mark 

the perceived values of one or more selected attribute(s) on a line scale at specified timepoints 

while orally processing a product. Eleven panelists out of a pool of 16 were screened (Appendix 

E) and selected based on their ability to differentiate between thickness levels of samples, using 

difference testing. The selected panel comprised of 8 females and 3 males aged 20-42 years. 

Following panelist selection, training was provided for 9 h (1 h/day), followed by testing over 

the course of 4 days. 

During training, references were used to illustrate varying levels of thickness (Table 5.1). The 

references and their values on the line scale were finalized after discussion and consensus with 

the panel. During testing, puree presentation was randomized across panelists. Three time points 

(7, 14 and 21 s) were selected for understanding the changes in oral thickness. Participants were 

served 7 g of puree for each test and were instructed to place the entire sample in their mouth for 

evaluation. For the test, each puree was chewed for the specified time, expectorated and then 

rated for thickness. Panelists cleansed their palate with unsalted cracker and citric acid water (0.1 

g/L) and waited for 3 min before starting the next puree. Pureed carrots were served at 55 °C in 

lidded Styrofoam cups labelled with a three-digit code. Data was collected on individual laptops 

using Compusense Cloud version 8.8 (Compusense Inc., Guelph, Ontario, Canada). 

Table 5.1: Thickness evaluated by trained panel for Progressive Profiling testing 

Definition: Effort in moving food around in mouth with tonguea 

Evaluation: Move the tongue in circle and press against palate half way through the 

rotation 

Thickness Level baby cereal (g):warm water (ml) Value on a 15cm line scale 

Low 5:18 2 

Medium 5:15 6 

High 5:13 14 
a Reference Food: Simply Kids® (Etobicoke, Ontario, Canada) Mixed Cereal From 6 Months 
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5.3.2.8 Data Analysis 

All collected data were analyzed with PROC GLIMMIX using SAS 9.2 © 2002-2008 (SAS 

Institute, Cary, NC). To examine differences in measured flow parameters among the starch 

concentrations, a one-way ANOVA was completed. To determine the effect of starch 

concentration (0%, 0.4%, 0.8% w/w) and liquid addition (none, water, saliva) on viscosity and 

viscoelasticity (measured by rheology) a 2-way ANOVA was conducted. Similarly, the effect of 

starch concentration (0%, 0.4%, 0.8% w/w) and oral processing time (7 s, 21 s) on amylase 

activity and reducing sugar (maltose equivalent released) was examined using a two-way 

ANOVA. For all 2-way ANOVAs interaction effects were also examined. All sensory measures 

were analyzed using a repeated measures mixed-model ANOVA with starch concentration and 

oral processing times (7 s, 14 s, 21 s) as fixed factors and panelists as random factors. A Tukey's 

Honestly Significant Difference (HSD) test was conducted to identify the differences among 

pureed carrots/time/liquid addition. The residuals were normally distributed for all the analyses. 

5.4 Results and discussion 

5.4.1 Rheological Measurements 

5.4.1.1 Flow measurements of pureed carrots 

All pureed carrots indicated real plastic behaviour where shear thinning occurred only after the 

critical stress (the minimum stress needed to be overcome to start the flow) was reached 

(Appendix O). The data for the up curve was a good fit to the Herschel–Bulkley model (R2 = 

0.99). Addition of starch had no effect on the critical stress and flow behaviour index while the 

consistency index increased for the higher concentration of starch (Table 5.2). The flow 

behaviour index is an indicator of magnitude of shear thinning which usually varies from 0 to 1 

(high to low shear thinning behaviour). The purees demonstrated a high shear thinning behaviour 

(n=0.12-0.15) (Appendix P). A lower n value, in hydrocolloid-thickened liquids, has been 

associated with easier bolus formation in the oral cavity and swallowing, requiring less muscle 

work (Nystorm et al., 2015; O’Leary et al., 2010; Vickers et al., 2015). 
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Table 5.2: Flow curve parameters of pureed carrot matrices (0% (control), 0.4% and 0.8% starch-

enriched w/w) at 37 °C. 

Sample 
Critical Stress 

(Pa) 
n K1 (Pa.sn) 

Relative Thixotropic 

Area 

Control (0%) 41.5 0.12 79.2 15.4 ± 0.22 a2 

Starch 0.4% 44.7 0.15 78.5 13.9 ± 0.22 b 

Starch 0.8% 45.1 0.15 88.1 12.2 ± 0.09 c 
1K - consistency coefficient; n - flow behaviour index; 
2Values followed by different letters within each column indicate significant differences according to Tukey test (p 

< 0.05). 

The relative thixotropic area decreased with starch addition and its concentration (Table 5.2). 

This area gives information about the rate of internal structure breakdown and is also an 

indicator of structure stability when subjected to shearing (Dolz et al., 1995; Sanz et al., 2016). 

The lower the relative thixotropic area, the more stable a system is to agitation and temperature 

(Hernández et al., 2008). The addition of starch and its concentration increased the stability of 

pureed carrots. 

5.4.1.2 Viscosity and Viscoelastic Measurements (in vitro) of pureed carrots with 

water/saliva 

Apparent viscosity 

The apparent viscosity of the three pureed carrots measured at a shear rate of 10 s−1 for 1 min is 

compared at 21 s (Fig. 5.1), the time needed to swallow these samples. While it was lowest for 

S0.4, no significant differences were observed between the control and S0.8. Addition of starch 

usually causes an increase in viscosity but the results obtained here may be explained 

considering the interactions between the added starch and components of carrots, namely pectin 

and sugars. Pectin polymers are the primary rheological units in carrots which will be in the 

solubilized form due to heating involved in the puree making process (Lopez-Sanchez et al., 

2012; Sinaki, 2017). Starch-pectin associations have been reported in the literature (Carbinatto et 

al., 2012; Gałkowska et al., 2013; Gawkowska et al., 2018; Ma, Pan, et al., 2019). Pectin inhibits 

the binding of water molecules to starch amorphous regions which might hamper the thickening 

capacity of starch (Gawkowska et al., 2018). Consequently, the viscosity of carrot puree is 
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mainly guided by the realignment of pectin polymers during shearing. Ma et al. (2019) attributed 

the decrease in viscosity of starch-pectin pastes to formation of pectin film around the starch 

granule which reduced the swelling of starch. 

 

Figure 5.1: Viscosity of pureed carrot (0% (control), 0.4% and 0.8% starch-enriched) at 21 s, when 

sheared at 10 s-1 for 1 min (37 °C). Measurements made for the puree and after adding 1400µL of 

water/saliva to 7 g of puree. Different letters indicate statistical differences, p < 0.05. 

The other major component, sugar, constitutes 40–60% of dry matter (Bufler, 2013; Char, 2018). 

Sucrose is the most dominant sugar in carrots, which increases progressively during storage 

(Bufler, 2013). The carrots in the study were held in cold storage for more than 5 months after 

harvest. Sucrose also restricts starch swelling as it binds with the amorphous areas of the starch 

chain and immobilizes water molecules, especially at higher concentrations (> 20 wt%), causing 

a decrease in viscosity (Hirashima et al., 2005; Wang et al., 2009). While this is validated for 

S0.4 in the current study, the viscosity of S0.8 was similar to the control. It might be that at the 

higher concentration, apart from interactions of starch with pectin and sucrose, some starch 

granules were interspersed in the continuous phase making the fluid more resistant to flow under 

rotational shear (Ma, Pan, et al., 2019). 

A significant interaction effect on viscosity reduction observed for puree*liquid addition (F4,9 = 

7.53, p < 0.05) is due to the dilution and hydrolysis action of water and saliva. The viscosity 

profile of pureed carrots after addition of water and saliva is depicted in Fig. 5.2. The dilution 
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effect of water was similar across the three samples with a factor change of 1.5. The hydrolysis 

action of salivary amylase is evident only in S0.8. The factor changes in viscosity due to saliva 

was 1.6, 1.7 and 1.8 for control, S0.4 and S0.8 respectively (Appendix Q). 
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Figure 5.2: Viscosity profile of pureed carrot measured at a shear rate of 10 s-1 (0% (control), 0.4% and 

0.8% starch-enriched) and the effect of adding water and saliva (37 °C). In all graphs, filled squares - 

puree, empty squares – puree + water, patterned squares – puree + saliva. a – Control, b– Starch 0.4 %, c 

– Starch 0.8 %. 
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Mechanical Spectra 

The frequency sweeps of all pureed carrots indicated characteristics typical for a weak gel where 

the storage modulus (G') was greater than the loss modulus (G") over the entire frequency range 

(Fig. 5.3). The storage modulus, represents the elastic behaviour (energy stored) and the loss 

modulus, represents the viscous behaviour (energy lost) of food during deformation, are 

compared at a frequency of 1 Hz as this represents the oral conditions (Murata et al., 2008). A 

significant interaction effect was observed for addition of liquid in the pureed carrots (F4, 9 = 

7.79, p < 0.05) but there were no significant differences between water and saliva addition (Table 

5.3). Viscoelastic parameters decreased by a factor of 1.5-1.7 for all pureed carrots after dilution 

with water/saliva (Table 5.3). It might be either due to the lower concentration of starch, type of 

starch used, lower concentration of amylase in saliva and/or natural amylase inhibitors present in 

the sample. In general, addition of fluid contributed to a greater liquid-like behaviour of the 

puree, indicated by a change in the slope of G' from 0.05 to 0.96. 

 

Figure 5.3: Mechanical spectra (0.1%strain) (storage modulus - G' and loss modulus - G") of pureed 

carrot (0% (control) and the effect of adding water and saliva (37 °C). G' is represented by filled symbols 

and G" is represented by empty symbols. In all graphs, diamond - puree, square – puree + water, circle – 

puree + saliva. This is a representative graph and it was similar for 0.4% and 0.8% starch-enriched pureed 

carrots. 

Starch addition decreased the viscoelastic parameters (G', G", η*) of the control (Table 5.3). 

Pectin-induced interactions, either pectin-pectin or pectin-particle, are known to create the 3-

dimensional network during gel formation in carrots (Lopez-Sanchez et al., 2012; Sinaki, 2017). 
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The decrease in gel strength with addition of starch can be attributed to the dilution of pectin-

pectin interaction and wrapping of pectin around the starch granules (Ma, Pan, et al., 2019; 

Varela et al., 2016). Sucrose has an anti-plasticizing effect on waxy maize, causing a decrease in 

viscoelastic properties (Prokopowich & Biliaderis, 1995). Also, the deformable nature of 

amylopectin (~ 99% in waxy maize) forms a weak matrix (soft gel) due to the reduced number of 

intermolecular crosslinks (Martinez et al., 2018). Cold water swelling waxy maize causes an 

increase in its deformability (Meng & Rao, 2005). Foods with elastic component have shown to 

help in ease of swallowing but one with a lower elastic modulus will be easier to mix with saliva 

and will result in a shorter oral transit time due to a weaker structure (Ishihara et al., 2011a; 

Nystorm et al., 2015). 

The degree of viscoelasticity is represented by the loss tangent (tan δ) which is the ratio of loss 

modulus to storage modulus (tan δ = G"/G'). The tan δ curve for S0.8 (sample, sample+water and 

sample+saliva) are shown in Fig. 5.4 and all followed the same pattern. The loss tangent varied 

between 0.15 - 0.25 across the measured frequency range (0.01-10 Hz) for all pureed carrots, 

being 0.2 at 1 Hz, with and without water/saliva. 

Table 5.3: Viscoelastic properties at 1 Hz, 0.1% strain (storage modulus G', loss modulus G" and 

complex viscosity η*) for pureed carrots and after addition of water and saliva. 

Sample 
Liquid 

Addition 
        G' (Pa) 

FC1 

G' 
      G" (Pa) 

FC 

G" 
    η* (Pa s) 

FC 

η* 

Control - 3124.2 ± 83.09 a2  563.3 ± 18.78 a  505.3 ± 13.55 a  

Control Water 2030.4 ± 10.75 c 1.5 341.0 ± 2.4 d 1.7 327.7 ± 1.76 c 1.5 

Control Saliva 1977.2 ± 28 c 1.6 326.9 ± 4.67 d 1.7 319.0 ± 4.51 c 1.6 

Starch 0.4 - 2326.8 ± 125.58 b  411.3 ± 20.6 c  376.1 ± 20.27 b  

Starch 0.4 Water 1573.5 ± 22.27 d 1.5 255.1 ± 2.08 e 1.6 253.7 ± 3.55 d 1.5 

Starch 0.4 Saliva 1554.5 ± 0.07 d 1.5 253.0 ± 1.89 e 1.6 250.7 ± 0.07 d 1.5 

Starch 0.8 - 2509.7 ± 30.69 b  453.0 ± 4.5 b  405.9 ± 4.94 b  

Starch 0.8 Water 1714.7 ± 52.89 d 1.5 282.5 ± 9.9 e 1.6 276.6 ± 8.57 d 1.5 

Starch 0.8 Saliva 1677.0 ± 34.08 d 1.5 273.2 ± 6.34 e 1.7 270.4 ± 5.52 d 1.5 

1FC denotes factor change. It is calculated for G', G" and η* and is the ratio of the measured parameter for a sample 

compared to that of the sample + liquid (either water or saliva). 
2Values followed by different letters within each column indicate significant differences according to Tukey test 

(p < 0.05). 
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The finding that samples produced similar tan δ values after addition of water/saliva is similar to 

other bolus studies where, although the G' and G" have decreased, the loss tangent has remained 

constant during the entire oral processing time (Le Bleis et al., 2013; Panouillé et al., 2014). 

 

Figure 5.4: Loss factor (tan δ) profile of 0.8% starch-enriched pureed carrot (0.01-10 Hz, 0.1% strain at 

37 °C). 

5.4.2 Measurement of α-amylase Activity 

The α-amylase activity of Parafilm stimulated saliva and after orally processing the purees for 

the two selected time-points, 7 s and 21 s, is as shown in Figure 5.5. The amylase activity of the 

stimulated saliva for the selected subject was similar to that found in the literature (Butterworth 

et al., 2011; Engelen et al., 2007; Mandel et al., 2010). No interaction effect was observed (F2, 6 = 

0.14, p > 0.05) and neither starch addition nor time of chewing affected the α-amylase activity of 

the pureed carrots (p > 0.05). This is similar to other results where amylase activity of saliva, 

tested with a panel of subjects, did not vary with food (Mackie & Pangborn, 1990) and chewing 

time (Hoebler et al., 1998; Joubert et al., 2017) when compared to that of Parafilm stimulated 

saliva. This highlights the fact that changes in viscosity and starch hydrolysis during oral 

processing will not be due to amylase activity over time but due to increased interaction of 

enzyme and substrate. 

0.1

0.2

0.3

0.01 0.1 1 10

ta
n

 δ

Frequency Hz

S0.8 S0.8 + Water S0.8 + Saliva



 

 

107 

 

 

Figure 5.5: Amylase activity of saliva after chewing pureed carrot (0% (control), 0.4% and 0.8% starch-

enriched w/w) for 7 s and 21 s. No statistically significant differences observed across purees and times. 

5.4.3 Measurement of Reducing Sugars 

When comparing the amount of maltose equivalent released due to starch breakdown, using two-

way ANOVA, it was statistically similar across the three pureed carrots and chewing times (Fig. 

5.6). There was no interaction effect of starch addition, its concentration and oral processing 

time. Both the main effects, starch concentration and oral processing time, were also statistically 

similar. This was observed in spite of the fact pureed foods are readily miscible with saliva and 

were made with waxy maize, which is known for ease of breakdown with amylase. This result 

was contrary to our hypothesis that the multiple attack mode and liquefying action of salivary α-

amylase would significantly increase the release of maltose with oral processing time. These 

could be due to the lower concentrations of starch and short oral processing time. Starch 

hydrolysis during oral processing was observed in breads (Hoebler et al., 1998; Joubert et al., 

2017). The other main reason for insignificant changes in release of maltose could be the 

outcome of the interaction between added starch and the carrot structure. This makes testing in 

real food systems even more important. Recently the importance of including food structure in 

digestive studies has been recognized (Ogawa et al., 2018). 

Carrots have a B-type starch which is resistant to enzymatic action (Rocha et al., 2010). 

Flavonoids are natural inhibitors of amylase and those present in carrot (quercetin, luteolin and 

kaempferol) have been shown to inhibit human salivary amylase (Cao et al., 2010; Miean & 

Mohamed, 2001; Piparo et al., 2008). Additionally, carrots are rich in pectin, which have been 
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reported to provide resistance to α-amylase and inhibit starch hydrolysis by forming a film 

around the starch granule (Khondkar, Tester, & Karkalas, 2009; Ma, Pan, et al., 2019). 

 

Figure 5.6: Percent maltose equivalent released before (0 s) and after chewing pureed carrot (0% 

(control), 0.4% and 0.8% starch-enriched w/w) for 7 s and 21 s. No statistically significant differences 

observed across purees and times. 

 

5.4.4 Sensory Perceived Thickness 

Sensory results showed that perceived thickness increased with starch concentration and this was 

observed at all tested times (Fig. 5.7). No significant interaction of starch and oral processing 

time was observed (F4,344 = 0.74, p > 0.05). Considering the main effects, S0.8 was perceived as 

highest in thickness while the control was the least thick. The rate of decrease in thickness (from 

7 s to 21 s) was similar across the three pureed carrots (Appendix R), highlighting the fact that 

this decrease was only due to the dilution action of saliva and not hydrolyzing effect of salivary 

amylase. 
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Figure 5.7: Perceived thickness of pureed carrot (0% (control), 0.4% and 0.8% starch-enriched w/w) at 

three time-points of oral processing. Means ± SD of progressive profiling sensory test with 11 panelists 

and 4 replicates. Different letters indicate statistical differences, p < 0.05. 

The sensory results of perceived thickness are not as that observed in instrumental viscosity 

measurements where the control and S0.8 had similar viscosities while S0.4 had lower viscosity 

(Fig. 5.1). Saliva incorporation induced a greater drop in instrumental viscosity for S0.8 than in 

the control (Fig. 5.1) while the rate of decrease (slope = -0.3) in perceived viscosity was similar 

for all purees (Appendix R). It may be that either perceived thickness correlates with a different 

shear rate and not 10s-1 or the apparent viscosity measurements using a rheometer could not 

mimic the perceived thickness in a semisolid food.  

The decrease in perceived thickness at a constant rate across all samples from 7 s to 21 s 

corroborates the statistically similar starch hydrolysis result obtained for all purees across the 

tested times. We hypothesize that if the release of maltose varied significantly with starch 

concentration and time, the rate of decrease in sensory thickness would have been different for 

the three tested pureed carrots. When comparing the factor change from 7 s to 21 s for perceived 

thickness and release of maltose, a negative correlation was found between the two parameters, 

indicating that as maltose released increases, the oral thickness decreases (Fig. 5.8). No such 
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correlations were found between perceived thickness and viscosity and viscoelastic parameters. 

The results of the current research show that dynamic changes in starch hydrolysis during oral 

processing show a trend of drop in perceived thickness of semi-solid foods.  

 

 

Figure 5.8: Correlation between factor change in sensory thickness and % maltose release after chewing 

pureed carrots for 7 s and 21 s. 

Recently Aktar et al. (2019) stated that commercial instruments do not capture the real time 

effects of saliva addition. We believe that the relation between starch hydrolysis and perceived 

thickness, observed in the current study, was possible because both the measurements take into 

account the dynamic nature of oral processing and can be done at the exact selected time-points, 

unlike other instrumental tests which take some initial set up time and there is a time lapse before 

actual measurements get started. While this is a preliminary investigation, starch hydrolysis 

during 2-3 selected time-points of oral processing can be used as an indicator to compare the in-

mouth viscosity behaviour of different thickeners. Further trials will be conducted with saliva 

collected from a larger population and varied levels of salivary amylase activity.  

In this study, there are limitations associated with saliva and amylase activity. First the amylase 

activity of the panelists was not measured and it may be that variability in sensory results could 

have resulted from differences in amylase activity. Future sensory panelists should be screened 

for amylase activity so that the rate of starch hydrolysis can be controlled. A second limitation 
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was that saliva from only one individual was used during instrumental testing. Instrumental 

measurements on a food bolus must be quick owing to its rapid changes after expectoration. In 

order to take care of this shortcoming and maintain consistency, some studies use artificial saliva 

(Krop et al., 2019) while others freeze the saliva and bolus until further analysis (Carvalho-da-

Silva et al., 2013; Engelen et al., 2007). These approaches, however, have their own drawbacks 

including changes in viscosity and α-amylase (Francis et al., 2000; Sarkar, Xu, et al., 2019; 

Schipper et al., 2007). Additionally, inter-individual variability is greater compared to the intra-

individual variability for salivary flow, composition, chewing behaviour and time (Joubert et al., 

2017; Neyraud et al., 2012; Sarkar, Xu, et al., 2019; Tournier et al., 2014). It is for these reasons 

that studies investigating the effect of saliva in foods have used saliva from one or two subjects 

for bolus characterization (He et al., 2018; Janssen et al., 2007, 2009; Joyner et al., 2014; Morell 

et al., 2017). We adopted a similar approach and collected data from one healthy individual 

which was then used for instrumental testing. 

While this research has allowed us to examine relations between the production of reducing 

sugars during starch hydrolysis and sensory perception, future tests will be aimed to validate our 

findings using different starch and food types. This type of test can be further modified to 

achieve a dynamic oral thickness perception model, incorporating the complexities of different 

foods, their composition and starch types. Results of these studies will be highly beneficial in 

starch-thickened foods where a sudden decrease in oral viscosity is a major safety concern such 

as dysphagia. Based on our current study, we can conclude that cold water swelling waxy maize 

is a safe additive in pureed carrots meant for people with swallowing disorders, with no sudden 

decrease in oral thickness. 

5.5 Conclusion 

The experiments conducted in this research were designed to investigate the effect of salivary α-

amylase on starch-based semisolid pureed carrots (0.4% and 0.8% w/w waxy maize) during oral 

processing and finding relations between dynamics of perceived thickness and instrumental 

measures of starch hydrolysis. The instrumental viscosity at a shear rate of 10 s-1 was not related 

to the perceived thickness. Addition of starch and its concentration increased the perceived oral 

thickness while it was either similar or lower than the control when measured with a rheometer at 
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a shear rate of 10 s-1. The changes in small amplitude oscillatory shear tests with saliva addition 

was similar to the dilution effect of water. The salivary α-amylase activity did not change with 

starch addition and oral processing time. The end product of starch hydrolysis, measured as 

amount of maltose released, was similar across the entire oral processing time for the three 

pureed carrots. The sensory thickness decreased continuously over the tested time and the 

rate/slope of decrease was constant across the three purees and oral processing times, indicating 

the reason for this drop being salivary dilution and not its hydrolysis action. Starch hydrolysis 

test with PAHBAH can be taken as a standardized test to determine the dynamic changes in 

perceived thickness. 
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 CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusion 

This research was undertaken to understand the dynamics of texture perception during oral 

processing of semisolid foods and the relations with food/bolus properties. Pureed carrots, a form 

of texture modified semisolid foods was used as the test material. Pureed foods are 

recommended for people who have dysphagia, and other swallowing disorders, especially those 

who have weak oral muscles and difficulty in food manipulation and bolus preparation. Pureeing 

a normal textured solid food is intended to reduce the effort needed for oral processing while also 

keeping it safe for swallow. To achieve this purpose hydrocolloids or thickeners are added to aid 

in making an easy to swallow semisolid food. In the current research, pureed carrot matrices 

were made with starch and xanthan, the most widely used hydrocolloids in foods made for 

people with dysphagia. The nine pureed carrot matrices (one control and two concentrations each 

of starch (0.4%, 0.8% w/w) and xanthan (0.2%, 0.4% w/w) and four starch-xanthan blends of 

these concentrations) were first characterized for the change in perceived textural properties 

during oral processing. The concentrations of starch and xanthan were selected based on the 

guidelines of IDDSI. 

Two dynamic rapid sensory tests TDS and TCATA were used to assess the changes in texture 

from the time food was ingested until it was swallowed. While both tests show the progression of 

various attributes perceived during the entire oral processing time, TDS captures the single most 

dominant attribute and TCATA captures all the attributes perceived at a given point of time. The 

results from both the tests were similar in terms of the most differentiating attributes, sample 

discrimination, grouping, and sensory trajectory during oral processing. This was contrary to our 

hypothesis that TCATA will capture more perceived textural attributes than TDS. The reason for 

similar results between TDS and TCATA might be because the pureed foods are simplified 

textured foods where most of the complexities are removed during mechanical alterations to 

make it easier to swallow and their short oral processing time (~ 21s). Texture perception varied 

between starch and xanthan but there was no significant effect of hydrocolloid concentration. 

The effect of concentration was not observed probably due to smaller differences in the 

concentration tested of each hydrocolloid. Starch addition generated the perception of grainy and 
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thick as similar to control while xanthan gave the perception of smooth and adhesive. The blends 

shared similarities with xanthan which masked the grainy perception attributed by starch. The 

oral processing time did not change with hydrocolloid type and concentration.  

To understand the mechanism of changes in sensory perception during oral processing, food and 

bolus properties were measured using a rheometer (rheology and tribology) and compared to the 

dynamic sensory properties. As hypothesized after saliva addition, a higher decrease in viscosity 

was observed in starch than xanthan samples. Saliva acted as an equalizer in the viscosity 

measurements where the differences among pureed carrot matrices were reduced after saliva 

addition. This was also observed in tribological measurements for starch and xanthan where the 

friction profile became similar across the two concentrations of both hydrocolloids, when tested 

with saliva. Plotting the viscoelasticity of bolus (loss factor) across the measured frequency 

range indicated similar groupings of the pureed carrot matrices as found with sensory results. 

Xanthan imparted better oral lubrication but had increased instrumental friction values than 

starch. Spearman’s correlation indicated that eight out of nine tested sensory properties 

correlated with bolus instrumental measurements. The viscoelastic parameters of loss factor, 

storage modulus and loss modulus collectively correlated with most of the tested sensory 

properties. The tribology data also correlated with sensory properties but did not provide any 

additional information other than the rheology data. As stated in literature, perception of 

thickness correlated with viscosity at 10 s-1 but only with that measured for the food sample and 

not with bolus samples.  

Viscosity of food decreases during oral processing and this can sometimes become hazardous for 

people who cannot control the movement of food in the oral cavity due to this sudden decrease in 

the resistance against flow of these samples. Starch is the most common hydrocolloid added in 

pureed foods that gets hydrolyzed by the action of salivary amylase resulting in significant drop 

in viscosity, an issue which has constantly raised concerns about its suitability as a safe additive 

in dysphagia foods. So, in order to find a test which could help simulate the extent of the in-

mouth viscosity decrease caused by dilution with saliva and enzyme-catalyzed hydrolysis, 

pureed carrot matrices made with both the starch concentrations were analyzed for maltose 

equivalents released at two time-points of oral processing. This was compared with the decrease 

in perceived thickness at the same selected time-points using the sensory test of Progressive 
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Profiling. Perceived thickness increased with starch addition and its concentration but this was 

not observed in instrumental viscosity measurement. Maltose equivalents released did not show 

significant differences with starch addition, its concentration and oral processing time but a trend 

was observed where both starch and processing time had an effect. Perceived thickness 

decreased at a constant rate for all tested samples from ingestion till swallow. A strong 

correlation between the measurements of perceived thickness and maltose equivalent released 

indicated that the reducing sugar assay can be used to predict the extent of viscosity decrease 

during oral processing. This is a novel finding which can be used in designing safe-swallow 

foods for people with swallowing disorders.   

6.2 Recommendations for future research 

The current research has added valuable knowledge about the dynamics of textural changes 

during oral processing of texture modified semisolid foods. This research has also identified gaps 

for further research which will help in adding information to the existing knowledge bank.   

Sensory testing identified the dominant and all the perceived attributes using TDS and TCATA. 

The methodology adopted in the current research gives an overall idea about the profile of 

various sensory attributes which is useful for understanding the changes during oral processing 

but it is necessary to conduct tests for certain specific attribute(s) when designing need-based 

foods. Cohesiveness is an important attribute to be considered in easy and safe-swallow foods 

meant for people with swallowing difficulties and as such was included in the list of attributes to 

be tested during dynamic testing. However, it was not selected in any of the pureed carrot 

matrices as dominant (TDS) and had a lower citation proportion in TCATA. This might be due 

to the dominance of other attributes such as grainy and smooth which might have caught the 

panelists’ attention. Although the results of the product map obtained using CVA (both TDS and 

TCATA) indicated that cohesiveness was associated with pureed carrots made with xanthan and 

xanthan/starch blends, it is recommended to get more information about this attribute using a 

dynamic sensory test such as Time Intensity tests or Progressive Profiling. The sensory study of 

these foods should be extended and tested with older adults with additional attributes such as 

ease of swallowing, in-mouth residue and liking.  
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Elongation properties of food and bolus should also be tested for a comprehensive understanding 

of the oral dynamics. The instrumental cohesiveness of these pureed carrot matrices could be 

measured using a ring shear tester and related to changes in perceived cohesiveness. It would be 

interesting to measure the friction properties using a different tribo-pair with more resemblance 

to human oral surfaces such as a pig tongue or hydrophilic PDMS. This can be compared to the 

friction results of the current study and also to find correlations with sensory properties.  

In the current research, the reducing sugar assay test was conducted with a single person with 

amylase activity in the normal range as per published literature but it would be further beneficial 

if it could be done with a group of people and the results analyzed on a cluster level based on 

amylase activity of the individuals. 

In summary, this research indicated that in a texture modified food, such as pureed food, the 

dynamics of textural properties, both sensory and instrumental, were dictated more by the 

hydrocolloids added than the food. It also indicated that reducing sugar assay of starch-based 

semisolid foods can be used to determine the change in oral viscosity during in-mouth 

processing. 
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Appendix B: University of Guelph Biosafety certificate 
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Appendix C: Screening questionnaire – TDS and TCATA 

 

SCREENING QUESTIONNAIRE 

Dynamic sensory perception of pureed carrots with added hydrocolloids 

Participant Name: 

1) Do you have any food allergies or sensitivities? If yes, please list what those 

allergies/sensitivities are. 

 

2) In this study, you will be consuming products that contain the following ingredients:  

Oils: soybean oil, modified palm oil, plant mono- and diglycerides, canola oil, olive oil, palm 

olein, coconut oil, sunflower oil 

Gums: modified corn starch, modified rice starch, guar gum, xanthan gum, carrageenan, locust 

bean gum, carob bean gum, cellulose gum 

Dairy: skim milk, milk proteins (incl. whey), milk ingredients, milk mineral concentrate, cream, 

liquid whey, egg yolks, active bacterial culture, microbial enzyme, bifidobacterium lactis 

Fruit/Veg/Cereals: carrots, whole toasted soy, apples, dehydrated potatoes (contains sulphites), 

lemon juice concentrate, rice flour, dried banana, wheat flour, malted barley flour 

Sugars: pectin, sucralose, sucrose, gluctose-fructose, dextrose, maltodextrin 

Other: water, artificial and natural flavours, vinegar, salt, mustard, spices, dried garlic, lactic acid, 

citric acid, vanilla flavoured syrup, natural colour, vanilla bean seeds, polysorbate 80, sodium 

citrate, sodium phosphate, soy lecithin, alpha-tocopherol acetate, sorbic acid, baking soda, 

potassium sorbate, yeast, sourdough culture 

Vitamins/Minerals: vitamin A palmitate, ascorbic acid, Vitamin D3, calcium disodium EDTA, 

beta-carotene, thiamine mononitrate, riboflavin, niacinamide, ferric pyrophosphate  

 

3) Are you able to consumer all of the above-listed ingredients? (Please circle one)  

 

Yes                        No 
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Appendix D: Consent form – TDS and TCATA 

 

CONSENT TO PARTICIPATE IN RESEARCH 

 

Dynamic sensory perception of pureed carrots with added hydrocolloids 

 

You are asked to participate in a research study conducted by Madhu Sharma as part of her 

PhD project in the Department of Food Science. Dr. Lisa Duizer is her PhD advisor. This project 

is funded by the Natural Sciences and Engineering Research Council. 

 

 If you have any questions or concerns about the research, please feel free to contact  

Lisa Duizer: Faculty member in the Department of Food Science. Phone: 519-824-4120 ext 53410. 

PURPOSE OF THE STUDY 

The purpose of this study is to determine the dynamic sensory properties of pureed carrots prepared 

using different thickeners.   

 

PROCEDURES 

 

In this study, during each testing session (4 days), you will be provided with nine samples of pureed 

carrot samples. You have to record on the computer the sensory properties/descriptors being 

perceived during oral manipulation/chewing of these samples. For your guidance, you will be 

provided with a list of sensory descriptors to choose from.  
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The pureed carrots being used in this sensory test will contain the following ingredients:  

carrots (cooked), modified corn starch and xanthan gum. 

 

The corn starch has undergone either acid or enzyme modifications to make it easier for them to 

thicken the carrots without having to boil the products. Xanthan is a common thickener used within 

the food industry that is made by fermenting sugars using a bacterium. These ingredients are 

commonly found in many commercial food products.  

 

You will be trained (first 2 days) to recognise the sensory descriptors using some commercial 

foods. Additionally, you will be cleansing your palate with soda crackers and water. The full list 

of ingredients from these foods is as shown below: 

 

Oils: soybean oil, modified palm oil, plant mono- and diglycerides, canola oil, olive oil, palm 

olein, coconut oil, sunflower oil 

Gums: modified corn starch, modified rice starch, guar gum, xanthan gum, carrageenan, locust 

bean gum, carob bean gum, cellulose gum 

Dairy: skim milk, milk proteins (incl. whey), milk ingredients, milk mineral concentrate, cream, 

liquid whey, egg yolks, active bacterial culture, microbial enzyme, bifidobacterium lactis 

Fruit/Veg/Cereals: carrots, whole toasted soy, apples, dehydrated potatoes (contains sulphites), 

lemon juice concentrate, rice flour, dried banana, wheat flour, malted barley flour 

Sugars: pectin, sucralose, sucrose, gluctose-fructose, dextrose, maltodextrin 

Other: water, artificial and natural flavours, vinegar, salt, mustard, spices, dried garlic, lactic acid, 

citric acid, vanilla flavoured syrup, natural colour, vanilla bean seeds, polysorbate 80, sodium 

citrate, sodium phosphate, soy lecithin, alpha-tocopherol acetate, sorbic acid, baking soda, 

potassium sorbate, yeast, sourdough culture 

Vitamins/Minerals: vitamin A palmitate, ascorbic acid, Vitamin D3, calcium disodium EDTA, 

beta-carotene, thiamine mononitrate, riboflavin, niacinamide, ferric pyrophosphate  

 

If you know that any of these products/ingredients are likely to cause you discomfort or you 

are allergic to them, please do not take part in this study. 

 

The quantities served are all smaller than you would eat under normal situations. You must eat 

enough to make an evaluation. You are free to take the leftovers with you when you go. 
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In total, this tasting session will take approximately six hours. We plan to spread-out the six 

sessions for six consecutive business days, 1 hour each day. Feedback will be provided for the first 

two sessions so that you can be more acclimatised with the test module.  

 

You will be compensated with $15 per hour, in cash, for the time you take to be involved with our 

study. You will be paid the total amount of cash at the end of the study and the payment will be 

pro-rated based on the number of testing days that you attend. 

 

POTENTIAL RISKS AND DISCOMFORTS 

 

Given that, you will be consuming a food; there is the potential for choking or allergic reactions 

to the food. The risk of choking is not greater than that seen in everyday life. We will be using a 

screening questionnaire to ensure that you are not allergic to any foods or ingredients served in 

this study. If you do not have any allergies/discomfort with any of the listed ingredients, there are 

no known risks to being involved with this study. 

 

There is the potential of social risk if the data collected from you is inadvertently released. We will 

store all your data on a password protected desktop computer in a locked office to prevent this 

from happening.  

 

POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY 

There is no direct benefit to you for taking part in this research. However, you will be helping us 

to develop better quality foods for individuals with swallowing difficulties.  

PAYMENT FOR PARTICIPATION 

You will be compensated with $15 per hour for the time you take to be involved with our study. 

You will be paid the total reimbursement in the form of cash at the end of the study and the payment 

will be pro-rated based on the number of testing days that you attend. 

 

CONFIDENTIALITY 

Every effort will be made to ensure confidentiality of any identifying information that is obtained 

about this study. All data and personal information, which is collected, will be stored on a 

password-protected computer in a secure location.  

  

PARTICIPATION AND WITHDRAWAL 

You can choose whether to be in this study or not.  If you volunteer to be in this study, you may 

withdraw at any time without consequences of any kind.  You may exercise the option of removing 

your data from the study up until the end of the data collection period.  You may also refuse to 

answer any questions you do not want to answer and remain in the study.  The investigator may 

withdraw you from this research if circumstances arise that warrant doing so.  
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RIGHTS OF RESEARCH PARTICIPANTS 

If you have questions regarding your rights and welfare as a research participant in this 

study (REB#17-04-013), please contact: Director, Research Ethics; University of Guelph; 

reb@uoguelph.ca; (519) 824-4120 (ext. 56606) 

You do not waive any legal rights by agreeing to take part in this study. 

This project has been reviewed by the Research Ethics Board for compliance (REB # 17-

04-013) with federal guidelines for research involving human participants. 
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SIGNATURE OF RESEARCH PARTICIPANT/LEGAL REPRESENTATIVE 

 

I have filled in the screening questionnaire for allergies and I have read the ingredients listing for 

the products that I will be consuming. I am not allergic or sensitive to any of the listed items. 

 

I have read the information provided for the study “Dynamic Sensory Testing of Pureed 

Carrots” as described herein.   

My questions have been answered to my satisfaction, and I agree to participate in this study.  

I have been given a copy of this form. 

 

______________________________________ 

Name of Participant (please print) 

 

______________________________________   ______________ 

Signature of Participant      Date 

 

WITNESS 

_________________________________________ 

Name of Witness (please print) 

 

__________________________________________  ________________ 

Signature of Witness       Date 
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Appendix E: Screening questionnaire – Progressive Profiling 

 

PRE-SCREENING QUESTIONNAIRE 

Dynamic sensory perception of pureed carrots with added hydrocolloids 

Participant Name: 

1) Do you have any food allergies or sensitivities? If yes, please list what those allergies are. 

 

2) In this study, you will be consuming products which contain the following ingredients:  

 

Oat flour, wheat flour, rice flour, rolled oats (contains oat bran), malted barley flour, carrots, 

modified corn starch, vegetable oil, sunflower oil, safflower oil, soy lecithin, baking soda, salt, 

dicalcium phosphate, yeast, sourdough culture, vitamins (niacinamide B (B3), riboflavin (B2) 

thiamine mononitrate (B1)), iron 

 

Are you able to consume all of the above-listed ingredients? (Please circle)  

 

Yes        No 

 

 

 

Participant signature: _________________________ 

 

 

Date: ___________________ 
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Appendix F: Consent form – Progressive Profiling 

 

 

CONSENT TO PARTICIPATE IN RESEARCH 

 

Dynamic sensory perception of pureed carrots with added hydrocolloids 

 

You are asked to participate in a research study conducted by Madhu Sharma as part of her 

PhD project in the Department of Food Science. Dr. Lisa Duizer is her advisor. This project is 

funded by the Natural Sciences and Engineering Research Council. 

 

If you have any questions or concerns about the research, please feel free to contact  

Lisa Duizer: Faculty member in the Department of Food Science. Phone: 519-824-4120 ext 53410. 

 

PURPOSE OF THE STUDY 

The purpose of this study is to determine the dynamic sensory properties of pureed carrots prepared 

using different levels of thickener. 

PROCEDURES 

 

The first 10 sessions of the study will consist of training. You will be trained on how to identify 
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and evaluate specific sensory attributes based on definitions and reference samples. There will be 

practice sessions. The last 4 sessions will consist of testing sessions. During each testing session, 

you will be provided with four samples of pureed carrot samples. You will be asked to record on 

the computer the intensity (value) of the sensory attribute being tested, at different time-points, as 

the food is being chewed. For your guidance, you will be provided with the definition of the 

sensory attributes that will be tested.  

 

You will be eating products that contain the following ingredients: Oat flour, wheat flour, rice 

flour, rolled oats (contains oat bran), malted barley flour, carrots, modified corn starch, vegetable 

oil, sunflower oil, safflower oil, soy lecithin, baking soda, salt, dicalcium phosphate, yeast, 

sourdough culture, vitamins (niacinamide B (B3), riboflavin (B2) thiamine mononitrate (B1)), 

iron. 

 

The corn starch has undergone either acid or enzyme modifications to make it easier for them to 

thicken the carrots without having to boil the products.  

 

If you know that any of these products/ingredients are likely to cause you discomfort or you 

are allergic to them, please do not take part in this study. 

 

The quantities served are all smaller than you would eat under normal situations. You do not have 

to eat the entire sample presented to you. You must eat enough to make an evaluation. You are 

free to take the leftovers with you when you go. 

 

TIME COMMITMENT 

 

In total, this study will take approximately fourteen hours. There will be 10 hours of training and 

4 hours of testing, in the form of one-hour sessions each day for 14 consecutive business days. The 

panel will take place on weekdays from 1:30pm to 2:30pm in room FS146, from July 23rd to 

August 10th, excluding August 6th. We require that panelists are able to attend every session. 

Feedback will be provided for the first 8 sessions.  

 

POTENTIAL RISKS AND DISCOMFORTS 

 

Given that you will be consuming a food, there is the potential for choking or allergic reactions to 

the food. The risk of choking is not greater than that seen in everyday life. We will be using a 

screening questionnaire to ensure that you are not allergic to any foods or ingredients served in 

this study. If 

you do not have any allergies/discomfort with any of the listed ingredients, there are no known 

risks to being involved with this study. 

 

There is the potential of social risk if the data collected from you is inadvertently released. We will 

store all your data on a password protected desktop computer in a locked office to prevent this 
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from happening.  

 

POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY 

 

There is no direct benefit to you for taking part in this research. However, you will be helping us 

to develop better quality foods for individuals with swallowing difficulties.  

 

PAYMENT FOR PARTICIPATION 

 

You will be compensated with $15 per hour for the time you take to be involved with our study. 

Payment will be pro-rated based on the number of testing days that you attend. The first $120 will 

be in Hospitality gift cards, rounded up to the nearest 10, with the remaining payment in cash. 

 

The first day is for screening panelists, in order to include those who are more suited to the study. 

The panelists who are screened out after the first session will be compensated $20 in the form of 

University Hospitality Gift-Cards, to be collected the following day. The remaining participants 

will be participating for the entire study and will be compensated with $15 per session for the time 

you take to be involved with our study ($120 in University Hospitality Gift Card and $90 in cash) 

for a total of $210 compensation.  

 

CONFIDENTIALITY 

 

Every effort will be made to ensure confidentiality of any identifying information that is obtained 

about this study. All data and personal information which is collected will be stored on a password 

protected computer in a secure location.   

 

PARTICIPATION AND WITHDRAWAL 

You can choose whether to be in this study or not.  If you volunteer to be in this study, you may 

withdraw at any time without consequences of any kind.  You may exercise the option of removing 

your data from the study up until the end of the data collection period.  You may also refuse to 

answer any questions you don’t want to answer and remain in the study.  The investigator may 

withdraw you from this research if circumstances arise that warrant doing so.  
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RIGHTS OF RESEARCH PARTICIPANTS 

 

If you have questions regarding your rights and welfare as a research participant in this 

study (REB#17-04-013), please contact: Director, Research Ethics; University of Guelph; 

reb@uoguelph.ca; (519) 824-4120 (ext. 56606) 

You do not waive any legal rights by agreeing to take part in this study. 

This project has been reviewed by the Research Ethics Board for compliance with federal 

guidelines for research involving human participants 
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SIGNATURE OF RESEARCH PARTICIPANT/LEGAL REPRESENTATIVE 

I have filled in the screening questionnaire for allergies and I have read the ingredients listing for 

the products that I will be consuming. I am not allergic or sensitive to any of the listed items. 

I have read the information provided for the study “Dynamic Sensory Testing of Pureed 

Carrots” as described herein.   

My questions have been answered to my satisfaction, and I agree to participate in this study.  

I have been given a copy of this form. 

 

______________________________________ 

Name of Participant (please print) 

 

______________________________________   ______________ 

Signature of Participant      Date 

 

WITNESS 

 

__________________________________________ 

Name of Witness (please print) 

 

__________________________________________  ________________ 

Signature of Witness       Date 
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Appendix G: Screening questionnaire – Saliva and bolus test 

 

SCREENING QUESTIONNAIRE 

Dynamic sensory perception of pureed carrots with added hydrocolloids 

Participant Name: 

1) Do you take medication related to any of these treatments: anti-arrhythmic, diuretics, 

anti-hypertensives, anti-depressants and Sjogren's syndrome. Have you been treated with 

radiotherapy? 

2) Do you have any allergy to chewing Parafilm? You are required to chew on it, spit and 

collect saliva for 5 minutes. 

3) Do you have any food allergies? If yes, please list what those allergies are. 

 

4) Do you have any food sensitivities (ex: lactose intolerance)? If yes, please list what those 

sensitivities are. 

 

5) In this study, you will be chewing products which contain the following ingredients and 

then collecting the bolus at specified time-points.  

Carrots (cooked), modified corn starch and xanthan gum.  You will also be consuming crackers to 

cleanse your palate. 

 

Are you able to consume all the above-listed ingredients? (Please circle one option)    

Yes                        No 
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Appendix H: International Dysphagia Diet Standardization Initiative (IDDSI) guidelines for 

modified textured foods 

 

 

Test Name Description 

Fork Drip Test 
Food sits in a mound above fork, a tail forms, but food does not continuously flow 

through fork tines 

Fork Pressure Test Visible pattern on surface of food, food retains visible indentation, has no lumps 

Spoon Tilt 
Food holds shape on spoon, slides off spoon with little left, spreads slightly and / or 

slumps slowly on flat plate 

Finger Test Food slides between fingers smoothly and easily, noticeable residue remains 
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Appendix I: Difference curves for pureed carrot matrices made with either starch (0.8% w/w) or 

xanthan (0.4% w/w) and compared to their blend (S 0.8X 0.4). Comparisons are made between a 

pair of samples, the first and second sample are depicted respectively above and below the zero 

line. Significantly different attributes varying between the samples are shown, calculated at 95% 

Fischer’s Exact test. 
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Appendix J: Difference curves of two pureed carrot matrices made with different blends of 

starch and xanthan. TDS (left columns) and TCATA (right columns). Comparisons are made 

between a pair of samples, the first and second sample are depicted respectively above and below 

the zero line. Significantly different attributes varying between the samples are shown, calculated 

at 95% Fischer’s Exact test. 
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Appendix K: Interaction plot of pureed carrot matrices and saliva for viscosity at a shear rate of 

10 s-1. 1400 µL of saliva was added to 7 g of the pureed carrot during rheological testing. 
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Appendix L: Viscosity measured for puree and puree + saliva at 10 s-1. 

   

 

 

Pureed 

Carrot Matrix 

Viscosity of 

sample (Pa s) 

Viscosity of 

sample+saliva (Pa s) 
Factor Change* 

Control 17.7 11.3 1.6 

S0.4X0.2 14.8 9 1.6 

S0.4X0.4 14 7.7 1.8 

S0.8X0.2 15.8 8.9 1.8 

S0.8X0.4 14.8 6.8 2.2 

S0.4 15.4 9.2 1.7 

S0.8 17.8 9.9 1.8 

X0.2 12.6 9.6 1.3 

X0.4 11.1 7.3 1.5 

* Factor change (ratio of original to new) represents the change in the  

viscosity of the puree after saliva addition (like for control 1.6 = 17.7/11.3). 
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Appendix M: Frequency dependence of storage modulus (G') of pureed carrot matrices (a) 

without and (b) with saliva. 1400 µL of saliva was added to 7 g of the pureed carrot during 

rheological testing. 
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Appendix N: Frequency dependence of loss modulus (G") of pureed carrot matrices (a) without 

and (b) with saliva. 1400 µL of saliva was added to 7 g of the pureed carrot during rheological 

testing. 
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Appendix O:  Flow curves of pureed carrot matrices (0% (control), 0.4% and 0.8% starch-

enriched w/w) at 37 °C. 
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Appendix P: Shear thinning behaviour of pureed carrots (0% (control), 0.4% and 0.8% starch-

enriched) when sheared in a ramp (0.1-100 s-1) at 37 °C. 
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Appendix Q: Viscosity measured for puree, puree + water, puree + saliva at 10 s-1. 

    

 

Sample 
Liquid 

Addition 

Viscosity 

(Pa s) 

*Factor 

Change 

Control - 17.7a 

 

Control water 11.6c 1.5 

Control saliva 11.2c 1.6 

Starch 0.4 - 15.4b 

 

Starch 0.4 water 10.0d 1.5 

Starch 0.4 saliva 9.1d 1.7 

Starch 0.8 - 17.8a 

 

Starch 0.8 water 11.7c 1.5 

Starch 0.8 saliva 9.8d 1.8 

* Factor change is calculated as the change in the viscosity of the puree  

when water or saliva is added (like for control 1.5 = 17.7/11.6, 1.6 = 17.7/11.2) 
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Appendix R: Changes in perceived thickness during oral processing of carrot purees 

 

 

Sample 

Oral thickness 

slope Factor Change 

7 s 21 s 

Control 8.3 4.5 -0.3 1.8 

Starch 0.4 9.1 5 -0.3 1.8 

Starch 0.8 11.1 6.3 -0.3 1.8 

 

 


