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Abstract 27 

The rheological approach has been widely applied to investigate the flow behavior of fluid 28 

food for the understanding as well as prediction of oral textural sensation of such products. 29 

However, due to multiple dimensional contributions involved in food texture sensation and 30 

the highly dynamic nature of oral processing, the conventional rheological measurements can 31 

hardly be precise for the prediction of the textural sensation and mouthfeel. Here, we propose 32 

a very different rheology approach, which synchronizes four major dimensions/variables in 33 

one set of rheological measurements: the oral residence time, the bolus temperature, the 34 

saliva ratio, and the oral shear rate. Results indicated that the multiple dimensional rheology 35 

approach improved the predictive accuracy of the in-mouth thickness of low-temperature 36 

yogurt and provided a new measure for quantifying the mouth-melting of yogurt. It appeared 37 

that rheology measurement at a temperature of 13 °C, a saliva ratio of 20 %, and a shear rate 38 

of 1 s -1 gave the most reliable prediction of in-mouth thickness of yogurt. This novel 39 

approach gives a much-improved accuracy of texture prediction but with a much-reduced 40 

number of rheology tests. We believe that, even though this experimental approach was 41 

initially designed for low-temperature yogurt drinks, it is fully applicable to the texture and 42 

mouthfeel prediction of many other food products.  43 

 44 

Keywords: Multiple dimensional rheology; Yogurt texture; Mouthfeel; Viscosity; Thickness; 45 
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Highlights 51 

 A novel rheological approach that synchronizes oral residence time, bolus temperature, 52 

saliva ratio, and oral shear rate in one set of rheological measurements. 53 

 Optimal conditions for rheology prediction of the in-mouth thickness of yogurt were 54 

identified as: bolus temperature (13 °C), saliva ratio (20 %), and oral shear rate (1 s-1). 55 

 The method provides a new feasible approach for in vitro prediction and quantification of 56 

mouth-melting.  57 

 Real and dynamic oral temperature of low-temperature yogurt from ingestion to before 58 

swallowing was measured.  59 

60 
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1. Introduction 61 

Food texture and mouthfeel are crucial sensory perceptions to the acceptance and liking of 62 

many products and have been shown to influence consumer's choices (Koehler et al., 2024; 63 

Stokes et al., 2013; Stribiţcaia et al., 2020). Food rheology, which studies the flow behavior 64 

of foods, has been seen as valuable in providing insights into the sensory properties of food. 65 

However, accurate prediction of sensory perception using rheological tests remains 66 

challenging due to the complex multidimensionality of textural sensation and the dynamic 67 

nature of oral processing. Conventional rheological tests can only test one single variable at a 68 

time and struggle to simulate the intricate processes that occur in the mouth (Deblais et al., 69 

2021; Koç et al., 2013; Lillford, 2000; Mowlavi et al., 2016; Ong et al., 2018; Thomazo et al., 70 

2019). As a result, there is a need to reconsider the multiple dimensions/variables that impact 71 

oral textural sensation and their integration in rheological analysis in order to gain a more 72 

comprehensive understanding of food texture perception. 73 

Yogurt is one of the oldest and most popular fermented milk products in the world (Clark et 74 

al., 2019). The product is produced by coagulation of milk proteins through lactic acid 75 

fermentation using thermophilic Lactobacillus bulgaricus and Streptococcus thermophilus 76 

(Savaiano & Hutkins, 2020) and is usually consumed at fridge temperature (around 4 °C).  77 

Rheology has been most commonly used for the assessment of yogurt texture and has been 78 

successful in many cases. For example, a yogurt product with a higher apparent viscosity, 79 

whether dairy or plant-based (Conti-Silva et al., 2018; Greis et al., 2022; Mehta et al., 2023), 80 

as well as set or stirred (Harte et al., 2007; Nguyen et al., 2017; Sonne et al., 2014), generally 81 

indicate a higher perceived thickness in the mouth. However, complicated microstructure 82 

created by multiple level particle aggregation (protein particles as well as oil/fat droplets) 83 

gives the yogurt a much richer texture sensation than thickness. Of a wide range of textural 84 

terms used for yogurt products, mouth-melting is a typical and unique textural sensation 85 

during oral consumption of yogurt. Even though our understanding of mouth-melting is still 86 

limited, it is generally believed that its sensation could be related to the changing rate of the 87 
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reduction of perceived thickness. Predicting the mouth-melting of yogurt through its 88 

rheological behavior may be a potential methods (Alting et al., 2009). 89 

Challenges to the rheological approach for oral textural prediction of yogurt is the 90 

involvement of multiple dimensions/variables during oral processing. The changing 91 

temperature, the incorporation of saliva, and the varying rate of deformation will all play a 92 

role, either independently or more likely in an integrated manner, in influencing oral texture 93 

sensation. Single rheology measurement is simply unable to simulate actual oral conditions 94 

and the complex and dynamic interactions that influence textural sensation (Aktar, 2022; 95 

Makame & Nolden, 2024). For example, in the case of low-temperature yogurt, oral 96 

processing involves continuous incorporation of saliva and dynamic changes in temperature 97 

(Huc et al., 2016; Mosca & Chen, 2017). Obviously, the common practice of setting up 98 

rheological measurements at a specified saliva ratio and/or temperature deviates 99 

measurements from the actual oral conditions during eating. Another challenge that is not 100 

easily replicated by rheometers is the uncertainty of the actual shear/deformation rates inside 101 

the oral cavity during oral processing and swallowing (Lv et al., 2017). The apparent 102 

viscosity at a shear rate of 50 s-1 is commonly used to represent perceived thickness/viscosity 103 

(Rao & Lopes da Silva, 2007), but scientific evidence is not sufficient for this selection (Ong 104 

et al., 2018). The oral cavity experiences a wide range of shear rates (predicted to be close to 105 

zero to more than 1000 s-1), depending on the mechanical properties of the food (Houska et 106 

al., 1998; Shama & Sherman, 1973). The relevance of shear rate at various stages of oral 107 

processing needs to be further clarified. There is no doubt that these dimensions and variables 108 

(e.g., bolus temperature, saliva ratio, and oral shear rate, etc.) must be taken seriously because 109 

they are not only key for measuring the rheological properties of food but also significant 110 

factors impacting textural sensation and mouthfeel.  111 

Based on these considerations, we have developed a novel rheological approach in this work 112 

for fast and reliable texture prediction of yogurt products by synchronizing multiple variables 113 

in one single set of measurements. Variables of synchronization include the oral residence 114 

time, the bolus temperature, the saliva ratio, and the oral shear rate. The reliability of the 115 



7 
 

multiple dimensional rheology approach was approved by: a) a much-improved correlation 116 

between the measured apparent viscosity and perceived sensory thickness; and (b) the 117 

established relationship between sensory perceived mouth-melting and the rate of viscosity 118 

changes during oral processing. We believe that the multiple dimensional rheology proposed 119 

in this work provides a novel approach to bridging the gap between rheological 120 

measurements of foods and the sensory experience of consumers.  121 

 122 

2. Materials and methods 123 

2.1. Yogurt and their mixtures with the artificial saliva 124 

In this study, we examined a total of six commercial yogurt products and one laboratory-125 

made yogurt. Among these, five were dairy-based and two were plant-based yogurts. The 126 

detailed composition and physicochemical properties of all yogurts are presented in Table 1. 127 

The commercial dairy yogurts (sample code: GY, JA, GM, and LC) were chosen to represent 128 

different types of yogurts (Greek-style and stirred), varying fat contents (ranging from 0 % to 129 

6.9 %), and the differentiated sensory features, which represent the diversity of dairy yogurts 130 

on the market. As the global market reflects an increasing consumption of dairy alternatives, 131 

plant-based yogurts with soy or almond as the main ingredients were included in this study 132 

(sample code: DF and MR). Additionally, a laboratory-made yogurt (sample code: HY) was 133 

also included to serve as a model system. The preparation for the laboratory-made yogurt was 134 

provided in Supplementary Fig. 1. All commercial products were purchased online and were 135 

analyzed before their best before date. 136 

Artificial saliva was prepared based on a previously reported protocol (Karthik et al., 2019). 137 

In addition to necessary inorganic substances, mucin from porcine stomach type II and α-138 

amylase were also used in order to achieve a viscosity similar to that of human saliva, along 139 

with other potential properties. 140 

2.2. Sensory evaluations of in-mouth thickness and mouth-melting 141 
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2.2.1. Participants and ethics approval 142 

A total of 30 participants (19 females and 11 males; mean age = 24.3 ± 1.4 years) with 143 

previous experience in sensory evaluation were recruited from the School of Food Science 144 

and Biotechnology at Zhejiang Gongshang University. The participants were instructed not to 145 

eat or drink anything (except water) for at least an hour before the experiment. They reported 146 

not being hungry or full, not having any olfactory or gustatory deficits, and not having any 147 

health problems. Participants confirmed their willingness to consume yogurt at the time of 148 

recruitment. All participants provided written informed consent prior to beginning the 149 

experiment, and relevant training was conducted to meet the requirements and familiarize 150 

themselves with the procedure. The research protocol was approved by the Experimental 151 

Ethics Committee of Zhejiang Gongshang University (No. 2023030104).  152 

2.2.2. Preparation of samples for sensory evaluations 153 

Yogurt samples used for sensory evaluation were the same as described in Section 2.1. It is 154 

worth noting that all yogurts were prepared in advance and stored in the refrigerator (4 °C) 155 

with covered lids until the start of each sensory session. Samples, each with a total sample 156 

weight of approximately 12 g, were placed in randomly coded plastic cups marked with a 157 

three-digit number. A plastic spoon was provided to each participant to ensure the same 158 

ingestion size (3.8 ± 0.1 g) in sensory evaluation. The choice of about 3.8 g of yogurt (one-159 

time intake) was based on the results of pre-experiments, because this sample size can avoid 160 

both perceptual fatigues caused by too large a sample and the inability to fully perceive the 161 

texture attributes due to too small a sample. 162 

2.2.3. Procedure for sensory evaluations 163 

Before the experiment, participants did not know whether dairy yogurt or plant-based yogurt 164 

was to be evaluated. Participants were asked to wear a blindfold during the sensory 165 

evaluation to avoid potential influences due to the visual appearance of the yogurt samples. 166 

Samples were coded by arbitrary numbers (three digits) and were presented in random order. 167 

The samples were presented one at a time to minimize the comparison between the samples. 168 
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Participants had the option of evaluating the sample multiple times, but only one sensory 169 

attribute could be evaluated at a time. Sensory attributes assessed by the participants were in-170 

mouth thickness and mouth-melting that were defined as follows (Pascua et al., 2013): (i) 171 

thickness is defined as the perceived resistance perceived when compressing the sample 172 

between the tongue and the hard palate; (ii) mouth-melting is defined as the perceived rate at 173 

which the sample dissolves or melts in the mouth. 174 

Compusense (Guelph, ON, Canada) was used to collect ratings on a generalized labeled 175 

magnitude scale (gLMS). The scale ranged from 0 to 100, with “No sensation” marked at 0, 176 

“Barely detectable” marked at 1.4, “Weak” marked at 6, “Moderate” marked at 17, “Strong” 177 

marked at 35, “Very strong” marked at 51, and “Strongest sensation ever experienced” 178 

marked at 100. To minimize fatigue and carryover effect, participants were asked to rest for 5 179 

min between each sample and were instructed to clean their mouths with water of room-180 

temperature during this rest period. 181 

2.3. Rheological measurement of yogurts 182 

Rheological tests, either the apparent viscosity of yogurts or their mixtures of artificial saliva, 183 

were performed using the Discovery HR-2 shear rheometer (TA, USA), equipped with a 184 

cone-plate geometry with a 40 mm diameter cone and a 2.017 °. Flow sweep tests were 185 

conducted to examine the relationship between shear rates and apparent viscosity of samples, 186 

with shear rates ranging from 0.01 to 1000 s-1. Temperature was controlled by using a Peltier 187 

technique.  188 

Before the measurement, sample of yogurt/saliva mixture was left for rest for 3 min to ensure 189 

fully recover of microstructure and excess yogurt sample was carefully removed from the 190 

edge. A specifically designed cover was applied to prevent moisture evaporation of the yogurt. 191 

All samples were measured for at least 3 times to ensure reproducibility and average values 192 

were taken. 193 

2.4. In situ measurement of the temperature of yogurt bolus 194 
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A K-type thermocouple temperature sensor (TCM_UA, Dagasensor, China) was used to 195 

conduct real-time measurements on 10 participants (5 males and 5 females) and record the 196 

temperature changes of the low-temperature yogurt during oral consumption (Fig. 1A). The 197 

sampling frequency and temperature resolution of the sensor were 15 Hz and 0.01 °C 198 

respectively. Three yogurts with different apparent viscosity: high (LC), medium (JA), and 199 

low (GM) were selected (Section 2.1 and Supplementary Fig. 2) for oral temperature 200 

measurement to obtain representative data of bolus temperature inside the oral cavity (results 201 

are shown in Fig. 1B). 202 

Before the experiment, participants were required to refrain from eating for 30 min to ensure 203 

that their oral temperature was closer to its equilibrium state. In addition, all yogurt samples 204 

were placed in a refrigerator at 4 °C until the start of the experiment. During the experiment, 205 

the temperature sensor was first placed in the yogurt sample for 5 s to record the temperature 206 

and this temperature was used as the initial temperature of the yogurt, or the first ingestion 207 

temperature. Then, about 3.8 ± 0.1 g of yogurt sample was quickly placed into the mouth, and 208 

the temperature sensor was positioned in the middle of the participant's tongue and inside the 209 

yogurt bolus. This process lasted for 10 s, and the temperature change of the yogurt bolus was 210 

recorded in real-time. The temperature at 10 s was identified as the temperature in the mouth 211 

before the yogurt bolus was about to reach the swallowing point. The selection of 10 s was 212 

based on the oral residence time of yogurt determined in this study (Section 3.1.1). 213 

Furthermore, the average oral temperature (mouth without yogurts) of the participants was 214 

recorded as a control group. To be consistent with the experimental group, the temperature 215 

sensor in the control group was initially placed in 4 °C water for 5 s as the initial temperature. 216 

It is important to note that participants were asked to consume yogurt in a way that was as 217 

familiar and natural as possible during the experiment. This was done to increase the 218 

exposure of oral tissue to ambient temperature and convective airflow, simulating the 219 

dynamic changes of the oral cavity during eating (Erickson, 1980). Additionally, the 220 

participants rinsed their mouths with room-temperature water between each sample and 221 

ensured they rested for 3 to 5 min to allow the oral temperature to return to normal. 222 
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2.5. Statistical analysis 223 

The SPSS 26.0 (SPSS Inc., Chicago, Illinois, USA) was used for statistical analysis of 224 

experimental data. Pearson correlation analysis was used to test the correlation between 225 

different indicators. To determine significant differences in the intensity of thickness or 226 

mouth-melting, ANOVA (Duncan) was used. The goodness of fit (R2) was determined using 227 

simple linear regression. When calculating the fitting slope of the apparent viscosity, it's 228 

important to standardize it: the original apparent viscosity was converted using a logarithmic 229 

function and then scaled to obtain a dimensionless value (standardized apparent viscosity). 230 

 231 

3. Results 232 

3.1. Construction of a multiple dimensional rheology approach and optimized ranges of 233 
variables during oral processing 234 

For oral texture sensation, we intend to believe that oral shear rate, saliva incorporation, and 235 

bolus temperature are the three most important dimensions (or the most important 236 

determining factor). The three factors are of course time-dependent, i.e. they vary as a 237 

function of oral processing. The concept of these multiple dimensions is shown in Fig. 2A, 238 

where three independent variables vary as a function of oral residence time. In applying 239 

rheology analysis for the prediction of oral texture sensation, it will be therefore critically 240 

important to know the dynamic conditions for rheological measurement. In this study and 241 

specifically for oral processing of yogurts, the ranges for these variables were specified as 242 

follows: oral residence time (0 to 10 s), bolus temperature (5 to 25 °C), saliva ratio (0 to 243 

50 %), and oral shear rate (0.01 to 1000 s-1). The reasons for these conditions are given below: 244 

3.1.1. Oral residence time (0 to 10 s):  245 

The oral residence time is defined as the time from the first ingestion until the completion of 246 

swallowing (Chen & Lolivret, 2011). It should be noted that in this study, the oral residence 247 

time excludes the time of swallowing; but refers only to the time before the point of 248 

swallowing. As indicated by a previous study, real oral residence time could vary 249 
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significantly among individuals, but mostly around 2.5 s for viscous fluid foods (Chen & 250 

Lolivret, 2011). However, it has also been noticed that the actual oral residence time of 251 

yogurt during sensory evaluation generally increased by 2 to 3 times compared with that of 252 

daily eating habits (Aguayo-Mendoza et al., 2020). Therefore, for the convenience of 253 

experimental setup, a universal oral residence time of 10 s was selected for the oral 254 

processing of yogurt and will be used as an overall guidance for rheological measurements. 255 

3.1.2. Temperature of bolus (5 to 25 °C):  256 

The importance of temperature change during food oral processing is often overlooked in 257 

sensory analysis as well as in instrumental measurement. In order to determine the 258 

temperature variation of a low-temperature yogurt during an eating process, a thermocouple 259 

temperature sensor was used to measure in situ real-time temperature of the yogurt from first 260 

ingestion to before swallowing (Fig. 1A). Considering that differences in viscosity can 261 

impact the rate of heat transfer, three yogurt products with high (LC), medium (JA), and low 262 

(GM) apparent viscosity were examined (Supplementary Fig. 2). Additionally, the oral 263 

temperature (mouth without yogurts) was also measured for participants and was used as a 264 

reference. 265 

It was observed that low-temperature yogurt experienced significant temperature changes 266 

during oral processing for all 10 participants (Fig. 1B). The average temperature of the 267 

yogurts increased by almost 20 °C in about 10 s, rising from about 5 °C when ingested to 268 

about 25 °C before being swallowed. In the initial 4 s of consumption, the high-viscosity 269 

yogurt (LC) heated up slowly, while the low-viscosity yogurt (GM) heated up much quicker, 270 

and the medium-viscosity yogurt (JA) was in between. Additionally, temperature changes 271 

were more pronounced during this stage but gradually leveled off as the oral residence time 272 

increased. As a comparison, the average oral temperature of the control group rose rapidly 273 

from about 5 °C to 34 °C within 2 s and remained constant as the oral residence time 274 

increased.  275 

It is obvious that the temperature of the yogurt bolus is a function of oral resident time but 276 
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also varies across yogurt samples due to different heat transfer coefficients for different 277 

yogurt products. For the convenience of the experimental setup, we choose to have a whole 278 

temperature change of 5-25 °C evenly distributed across the oral resident time.   279 

3.1.3. Ratio of saliva (0 to 50 %):  280 

Given the dynamic nature of oral processing and saliva secretion, it is challenging to 281 

determine the amount of saliva in a yogurt bolus during eating. This complication becomes 282 

more so when considering that the stimulus of food ingredients, salivary flow rate, and 283 

chewing frequency vary significantly among consumers (Chen, 2009; Navazesh & Kumar, 284 

2008; Pedersen et al., 2018). A number of efforts have been made in trying to collect yogurt 285 

bolus for saliva ratio determination. However, the approach was found to be practically not 286 

feasible because of the unknown amount of initial saliva present in the oral cavity and 287 

because of the very imprecise cutting-off point for bolus spitting/collection. In this study, we 288 

give a saliva ratio of 0 % at ingestion (time zero) and assume that a yogurt bolus contains 289 

about half of the saliva when it is swallowed, i.e. a saliva ratio of 50 % in yogurt bolus at the 290 

point of swallowing (Fig. 2B). This ratio was obtained simply by the estimation. We assume 291 

that an initial saliva covering oral surfaces is around 2.5 g and secretion of saliva during oral 292 

processing can reach as high as 1.2 g according to literature prediction of stimulated saliva 293 

(Humphrey & Williamson, 2001). This makes the final saliva ratio in yogurt bolus around 294 

50 %. It is also worth noting that the low acidity of the yogurt product could potentially 295 

stimulate saliva secretion (Murugesh et al., 2015). 296 

3.1.4. Oral shear rate (0.01 to 1000 s-1):  297 

Shear rate refers to the speed of deformation. During oral processing, the real shear rate of 298 

food varies significantly, depending on the individual’s oral physiology, the type of food, the 299 

dimension (or more specifically the thickness) of the food, the stage of oral processing, etc. 300 

Shama and Sherman have already indicated a few decades ago that the oral shear rate may 301 

range from close to zero to over 1000 s-1 (Shama & Sherman, 1973). However, no literature 302 

evidence is available to give the exact value of shear rate at various stages of yogurt 303 
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consumption and no research has confirmed which shear rate is most relevant to sensory 304 

perception. Therefore, yogurt samples were tested over a shear rate range of 0.01 and 1000 s-1 305 

using a shear rheometer. Apparent shear viscosity was recorded as a function of shear rate.   306 

We speculate that the real oral shear rate should gradually increase during oral processing, 307 

from a very low value to a much higher value at the point of swallowing, due to the fact that 308 

food is spread out and becoming a thinner layer during oral processing (Stokes et al., 2013). 309 

Therefore, we specifically assign 0.01 and 1000 s-1 as the starting shear rate and the ending 310 

shear rate for oral processing of yogurt. The selection of these figures was based on two 311 

considerations. Firstly, a very low shear rate (< 0.01 s-1) means very limited deformation and 312 

could mean very little to sensory perception. A magnitude of 103 s-1 is the estimated shear rate 313 

for a low-viscosity liquid food (Shama & Sherman, 1973). As an approximation, we assume 314 

that there are six magnitudes of change in oral shear rate during the oral processing of yogurt, 315 

following a logarithmic pattern. 316 

Based on the above discussion, we obtain varying values for all three dimensions as a 317 

function of the normalized oral residence time. These values are given in Fig. 2B and are 318 

nicely illustrated in Fig. 2C and 2D. 319 

3.2. Multiple dimensional rheology approach for prediction of oral textural sensation 320 

3.2.1. In-mouth thickness prediction based on apparent viscosity measurement  321 

The positive correlation between the apparent viscosity and the perceived intensity of 322 

thickness has been confirmed in previous studies for various fluid food samples (Deblais et 323 

al., 2021; He et al., 2016). In this work, the sensory intensity of thickness for seven different 324 

types of yogurts has been assessed and results are shown in Fig. 3A. The results showed that 325 

there were significant differences in the perceived thickness among the yogurts. The two 326 

Greek-style yogurts (GY and LC) were thicker than other stirred yogurts, while the two plant-327 

based yogurts (DF and MR) were more or less in a similar range to the perceived thickness of 328 

other dairy yogurts. 329 

In parallel to sensory analysis, flow behavior and apparent viscosity of these yogurt samples 330 
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as well as their mixture with artificial saliva have also been measured in a systematic manner 331 

according to the principle of multiple dimensional rheology approach discussed above. 332 

Relationships between the measured apparent viscosity at different stages of oral processing 333 

and the perceived thickness reported by the participants are given in Fig. 3B. Our findings 334 

indicated that different combinations of temperature, saliva ratio, and shear rate impacted the 335 

correlation coefficient (r) and the goodness of fit (R2) between the apparent viscosity and the 336 

intensity of thickness. We observed an inverted U-shaped curve, where the correlation 337 

coefficient (r = 0.93, p < 0.01) and goodness of fit (R2 = 0.86) reached their highest values at 338 

a temperature of 13 °C, saliva ratio of 20 %, and shear rate of 1 s-1. This suggests that under 339 

these specific rheological measurement conditions, the apparent viscosity can accurately 340 

reflect the perceived thickness. Additionally, we used shear rate as a control variable 341 

(Supplementary Fig. 3) and found that the average correlation coefficient (r = 0.90) 342 

remained high across all shear rates (0.01 - 1000 s-1) when the temperature was 13 °C and the 343 

saliva ratio was 20 %. These results suggest that oral sensation at around the middle stage of 344 

oral processing could play a dominant role in overall sensation of yogurt texture. Above 345 

results also give strong evidence supporting the reliability of multiple dimensional rheology 346 

results across a wide range of shear rates. With this approach, sensory texture prediction does 347 

not require a whole range of rheological tests for all variables, but selected measurements at 348 

the key conditions (13 °C, 20 % saliva, and 1 s-1) can well predict oral texture sensation.  349 

Another interesting observation is that multiple dimensional rheology can also give a clear 350 

differentiation between dairy yogurt and plant-based yogurt (Fig. 3C). It was observed that 351 

both plant-based yogurts (DF and MR) showed a significant "convergence of apparent 352 

viscosity" at the later stage of oral processing (indicated by arrows), indicating a consistent 353 

viscosity of the yogurt at higher shear rates unaffected by other variables like bolus 354 

temperature and saliva ratio. In contrast, this phenomenon was not observed in any of the 355 

dairy yogurts (Fig. 3C and Supplementary Fig. 4). Even though MR (plant-based yogurt) 356 

and LC (dairy yogurt) have a similar initial apparent viscosity (around 1400 Pa·s at 0.01 s-1), 357 

MR's apparent viscosity still exhibited a convergent trend at the later stages of oral processing, 358 
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whereas LC behaved in a very different manner. This difference may be linked to the 359 

composition and structure of plant-based yogurt (Dhakal et al., 2023).  360 

3.2.2. Multiple dimensional rheology approach for sensory prediction of mouth-melting  361 

Mouth-melting is a unique texture feature for many dairy products, significantly influencing 362 

consumer preferences for a product (Guichard et al., 2018). The sensory definition of mouth-363 

melting is widely accepted as how quickly a sample dissolves/melts inside the mouth 364 

(Section 2.2.3). Therefore, sensory mouth-melting should have a close link with two very 365 

significant rheological features: the thickness and the changing rate of the thickness.  366 

The sensory intensity of mouth-melting was first evaluated for the seven yogurt products and 367 

results are shown in (Fig. 4A). Significant differences were observed in the mouth-melting 368 

among these samples. The Greek-style yogurts (GY and LC) had lower mouth-melting values 369 

than other stirred yogurts, probably implying that they dissolve or melt more slowly inside 370 

the mouth during oral processing. This result seems to be opposite to the changing trend of 371 

perceived thickness. The correlation analysis between the perceived intensity of thickness and 372 

the perceived intensity of mouth-melting (Fig. 4B) showed a significant negative correlation 373 

(r = -0.17, p < 0.05), suggesting that the higher the in-mouth thickness of the yogurt, the 374 

slower its melting rate. 375 

The dynamics of viscosity changing for the yogurt samples have also been analyzed, by 376 

plotting the apparent viscosity as a function of oral residence time. Since the initial viscosity 377 

varies significantly among yogurt samples and oral residence time varies significantly among 378 

subjects, it was therefore decided to standardize and normalize both variables, and results are 379 

plotted in Fig. 4C. In this way, a clear pattern emerges for the rate of viscosity change for all 380 

tested samples, reflected by the slope of the curves. Among them, the largest absolute slope 381 

value was observed for yogurt GM (approximately 261), while the smallest absolute slope 382 

value was observed for yogurt LC (approximately 166). By plotting the sensory intensity of 383 

mouth-melting against the dimensionless slope obtained in Fig. 4C, we observe a significant 384 

negative correlation between the sensory perception and rheological measurement for the 385 
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mouth-melting (r = -0.73, p < 0.05) (Fig. 4D). This result confirms our speculation that a 386 

faster apparent viscosity changes corresponds to a stronger sensory perception of mouth-387 

melting for yogurt products. We intend to believe that the current approach should also be 388 

applicable for sensory prediction of many other fluid and soft solid products, such as ice 389 

cream, creams, chocolates, gels, salad dressing, or even soup-type drinkable products.  390 

3.3. Comparison of conventional rheology and multiple dimensional rheology 391 

It must be noted that the rheological approach has been widely applied in predicting sensory 392 

thickness and other sensory attributes of yogurts and many other food products. However, the 393 

conventional approach normally adopts flow behavior tests conducted at a controlled 394 

temperature over a whole range of shear rates and selects apparent viscosity at a specific 395 

shear rate (usually 50 s-1) for comparison. For low-temperature yogurt, tests were often 396 

conducted at its storage temperature of 5 °C (or the ingestion temperature) or close to its 397 

swallowing temperature (25 °C) yogurt (Kumari et al., 2023; Sözeri Atik et al., 2023). Such 398 

an approach has also been conducted here and results are shown in Fig. 5A. Strong positive 399 

relationships are clearly observable between perceived thickness and measured apparent 400 

viscosity, with a correlation coefficient of 0.86 and 0.84 at 5 and 25 °C respectively (p < 401 

0.05). 402 

However, the multiple dimensional rheology approach seems to give a much better prediction 403 

compared to the conventional approach (Fig. 5B). One can see that a highly significant 404 

positive correlation between the apparent viscosity and perceived thickness of yogurt with a 405 

correlation coefficient of 0.9253 and a p-value of 0.0028 (p < 0.01). The corresponding 406 

optimal rheological measurement conditions at this point were: temperature of 13 °C, saliva 407 

ratio of 20 %, and shear rate of 1 s-1. These results demonstrate that, while the conventional 408 

rheology approach could still be useful in predicting the sensory texture of dairy products, the 409 

multiple dimensional rheology approach gives a great advantage in improving prediction 410 

accuracy. By integrating four variables in one single approach, the multiple dimensional 411 

rheology approach is also much more efficient by significantly reducing the number of tests.  412 
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4. Further discussion 413 

Over the past few decades, many researchers have been delving into the potential relationship 414 

between objective instrumental data and subjective sensory analysis (Chauvin et al., 2010; 415 

Saleh & Lee, 2023; Skarlatos et al., 2020; Sonne et al., 2014; Yilmaz-Ersan & Topcuoglu, 416 

2022). However, this is not an easy task. The challenge comes from the fact that oral textural 417 

sensation and mouthfeel of low-temperature yogurt or other foods are significantly impacted 418 

by the dynamic interactions between multiple dimensions/variables, such as the bolus 419 

temperature, the saliva ratio, the oral shear rate, and the oral residence time, from the first 420 

ingestion to before swallowing, but conventional rheology approach can only deal with one 421 

or two variables at a time and therefore fails to reflect the dynamic nature of oral texture 422 

sensation (Culler, 2019).  423 

In this study, the four main dimensions/variables that impact mouthfeel were synchronized 424 

for the first time in a single rheological measurement. This allowed us to dynamically track 425 

the changes in apparent viscosity of low-temperature yogurt from the first ingestion to before 426 

swallowing (Fig. 2D). The optimized rheological measurement conditions for predicting in-427 

mouth thickness were found as follows: bolus temperature (13 °C), saliva ratio (20 %), and 428 

shear rate (1 s-1) (Fig. 3B). The multiple dimensional rheology approach significantly 429 

improved the predictive accuracy of perceived thickness compared with conventional 430 

rheological tests (Fig. 5). The correlation coefficient increased from 0.85 to 0.93 (p < 0.01). 431 

To further verify the reliability of the multiple dimensional rheology approach in more 432 

complex and variable oral environments, tests have also been conducted with shear rate as a 433 

control variable (Supplementary Fig. 3). The results show that the optimal measurement 434 

conditions still have a strong and effective prediction ability for in-mouth thickness in all 435 

shear rate ranges (0.01 - 1000 s-1), with an average correlation coefficient r of more than 0.90. 436 

Additionally, the multiple dimensional rheology approach established a significant correlation 437 

between the slope and the mouth-melting by fitting apparent viscosity (r = -0.73, p < 0.05), 438 

offering a feasible method for in vitro prediction and quantification of mouth-melting (Fig. 4). 439 
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One of the challenges in establishing the multiple dimensional rheology approach was 440 

determining the range of variables during food oral processing. Specifically, temperature 441 

sensation contributes to human enjoyment of foods and beverages, but the changes in bolus 442 

temperature during eating are often simplified or even overlooked (Lemon, 2021). In this 443 

study, we used a K-type thermocouple temperature sensor to measure the temperature 444 

changes of yogurt bolus from first ingestion to before swallowing (Fig. 1B). This 445 

measurement has a significant advantage, as the small temperature probe (consisting of two 446 

metal wires of about 1 cm in length) will not affect the normal oral behavior/eating habit of 447 

the participants. Furthermore, it allows for continuous monitoring of the temperature inside 448 

the yogurt bolus during dynamic oral processing, as opposed to using an infrared 449 

thermometer to measure temperature only at specific oral residence times or targeting the 450 

tongue surface (Engelen et al., 2003; Lv et al., 2019). It is no surprise that temperature rises 451 

fast in the early stages of oral processing and gradually reaches the “equilibrium” temperature 452 

before being swallowed. It is also not surprising that the rate of bolus temperature increase is 453 

affected by the thickness of food. Thicker food appears to have lower thermal conductivity 454 

and slower heat transfer during oral processing, possibly due to poorer mixing with saliva 455 

(Bikos et al., 2022).   456 

Multiple dimensional rheology approach provides new evidence for understanding the 457 

relative importance of textural sensation at different stages of oral processing. Our results 458 

suggest that sensory perception of the thickness of yogurt close to the middle stage of eating 459 

(normalized time 0.4) plays the most significant role in our overall thickness perception, 460 

while thickness sensation at just ingestion and close to swallowing appear to have little 461 

influence (Fig. 3B). The correlation between the perceived thickness and the apparent 462 

viscosity of the yogurt changes along the oral processing time - at first, the correlation 463 

increases, but then it decreases sharply towards the late stage of oral processing. This may 464 

again prove the hypothesis of the rheology and tribology transition during oral processing 465 

(Chen & Stokes, 2012). It has been shown that the texture of food in the early stages of oral 466 

processing is mainly affected by its bulk properties (rheology), while in the later stages, it's 467 
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influenced by the film properties (tribology) of the food bolus (Stokes et al., 2013). This 468 

suggests that tribology may have a more significant impact in the later stages of eating, which 469 

leads to a sharp decrease in the correlation between the measured apparent viscosity and the 470 

perceived intensity of thickness.  471 

There are some potential limitations of this study that deserve further exploration. Firstly, 472 

although the selection of yogurt samples in this study has been carefully considered for their 473 

diversity, the sample size was still small (n = 7), which may impact the general applicability 474 

of the results. Secondly, the current approach treats variables/dimensions on a linear scale, 475 

which may not accurately represent actual oral/eating conditions. For example, saliva flow 476 

rate shows a trend of rapid increase and then gradual decrease with chewing time (Dawes, 477 

2008), which indicates that the ratio of saliva in food may increase fast initially and then 478 

remains little changed during the late stage of oral processing, rather than following a linear 479 

pattern. Thirdly, the temperature of yogurt bolus varies among yogurt products because of 480 

their difference in viscosity. However, only one generalized temperature profile was taken for 481 

the multiple dimensional rheology approach. Additionally, one cannot deny that, in addition 482 

to the four main dimensions/variables (i.e. the oral residence time, the bolus temperature, the 483 

saliva ratio, and the oral shear rate), there could be other unknown variables that impact oral 484 

sensation of yogurt texture. Examples of such variables include saliva composition, oral 485 

volume, tongue pressure, and sample size, etc., all of which require further investigation. 486 

 487 
5. Conclusion 488 

In recent years, rheological techniques have become essential tools for interpreting as well as 489 

predicting the oral textural sensation of food products. However, translating rheological 490 

measurements into meaningful interpretations of consumers' perceptions still poses many 491 

challenges. By acknowledging the fact that oral textural sensation is dynamic and influenced 492 

by multiple factors, this work proposes a novel approach by synchronizing four dominating 493 

factors into one single rheology test: the oral residence time, the bolus temperature, the saliva 494 
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ratio, and the oral shear rate. By investigating the apparent viscosity and its changing rate of 495 

low-temperature yogurts, the multiple dimensional rheology approach not only significantly 496 

improved the accuracy of predicting in-mouth thickness perception, but also gave an effective 497 

prediction of mouth-melting. The optimal conditions of variables for this multiple 498 

dimensional rheology approach for yogurts were found to be: bolus temperature (13 °C), 499 

saliva ratio (20 %), and oral shear rate (1 s-1). Despite some limitations still need further 500 

investigation, we believe that this approach could be widely applicable to predicting the oral 501 

textural sensation of many other fluid and soft solid food products.  502 
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Figure Captions 701 

Fig. 1 The determination of bolus temperature of low-temperature yogurt during oral 702 

processing. (A) Schematic diagram of in situ real-time recording of the dynamic temperature 703 

of yogurt bolus. A K-type thermocouple temperature sensor was used to measure the 704 

temperature changes from first ingestion to just before swallowing. (B) Results of dynamic 705 

temperature changes of low-temperature yogurt during the oral processing for 10 participants. 706 

Yogurts with three different apparent viscosities - high (LC), medium (JA), and low (GM) - 707 

were used as representative samples and the average oral temperature (without yogurts) was 708 

used as the control group.  709 

Fig. 2 Illustrations of the multiple dimensional rheology approach. (A) Schematic 710 

diagram of the synchronization of four main dimensions/variables for rheological 711 

measurements: oral residence time, bolus temperature, saliva ratio, and oral shear rate. (B) 712 

The combination of multiple dimensional rheological variables obtained by normalizing time 713 

and linear mapping of multiple variables. (C) Preparation of samples and procedure for 714 

multiple dimensional rheology. (D) Results of multiple dimensional rheology of seven 715 

yogurts: changes in apparent viscosity of the yogurt bolus from first ingestion to before 716 

swallowing as a function of oral residence time, bolus temperature, saliva ratio, and oral 717 

shear rate. 718 

Fig. 3 Optimal conditions for measuring in-mouth thickness based on apparent viscosity. 719 

(A) Assessment of 30 participants on the intensity of thickness for seven yogurts, categorized 720 

as follows: dairy-based yogurts: GY, JA, GM, LC, and HY; plant-based yogurts: DF and MR. 721 

BD: barely detectable (1.4), W: weak (6), M: moderate (17), S: strong (35), VS: very strong 722 

(51), SSEE: strongest sensation ever experienced (100). The horizontal line represents the 723 

average value, and the right side of the box displays all data points along with their 724 

corresponding Normal distribution curves. Letters (a - e) indicate significant differences 725 

among samples (p < 0.05). (B) Analysis of the correlation and goodness of fit between 726 

measured apparent viscosity and perceived intensity of thickness. P-values: * p < 0.05; ** p < 727 
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0.01. (C) Exploration of multiple dimensional rheology as a potential approach for 728 

differentiating between dairy and plant-based yogurts: The apparent viscosity of plant-based 729 

yogurts (DF and MR) showed a “convergence” at the later stages of oral processing, 730 

indicating a consistent viscosity at higher shear rates unaffected by other variables like bolus 731 

temperature and saliva ratio. The convergence of the apparent viscosities of the yogurts is 732 

marked by arrows. 733 

Fig. 4 Multiple dimensional rheology approach for the prediction of mouth-melting 734 

sensation. (A) Assessment of 30 participants on the intensity of mouth-melting for seven 735 

yogurts, categorized as follows: dairy-based yogurts: GY, JA, GM, LC, and HY; plant-based 736 

yogurts: DF and MR. BD: barely detectable (1.4), W: weak (6), M: moderate (17), S: strong 737 

(35), VS: very strong (51), SSEE: strongest sensation ever experienced (100). The horizontal 738 

line represents the average value, and the right side of the box displays all data points along 739 

with their corresponding Normal distribution curves. Letters (a - c) indicate significant 740 

differences among samples (p < 0.05). (B) Correlation analysis between perceived intensity 741 

of thickness and perceived intensity of mouth-melting. The Pearson correlation coefficient (r) 742 

ranges from -1 to 1; * indicates a significance level of p < 0.05. (C) Linear fitting of apparent 743 

viscosity obtained by multiple dimensional rheology approach and the corresponding slope 744 

values. Letters (a - c) indicate significant differences among samples (p < 0.05). (D) 745 

Correlation between the slope of apparent viscosity obtained by multiple dimensional 746 

rheology approach and the perceived intensity of mouth-melting. 747 

Fig. 5 Comparison between conventional rheology approach and multiple dimensional 748 

rheology approach. (A) Correlation results between apparent viscosity (50 s-1) and in-mouth 749 

thickness of yogurt at 5 °C and 25 °C in conventional rheology test. (B) Correlation results 750 

between measured apparent viscosity and perceived intensity of thickness in multiple 751 

dimensional rheology approach. The corresponding optimal rheological measurement 752 

conditions are: the bolus temperature at 13 °C, the saliva ratio at 20 %, and the shear rate at 1 753 

s-1. 754 


