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ABSTRACT: This study investigated the rheological and tribological properties of cold beverages [bottled water (BW), 
sports drink (SD), orange juice (OJ), and whole milk (WM)] thickened with various concentrations (1%, 2%, and 3%, w/w) 
of xanthan gum-based food thickeners. All thickened beverages exhibited high pseudoplastic behavior, with increasing 
thickener concentration leading to higher viscosity and viscoelastic moduli and a lower flow behavior index. Thickened 
BW, SD, and WM exhibited typical Stribeck curves covering the boundary, mixed, and hydrodynamic lubrication regimes. 
However, thickened OJ displayed a different curve pattern comprising five regimes because of the presence of small pulp 
and gel particles. As the thickener concentration was increased, the maximum friction coefficient () values of thickened 
BW, SD, and OJ decreased, whereas that of thickened WM increased because of the depletion flocculation of emulsion 
particles. The maximum  values of thickened beverages, except for thickened WM, were positively correlated with n and 
tan  values with increasing thickener concentration. Thus, the tribological characteristics of cold thickened beverages 
had a good relationship with their rheological properties, which were greatly influenced by the thickener concentration 
and beverage type.
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INTRODUCTION

Dysphagia, which is characterized by difficulty in swal-
lowing, can arise from stroke, cancer, or neuromuscular 
disorders and increases the risk of aspiration pneumonia 
and other respiratory complications (Matta et al., 2006). 
For patients with dysphagia, food thickeners are often 
used to modify the rheological properties of beverages, 
making them safer to consume.

Compared with starch-based thickeners, commercially 
available xanthan gum (XG)-based thickeners are general-
ly preferred because they have superior thickening char-
acteristics, better palatability and viscosity stability, and 
smoother texture (Cho and Yoo, 2015). Achieving the de-
sired viscosity of beverages is undoubtedly important for 
dysphagic patients. Thus, many studies have explored the 
rheological properties of cold thickened beverages with 
XG-based thickeners (Cho et al., 2012; Seo and Yoo, 
2013; Cho and Yoo, 2015; Kim and Yoo, 2018). In par-
ticular, the apparent viscosity at 50 s−1 (a,50), which is 
regarded as the reference viscosity characteristic for swal-
lowing for dysphagic patients (Zhu et al., 2014), and the 
flow behavior index (n) have an inverse relationship with 

organoleptic sliminess (Cho and Yoo, 2015; Kim and Yoo, 
2015).

Recently, tribology, which is the study of the lubrica-
tion and friction behaviors of interacting surfaces in rela-
tive motion, has attracted increasing interest in food sci-
ence (Araiza-Calahorra et al., 2023). Although the fric-
tion coefficient () obtained from tribological analysis can 
significantly vary with food properties (e.g., viscosity), 
its magnitude also depends on the nature and character-
istics of the chosen surface (Stokes et al., 2011; Upadhyay 
and Chen, 2019). The  value obtained from tribological 
measurements is an effective indication of the lubricat-
ing properties between two surfaces at a given moving 
speed. In particular, soft tribological properties deter-
mined using polydimethylsiloxane (PDMS)-based tribo-
pairs, which exhibit similar wettability and deformability 
to the human tongue, are known for their relevance to 
food texture and mouthfeel (Rudge et al., 2019). Tribol-
ogy has been used as a tool to understand polymer solu-
tions’ lubrication ability (Stokes et al., 2011; Bak and 
Yoo, 2024b; Yoon et al., 2024). However, research on 
the oral tribological properties of cold thickened bever-
ages prepared with XG-based thickeners for dysphagic 
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patients remains limited compared with studies on their 
flow and dynamic rheological characteristics. Consequent-
ly, the relationships between the rheological and tribol-
ogical properties of cold thickened beverages for dyspha-
gia management remain unclear. Therefore, in the pres-
ent study, we compared the rheological and oral tribol-
ogical properties of various cold thickened beverages 
[bottled water (BW), orange juice (OJ), sports drink (SD), 
and whole milk (WM)] prepared with various concen-
trations of XG-based thickeners to evaluate the relation-
ship between their rheological and tribological charac-
teristics.

MATERIALS AND METHODS

Materials and preparation of thickened beverage
We purchased four commercially available beverages [BW 
(Jeju Samdasoo), SD (Donga-Otsuka Co., Ltd.), OJ (Coca- 
Cola Beverage Co.), and WM (Seoul Dairy Co., Ltd.)] 
from a local market. All beverages were thickened with a 
commercial XG-based thickener (Visco-upⓇ, Rheosfood 
Inc.) in accordance with the manufacturer’s instructions. 
The appropriate amount of thickener was added to each 
beverage and dissolved using a magnetic stirrer for 1 h 
to achieve concentrations of 1%, 2%, or 3% (w/w). Then, 
the mixtures were stored overnight in a refrigerator at 
4°C to ensure complete hydration.

Rheological measurements
The rheological properties of thickened beverages were 
determined using the Haake RheoStress 1 Rheometer 
(Haake GmbH) equipped with a plate-plate geometry (di-
ameter of 35 mm and gap of 500 m). The sample solu-
tion was placed onto the rheometer plate and stabilized 
for 5 min prior to measurement. The shear stress () 
was measured in a shear rate ( ̇) range of 0.1 to 100 s−1 
at 25°C. A power law equation was used to calculate the 
consistency index (K) and flow behavior index (n):

=K･ ̇n

The K and n values were used to determine the appar-
ent viscosity at 50 s−1 (a,50), which is the reference 
shear rate for swallowing (Jo et al., 2018).

The dynamic viscoelastic moduli of all samples were 
measured using a small amplitude oscillatory rheological 
measurement. Frequency sweep tests were performed in 
the range of 0.63 to 62.8 rad･s−1 under a strain of 2% 
within a linear viscoelastic region. All measurements 
were performed at 25°C. The slope and intercept values 
for the elastic (G’) and viscous (G”) moduli were deter-
mined from the log-log plots of viscoelastic moduli vs. 
frequency. The tan  values (G”/G’) at 6.28 rad･s−1 were 

used to compare the weak gel-like properties of samples. 
All measurements were performed in triplicate.

Measurement of the friction coefficient ()
The friction coefficient () was measured using the Haake 
MARS Ⅱ Rheometer (Thermo Fisher Scientific) equipped 
with a steel ball-on-three-PDMS-plate geometry in ac-
cordance with the method of Bak and Yoo (2024a). The 
friction was measured at entrainment speeds ranging 
from 0.05 mm･s−1 to 500 mm･s−1 under a constant nor-
mal force (0.5 N) for 5 min at 25°C.  is defined as the 
ratio of friction to normal forces. All measurements were 
performed at least three times.

Statistical analysis
The results are expressed as the mean±standard devia-
tion. Statistical differences among samples were analyzed 
using analysis of variance with Duncan’s multiple range 
tests. All analyses were performed using SPSS (version 
27.0, SPSS Institute Inc.), and statistical significance was 
considered at P<0.05.

RESULTS AND DISCUSSION

Steady and dynamic rheological properties
The flow behavior of samples was determined using the 
power law model, as indicated by the high determina-
tion coefficient values (R2≥0.96). The flow parameter 
values (K, n, and a,50) are summarized in Table 1. The n 
values of all thickened beverages were lower than 1, in-
dicating pseudoplastic behavior. Moreover, their n val-
ues decreased with increasing XG-based thickener con-
centration, indicating less resistance to flow (strong pseu-
doplastic behavior). This decrease was likely related to a 
reduction in organoleptic sliminess, as observed in pre-
vious studies (Cho and Yoo, 2015; Yoon and Yoo, 2017). 
By contrast, their K and a,50 values increased with in-
creasing XG-based thickener concentration. Compared 
with thickened BW, thickened SD, OJ, and WM exhibited 
higher K and a,50 values, regardless of thickener concen-
tration. A similar result was reported by Cho et al. (2012), 
where BW with XG-based thickener was significantly 
thinner than other thickened beverages (OJ, WM, and 
apple juice). This was because of interactions between 
macromolecules and beverage components, including cat-
ions, sugars, and proteins (Cho and Yoo, 2015; Kim and 
Yoo, 2015).

The intercept and slope values from the viscoelastic 
moduli plots for thickened beverages are shown in Table 
2. For all samples, the intercept values for G’ were high-
er than those for G” (tan <1), and the slope values for 
G’ were lower than 1, indicating weak gel-like properties. 
Moreover, for all beverages, the slope values decreased, 
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Table 1. Steady shear rheological characteristics of beverages prepared with various concentrations of xanthan gum-based thick-
eners determined using the power law model

Beverage Thickener conc. (%) a,50 (Pa･s) n (—) K (Pa･sn) R 2

Bottled water 1 0.24±0.00c 0.15±0.00a  6.76±0.05c 0.99
2 0.76±0.02b 0.11±0.00b 25.12±0.56b 0.97
3 1.48±0.01a 0.11±0.00b 47.37±0.45a 0.99

Sports drink 1 0.29±0.00c 0.19±0.00a  6.98±0.09c 0.99
2 1.01±0.01b 0.11±0.00b 32.35±0.12b 0.97
3 1.98±0.01a 0.11±0.00b 63.34±0.28a 0.96

Orange juice 1 0.33±0.01c 0.18±0.00a  8.05±0.07c 0.99
2 1.12±0.01b 0.12±0.00b 35.02±0.45b 0.96
3 2.21±0.01a 0.11±0.00c 72.18±0.20a 0.96

Whole milk 1 0.41±0.01c 0.20±0.00a  9.44±0.26c 0.99
2 1.22±0.01b 0.13±0.00b 37.42±0.22b 0.99
3 2.68±0.01a 0.11±0.00c 86.29±0.72a 0.96

All data are expressed as the mean±standard deviation obtained from triplicate tests.
Different lowercase letters in the same column for each beverage indicate statistically significant differences at P<0.05.
Conc., concentration.

Table 2. Dynamic rheological properties (at 6.28 rad･s—1) of beverages prepared with various concentrations of xanthan gum-based 
thickeners

Beverage Thickener 
conc. (%)

G’ G”
tan 

Intercept (Pa) Slope (—) R 2 Intercept (Pa) Slope (—) R 2

Bottled water 1   7.53±0.06c 0.20±0.01a 0.97  3.14±0.03c 0.17±0.00a 0.97 0.42±0.00a

2  35.11±0.30b 0.16±0.00b 0.99  9.84±0.06b 0.14±0.00b 0.99 0.28±0.00b

3  73.14±0.09a 0.15±0.00b 0.99 18.35±0.11a 0.12±0.00c 0.96 0.25±0.00c

Sports drink 1   8.05±0.02c 0.23±0.01a 0.96  3.44±0.02c 0.17±0.00a 0.97 0.43±0.00a

2  37.39±0.25b 0.15±0.00b 0.99  9.93±0.09b 0.12±0.00b 0.98 0.27±0.00b

3  80.15±0.51a 0.14±0.00c 0.99 18.30±0.15a 0.09±0.00c 0.95 0.23±0.00c

Orange juice 1   9.41±0.13c 0.23±0.01a 0.95  3.87±0.04c 0.18±0.00a 0.97 0.41±0.00a

2  40.68±0.21b 0.15±0.00b 0.99 10.84±0.03b 0.13±0.00b 0.98 0.27±0.00b

3  87.42±0.16a 0.14±0.00b 0.99 20.08±0.13a 0.10±0.00c 0.96 0.23±0.00c

Whole milk 1  18.13±0.27c 0.22±0.00a 0.98  7.08±0.07c 0.21±0.00a 0.99 0.39±0.00a

2  80.15±1.06b 0.15±0.00b 0.99 19.80±0.10b 0.13±0.00b 0.96 0.25±0.00b

3 157.31±1.28a 0.14±0.00c 0.99 34.77±0.48a 0.09±0.00c 0.96 0.22±0.00c

All data are expressed as the mean±standard deviation obtained from triplicate tests.
Different lowercase letters in the same column for each beverage indicate statistically significant differences at P<0.05.
Conc., concentration.

and the intercept values increased as the thickener con-
centration increased, suggesting the formation of a stron-
ger viscoelastic network with an increase in thickener 
concentration (Bak and Yoo, 2024b).

Similar to the results from the steady shear rheological 
tests, thickened BW attained lower intercept values for 
G’ (7.53－73.14 Pa) and G” (3.14－18.35 Pa) compared 
with other thickened beverages (8.05－157.31 and 3.44－ 
34.77 Pa, respectively), regardless of the thickener con-
centration. This was likely because of interactions be-
tween the XG-based thickener and beverage components 
(Cho and Yoo, 2015; Kim and Yoo, 2015). Specifically, 
the presence of mono- and di-valent cations in beverages 
can facilitate interactions between anionic polymers (i.e., 
XG) by mediating indirect/direct crosslinking, leading to 
increased rheological properties (Sherahi et al., 2018; Bak 
and Yoo, 2024c). Similar observations were found by Cho 

et al. (2012) and Park and Yoo (2020). Notably, thick-
ened WM exhibited much higher intercept values for G’ 
(18.13－157.31 Pa) and lower tan  values (0.22－0.39) 
compared with other thickened beverages (7.53－87.42 
Pa and 0.23－0.43, respectively), indicating the forma-
tion of a stronger and more elastic weak gel-like net-
work (Cho et al., 2012; Yoon and Yoo, 2017). This was 
attributed to the interaction of carboxyl groups in XG 
with positively charged protein units on the surface of 
emulsion particles in WM (Liu et al., 2012). These find-
ings suggest that the viscoelastic properties of thickened 
beverages prepared with XG-based thickener are strong-
ly influenced by the beverage type and thickener concen-
tration.

Tribological properties
Fig. 1 shows the Stribeck curves ( value vs. entrainment 
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Fig. 1. Stribeck curves of beverages prepared with various concentrations of xanthan gum-based thickeners: 1% (○), 2% (□), 
and 3% (△). (A) Bottled water, (B) sports drink, (C) orange juice, and (D) whole milk. All data are expressed as the mean±standard 
deviation obtained from triplicate tests.

Table 3. Maximum friction coefficient () values of beverages 
prepared with various concentrations of xanthan gum-based 
thickeners

Beverage Thickener conc. (%) Maximum 

Bottled water 1 2.23±0.22b

2 1.50±0.18d

3 1.38±0.23d

Sports drink 1 1.06±0.06e

2 0.96±0.04ef

3 0.73±0.02gh

Orange juice 1 0.66±0.02g

2 0.51±0.03gh

3 0.28±0.02h

Whole milk 1 1.99±0.00c

2 2.56±0.17a

3 2.78±0.11a

All data are expressed as the mean±standard deviation ob-
tained from triplicate tests.
Different lowercase letters in the same column for each bever-
age indicate statistically significant differences at P<0.05.
Conc., concentration.

speed) for all thickened beverages (1%－3% XG-based 
thickener). Except for thickened OJ, other beverages ex-
hibited typical Stribeck curves comprising the boundary, 
mixed, and hydrodynamic lubrication (BL, ML, and HL, 
respectively) regimes (Stephan et al., 2023). In the BL re-
gime, the tribopair surfaces were in contact, resulting in 
an increase in the  value at an initial and slow entrain-
ment speed (Chen and Stokes, 2012). With an increase 
in the entrainment speed, lubrication transited to the 
ML regime, and the  value decreased because of the for-
mation of a thin monolayer lubricant film between the 
tribopairs (Laguna et al., 2017). However, when the en-
trainment speed was further increased, the  value rein-
creased, suggesting transitioning from the ML to the HL 
regime (Fox et al., 2021).

By contrast, the frictional curve for thickened OJ com-
prised five regimes. The  value increased at a very low 
speed because of the direct contact of tribopairs. As the 
speed increased, the  value decreased because of the 
formation of a monolayer lubrication film. However, the 
value subsequently increased because of particulate roll-
ing of the entrained small pulp and gel particles between 
the tribopairs (Zhang et al., 2017). Nevertheless, as the 
speed was further increased, these particles were de-
stroyed and formed a lubrication film, leading to a de-
cline in the  value. Eventually, the lubrication system 
entered the HL regime, wherein the lubrication charac-
teristics are closely associated with the rheological prop-
erties (Rudge et al., 2020). This lubrication behavior was 
similar to that of beverages containing gel particles, as 
reported by Gabriele et al. (2010) and Ghebremedhin et 
al. (2021). Except for thickened WM, the  value of oth-
er beverages decreased as the thickener concentration 
increased (Fig. 1). This result indicates that the lubrica-
tion properties improved with an increase in the thick-
ener concentration, whereas the stickiness of thickened 
beverages decreased. Interestingly, this finding aligns 
with results from the steady shear rheological tests, 
which showed that the n value of thickened beverages 
tended to decrease with an increase in the thickener con-
centration, thereby suggesting a reduction in organolep-

tic sliminess (Cho and Yoo, 2015). Similarly, Yoon et al. 
(2024) and Bak and Yoo (2024a) reported a positive re-
lationship between the  and n values of agglomerated 
potato starch slurry and gum arabic-based emulsion 
thickened with guar gum, respectively.

Several studies have also reported an inverse relation-
ship between the  value of food polymers and the appar-
ent viscosity and elastic modulus (Cassin et al., 2001; 
Malone et al., 2003; Fernández Farrés and Norton, 2015; 
Blok et al., 2021). This was likely because of the for-
mation of a lubrication layer with a more ordered and 
structured network arising from the increased viscoelas-
ticity between tribopairs and effectively separating their 
surfaces. This is in accordance with our findings of de-
creases in the maximum  values of BW, SD, and OJ 
(1.38－2.23, 0.73－1.06, and 0.28－0.66, respectively) as 
the thickener concentration was increased (Table 3). 
Moreover, regardless of the thickener concentration, the 
order of a,50 and G’ values was as follows: OJ, SD, BW, 
respectively (Table 1 and 2). However, their  values 
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showed the opposite results: BW, SD, OJ, respectively 
(Table 3).

Conversely, despite an increase in the a,50 and G’ val-
ues of thickened WM with an increase in thickener con-
centration, its maximum  value (1.99－2.78) also in-
creased. This is likely attributable to the aggregation and 
coalescence of emulsion particles in thickened WM 
(Kongjaroen et al., 2022). Similarly, Nguyen et al. (2017) 
posited that the higher  value of skim yogurt prepared 
with XG than that without was caused by the promotion 
of flocculation of casein micelles because of depletion in-
teractions with the gum.

In conclusion, the rheological and tribological proper-
ties of four different cold beverages thickened with XG- 
based thickener were investigated. Thickened BW, SD, 
and WM showed typical Stribeck curves comprising the 
BL, ML, and HL regimes, but not thickened OJ, which 
produced a curve comprising five regimes because of the 
presence of small pulp and gel particles. Thickened BW, 
SD, and OJ showed maximum  values, which were pos-
itively correlated with the tan  values as a function of 
thickener concentration, thereby suggesting the forma-
tion of a more structured viscoelastic network exhibiting 
better lubrication properties. Similarly, their maximum 
 and n values increased with an increase in the thick-
ener concentration, indicating that the increasing max-
imum  value trend is likely correlated to organoleptic 
sliminess. Conversely, because of the presence of emul-
sion particles, thickened WM showed the opposite trend, 
indicating that the lubrication properties of thickened 
beverages are dependent on the beverage type. These 
findings suggest that the relationship between the rheol-
ogical and tribological properties of thickened beverages 
with an XG-based thickener is greatly influenced by the 
thickener concentration and beverage type. The findings 
of the present study demonstrate that the rheological 
and oral tribological properties of various thickened bev-
erages prepared with XG-based thickener need to be con-
sidered for dysphagia management. Moreover, these re-
sults will be useful for preparing thickened beverages 
with desirable tribological and rheological properties for 
dysphagic patients.

ACKNOWLEDGEMENTS

We would like to thank Rheosfood Inc. for providing the 
free food thickener (Visco-upⓇ) sample.

FUNDING

This work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korean gov-

ernment (MSIT) (No. 2022R1A2C1005180). 

AUTHOR DISCLOSURE STATEMENT

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Concept and design: BY. Analysis and interpretation: 
WHC. Data collection: WHC. Investigation: WHC. Vali-
dation: WHC. Formal analysis: WHC. Methodology: 
WHC. Visualization: WHC. Supervision: JB, BY. Project 
administration: BY. Project administration: BY. Resource: 
BY. Writing the article: WHC, BY. Critical revision of the 
article: JB. Final approval of the article: all authors. Sta-
tistical analysis: WHC. Obtained funding: BY. Overall re-
sponsibility: JB, BY.

REFERENCES

Araiza-Calahorra A, Mackie AR, Feron G, Sarkar A. Can tribology 
be a tool to help tailor food for elderly population?. Curr Opin 
Food Sci. 2023. 49:100968. https://doi.org/10.1016/j.cofs. 
2022.100968

Bak J, Yoo B. Rheological and tribological properties of concen-
trated guar gum mixed with gum arabic-based emulsion. Food 
Biophys. 2024a. 19:561-576.

Bak J, Yoo B. Rheological and tribological properties of hydroxy-
propyl methylcellulose-fucoidan mixtures: Effect of fucoidan 
concentration and salt. Food Bioproc Tech. 2024b. https:// 
doi.org/10.1007/s11947-024-03468-z 

Bak J, Yoo B. Rheological and tribological properties of xanthan 
gum-fucoidan mixture: Effect of NaCl, KCl, and CaCl2. J Mol 
Liq. 2024c. 412:125879. https://doi.org/10.1016/j.molliq. 
2024c.125879 

Blok AE, Bolhuis DP, Kibbelaar HVM, Bonn D, Velikov KP, 
Stieger M. Comparing rheological, tribological and sensory 
properties of microfibrillated cellulose dispersions and xanthan 
gum solutions. Food Hydrocoll. 2021. 121:107052. https:// 
doi.org/10.1016/j.foodhyd.2021.107052 

Cassin G, Heinrich E, Spikes HA. The influence of surface rough-
ness on the lubrication properties of adsorbing and non-ad-
sorbing biopolymers. Tribol Lett. 2001. 11:95-102. https:// 
doi.org/10.1023/A:1016702906095 

Chen J, Stokes JR. Rheology and tribology: Two distinctive re-
gimes of food texture sensation. Trends Food Sci Technol. 
2012. 25:4-12. https://doi.org/10.1016/j.tifs.2011.11.006 

Cho HM, Yoo B. Rheological characteristics of cold thickened 
beverages containing xanthan gum-based food thickeners 
used for dysphagia diets. J Acad Nutr Diet. 2015. 115:106-111. 
https://doi.org/10.1016/j.jand.2014.08.028 

Cho HM, Yoo W, Yoo B. Steady and dynamic rheological prop-
erties of thickened beverages used for dysphagia diets. Food 
Sci Biotechnol. 2012. 21:1775-1779. https://doi.org/10.1007/ 
s10068-012-0237-4 

Fernández Farrés I, Norton IT. The influence of co-solutes on 
tribology of agar fluid gels. Food Hydrocoll. 2015. 45:186-195. 
https://doi.org/10.1016/j.foodhyd.2014.11.014 



Tribology of Thickened Beverages 577

Fox D, Lynch KM, Sahin AW, Arendt EK. Soft tribology using 
rheometers: A practical guide and introduction. J Am Soc Brew 
Chem. 2021. 79:213-230. https://doi.org/10.1080/03610470. 
2020.1843959 

Gabriele A, Spyropoulos F, Norton I. A conceptual model for fluid 
gel lubrication. Soft Matter. 2010. 6:4205-4213. https://doi. 
org/10.1039/C001907K 

Ghebremedhin M, Seiffert S, Vilgis TA. Physics of agarose fluid 
gels: Rheological properties and microstructure. Curr Res Food 
Sci. 2021. 4:436-448. https://doi.org/10.1016/j.crfs.2021.06. 
003 

Jo W, Bak JH, Yoo B. Rheological characterizations of concentrated 
binary gum mixtures with xanthan gum and galactomannans. 
Int J Biol Macromol. 2018. 114:263-269. https://doi.org/10. 
1016/j.ijbiomac.2018.03.105 

Kim CY, Yoo B. Rheological characterization of thickened pro-
tein-based beverages under different food thickeners and set-
ting times. J Texture Stud. 2018. 49:293-299. https://doi. 
org/10.1111/jtxs.12332 

Kim SG, Yoo B. Viscosity of dysphagia-oriented cold-thickened 
beverages: effect of setting time at refrigeration temperature. 
Int J Lang Commun Disord. 2015. 50:397-402. https://doi.org/ 
10.1111/1460-6984.12141 

Kongjaroen A, Methacanon P, Seetapan N, Fuongfuchat A, 
Gamonpilas C, Nishinari K. Effects of dispersing media on the 
shear and extensional rheology of xanthan gum and guar gum- 
based thickeners used for dysphagia management. Food Hy-
drocoll. 2022. 132:107857. https://doi.org/10.1016/j.foodhyd. 
2022.107857 

Laguna L, Farrell G, Bryant M, Morina A, Sarkar A. Relating 
rheology and tribology of commercial dairy colloids to sensory 
perception. Food Funct. 2017. 8:563-573. https://doi.org/10. 
1039/c6fo01010e 

Liu L, Zhao Q, Liu T, Long Z, Kong J, Zhao M. Sodium caseinate/ 
xanthan gum interactions in aqueous solution: Effect on pro-
tein adsorption at the oil-water interface. Food Hydrocoll. 2012. 
27:339-346. https://doi.org/10.1016/j.foodhyd.2011.10.007 

Malone ME, Appelqvist IAM, Norton IT. Oral behaviour of food 
hydrocolloids and emulsions. Part 1. Lubrication and deposi-
tion considerations. Food Hydrocoll. 2003. 17:763-773. https:// 
doi.org/10.1016/S0268-005X(03)00097-3 

Matta Z, Chambers E, Garcia JM, Helverson JM. Sensory charac-
teristics of beverages prepared with commercial thickeners 
used for dysphagia diets. J Am Diet Assoc. 2006. 106:1049- 
1054. https://doi.org/10.1016/j.jada.2006.04.022 

Nguyen PT, Kravchuk O, Bhandari B, Prakash S. Effect of dif-
ferent hydrocolloids on texture, rheology, tribology and sensory 
perception of texture and mouthfeel of low-fat pot-set yoghurt. 
Food Hydrocoll. 2017. 72:90-104. https://doi.org/10.1016/j. 
foodhyd.2017.05.035 

Park J, Yoo B. Particle agglomeration of gum mixture thickeners 
used for dysphagia diets. J Food Eng. 2020. 279:109958. 
https://doi.org/10.1016/j.jfoodeng.2020.109958 

Rudge RED, Scholten E, Dijksman JA. Advances and challenges 
in soft tribology with applications to foods. Curr Opin Food 
Sci. 2019. 27:90-97. https://doi.org/10.1016/j.cofs.2019.06. 
011 

Rudge RED, van de Sande JPM, Dijksman JA, Scholten E. Un-
covering friction dynamics using hydrogel particles as soft ball 
bearings. Soft Matter. 2020. 16:3821-3831. https://doi.org/ 
10.1039/d0sm00080a 

Seo CW, Yoo B. Steady and dynamic shear rheological properties 
of gum-based food thickeners used for diet modification of pa-
tients with dysphagia: Effect of concentration. Dysphagia. 2013. 
28:205-211. https://doi.org/10.1007/s00455-012-9433-x 

Sherahi MH, Shadaei M, Ghobadi E, Zhandari F, Rastgou Z, 
Hashemi SMB. Effect of temperature, ion type and ionic 
strength on dynamic viscoelastic, steady-state and dilute-solu-
tion properties of Descurainia sophia seed gum. Food Hydrocoll. 
2018. 79:81-89. https://doi.org/10.1016/j.foodhyd.2017.12. 
010 

Stephan S, Schmitt S, Hasse H, Urbassek HM. Molecular dynamics 
simulation of the Stribeck curve: Boundary lubrication, mixed 
lubrication, and hydrodynamic lubrication on the atomistic 
level. Friction. 2023. 11:2342-2366. https://doi.org/10.1007/ 
s40544-023-0745-y 

Stokes JR, Macakova L, Chojnicka-Paszun A, de Kruif CG, de 
Jongh HH. Lubrication, adsorption, and rheology of aqueous 
polysaccharide solutions. Langmuir. 2011. 27:3474-3484. 
https://doi.org/10.1021/la104040d 

Upadhyay R, Chen J. Smoothness as a tactile percept: Correlating 
‘oral’ tribology with sensory measurements. Food Hydrocoll. 
2019. 87:38-47. https://doi.org/10.1016/j.foodhyd.2018.07. 
036 

Yoon SJ, Bak J, Yoo B. Rheological and tribological properties of 
native potato starch agglomerated by fluidized bed granulator. 
Int J Biol Macromol. 2024. 264:130600. https://doi.org/10. 
1016/j.ijbiomac.2024.130600 

Yoon SN, Yoo B. Rheological behaviors of thickened infant for-
mula prepared with xanthan gum-based food thickeners for 
dysphagic infants. Dysphagia. 2017. 32:454-462. https://doi. 
org/10.1007/s00455-017-9786-2 

Zhang B, Selway N, Shelat KJ, Dhital S, Stokes JR, Gidley MJ. 
Tribology of swollen starch granule suspensions from maize 
and potato. Carbohydr Polym. 2017. 155:128-135. https://doi. 
org/10.1016/j.carbpol.2016.08.064 

Zhu JF, Mizunuma H, Michiwaki Y. Determination of character-
istic shear rate of a liquid bolus through the pharynx during 
swallowing. J Texture Stud. 2014. 45:430-439. https://doi. 
org/10.1111/jtxs.12094


