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A B S T R A C T

In this study, we investigated the contribution of different polysaccharides that varied in conformation and molecular weight, i.e. maltodextrin, xanthan gum, guar
gum, carboxymethyl cellulose, and maize starch, to the frictional and sensorial properties of model dairy-based beverage systems, containing 5% emulsion droplets
(stabilized either by 0.3% soy lecithin (SL) or 0.1% whey protein isolate (WPI), and 4.5% protein (either WPI or whey protein aggregates (WPA). In the presence of
polysaccharide, systems containing SL-stabilized emulsion droplets (SE) and WPI showed a high degree of aggregation and coalescence, whereas systems containing
WPI-stabilized emulsion droplets (WE) and WPA were less sensitive to such phenomena. Aggregation or micro-phase separation was especially observed for mixtures
containing xanthan, which led to a heterogenous structure, and thus higher friction coefficients. A more homogeneous structure without aggregation was mostly
observed for mixtures with guar gum, and provided lower friction coefficients, i.e. better lubrication. The rheological and tribological properties in different sliding
regimes were correlated with sensory perception. Systems with a relatively low degree of shear-thinning (i.e. viscosity showed low dependency of shear rate) and low
friction coefficients (0.1–0.25, at 10–100 mm/s) gave higher values for the attributes creamy, thick, and fatty. This was mostly observed for homogeneous structures.
The attributes slippery, dry and mouthcoating showed strong correlations with friction coefficients (at 10–50 mm/s) and the slope of frictional curves (at 0.1–10 and
30–470 mm/s). These results can be used to optimize the physical and sensory properties of such mixed systems.

1. Introduction
Dairy-based beverages contain many nutrients, such as protein, fat,
and carbohydrates, which affect their sensorial attributes and palat
ability. Food scientists have been trying to understand how mouthfeel is
related to the physical properties of liquid systems and their composition
and structure. Food composition and structure may also change as they
undergo complex phenomena during oral processing, even though for
liquid products these are less extensive than for solid or semi-solid foods
(Prakash, Tan, & Chen, 2013). Sensorial attributes such as thickness has
been related to rheological properties, like viscosity (Akhtar, Murray, &
Dickinson, 2006; Cutler, Morris, & Taylor, 1983; Richardson, Morris,
Ross-Murphy, Taylor, & Dea, 1989; Shama & Sherman, 1973). However,
more complex attributes like creaminess, smoothness, and slipperiness
cannot be solely explained by rheological properties. These attributes
are believed to be better linked to the tribological properties of the
system (i.e. in-mouth lubrication) (Kokini, Kadane, & Cussler, 1977;
Krop, Hetherington, Holmes, Miquel, & Sarkar, 2019; Malone,
Appelqvist, & Norton, 2003; Nguyen, Kravchuk, Bhandari, & Prakash,
2017; Sarkar & Krop, 2019; Selway & Stokes, 2013). Such tribological
properties are determined by the structure of the system, and the

accompanying changes during consumption. The importance of the
tribological properties in linking food structure and perception has
already been shown for soft-food systems (Fuhrmann, Sala, Scholten, &
Stieger, 2020; Laguna, Farrell, Bryant, Morina, & Sarkar, 2017; Laiho,
Williams, Poelman, Appelqvist, & Logan, 2017; Liu, Stieger, van der
Linden, & van de Velde, 2015). For example, for custards, yogurts, and
thickened creams, differences in perception were observed despite
similar rheological profiles, which was attributed to the unique tribo
logical properties, indicating that dynamic tribological measurements
can provide insights into texture perception (Malone et al., 2003; Selway
& Stokes, 2013). Tribology is thus a promising technique to gain insights
into the relationships among structure and sensory perception (Boehm,
Yakubov, Delwiche, Stokes, & Baier, 2019; Fan, Shewan, Smyth, Yaku
bov, & Stokes, 2021; Rudge et al., 2021; Sarkar, Soltanahmadi, Chen, &
Stokes, 2021; Shewan, Pradal, & Stokes, 2020).
For individual components, such as fat, correlations between the
lubrication behavior and sensorial attributes have already been dis
cussed in the case of both real and model food systems (Chojnick
a-Paszun, de Jongh, & de Kruif, 2012; Chojnicka-Paszun, Doussinault, &
de Jongh, 2014; Malone et al., 2003). For example, it was found that
when the fat content of milk is above 1%, a negative correlation between
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perceived creaminess and measured friction is observed. This was
attributed to fat coalescence on both the tongue and the surfaces of the
tribo-pair (Chojnicka-Paszun et al., 2012). Another study also demon
strated that emulsions more sensitive to coalescence were perceived as
more creamy and gave lower friction coefficients (Dresselhuis, de Hoog,
Stuart, Vingerhoeds, & van Aken, 2008). This implies that fat coales
cence could be a critical factor in lubrication and fat-related sensations.
Polysaccharides, often used as texture modifiers or stabilizers in
dairy-based beverages, also play a critical role in structure, lubrication
properties and sensory perception (Chojnicka-Paszun et al., 2014;
Vickers et al., 2015; Zhu, Bhandari, Pang, Liu, & Prakash, 2019; Zhu,
Bhandari, & Prakash, 2019). It has been discussed that attributes as, for
example, slipperiness are related to the lubrication properties of poly
saccharides. An inverse correlation between slipperiness and measured
friction coefficient has been reported in several studies (Chojnick
a-Paszun et al., 2014; Kokini et al., 1977; Malone et al., 2003). However,
also a positive correlation between friction coefficient and slipperiness
has been observed for systems containing hydrogel particles (Krop et al.,
2019). As these particles are much larger than dissolved poly
saccharides, they can enter the gap and remain there with more diffi
culty, thereby leading to higher friction coefficients. These studies show
that tribological data can be used to explain and predict sensory
perception. Lubrication properties have also been shown to depend on
the characteristics of the polysaccharides, such as the size, conforma
tion, and charge density (Garrec & Norton, 2012; Stokes, Macakova,
Chojnicka-Paszun, de Kruif, & de Jongh, 2011; Taira & McNamee,
2014). For instance, the lubrication properties of polysaccharides, such
as gellan gum, xanthan gum, pectin, locust bean gum have been studied
before (Li, Harding, Wolf, & Yakubov, 2022; Stokes et al., 2011; Torres
et al., 2019; You & Sarkar, 2021). It has been reported that the
adsorption of these polysaccharides onto the surfaces of the tribo-pair to
form a film is important for their lubrication capacity. In addition, it has
also been shown that the charge density of polysaccharides affects the
hydration and architecture of the adsorbed layer and thus influences the
lubrication properties. The choice of the polysaccharides is therefore
also crucial for sensory perception.
Although the effect of individual components on lubrication has been
studied, research on the lubricating properties of multi-component
systems is more limited. Meyer and co-workers investigated the effect
of polysaccharides in skimmed milk (Meyer, Vermulst, Tromp, & De
Hoog, 2011). They indicated that the molecular weight of the poly
saccharides played an important role for the lubrication properties.
Long-chain inulin in skimmed milk was shown to be more effective than
medium-chain inulin to improve lubrication. Polysaccharides can also
influence lubrication by changing the microstructure of the mixtures.
For example, the addition of polysaccharides in mixed systems con
taining mucins has been shown to provide aggregation by electrostatic
interactions, which led to an increase in friction (Torres et al., 2019). In
contrast, in other systems showing microphase separation, such as
mixtures of starch and κ-carrageenan, friction coefficients lower than
those in pure samples have also been observed (You, Murray, & Sarkar,
2021). These results show that not only the ingredients, but also the
interactions among ingredients and the specific microstructure of a
multicomponent system play an important role in lubrication. Trends
found for single systems can often not directly be related to trends in
multi-component systems.
Only a few studies focused on the effect of polysaccharides in com
bination with emulsions (Nguyen et al., 2017) or other particles, such as
microgels (Andablo-Reyes et al., 2019). Although it is clear that the
lubrication properties of mixed systems can be affected by different
factors, the precise role of polysaccharides in such systems remains
unclear. A better understanding is required on how more complex
composition and structure influence lubrication, and how a specific
lubrication profile is related to sensory perception.
This work aimed to investigate the impact of different poly
saccharides mixed with emulsion droplets and protein on lubrication

properties and to correlate these properties to sensory perception. We
prepared model beverages containing three components: protein (either
whey protein isolate or whey protein aggregates), emulsion droplets
(stabilized either with soy lecithin or whey protein isolate) and one of
the selected polysaccharides. The components, i.e. stabilized emulsions,
protein dispersions, and polysaccharide solutions, were prepared sepa
rately and then mixed. As polysaccharides, maltodextrin and guar gum
were chosen for their difference in molecular weight, xanthan gum was
selected as a representative of a stiff charged molecule, carboxymethyl
cellulose as a charged flexible polysaccharide, and waxy maize starch,
and 25% amylose maize starch as two representatives of granular ma
terial. To minimize its effect, the viscosity of the systems was matched at
50 s− 1, which is generally believed to be relevant for oral processing
(Chojnicka, De Jong, De Kruif, & Visschers, 2008; Chojnicka-Paszun
et al., 2014; Stokes et al., 2011).
To mimic oral processing conditions, we also considered the effect of
saliva on lubrication. Saliva plays an important role in oral lubrication
as a consequence of the formation of a protein film on the tongue and as
a result of interactions between food components and saliva (Selway &
Stokes, 2013). These interactions change the food structure (structure
breakdown, flocculation of oil droplets, etc.), which can affect tribo
logical properties and sensory perception (Vingerhoeds, Silletti, de
Groot, Schipper, & van Aken, 2009). Tribological measurements were
thus conducted both with and without saliva. To relate the tribological
data to sensory perception, we performed a sensory evaluation of the
systems using a rate-all-that-apply (RATA) method.
2. Materials and methods
2.1. Materials
Whey protein isolate powder (WPI, 90.5% w/w Protein Dry Basis)
was purchased from Davisco Foods International Inc. (Le Sueur, MN,
USA). Medium Chain Triglycerides (MCT) oil was purchased from
CREMER OLEO GmbH & Co. KG (Hamburg, Germany). Soy lecithin (SL,
Topcithin, HLB = 3) was purchased from Cargill (Wayzata, MN, USA).
Maltodextrin with a dextrose equivalent (DE) of 4.0–7.0 was used as
high molecular weight maltodextrin (HM), and with a DE of 16.5–19.5
was used as low molecular weight maltodextrin (LM). Both were ob
tained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Guar
gum (GG), xanthan gum (XG), and carboxymethyl cellulose (CMC) with
molecular weights (Mw) of ~90 kDa (LCMC) and ~700 kDa (HCMC),
respectively, were also purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). Waxy maize starch (0S) and 25% amylose maize
starch (25S) were kindly provided by Ingredion Germany GmbH
(Hamburg, Germany). Fructose was purchased from Nowfoods (Bloo
mingdale, Illinois, USA) and a red coloring agent (E124, E110) was
purchased from Tasty me (Tilburg, The Netherlands). All materials were
used without further purification. All samples were prepared with
drinkable tap water.
2.2. Sample preparation
2.2.1. Preparation of WPI solutions
A WPI stock solution with a concentration of 7.5% (w/w) was pre
pared by dissolving WPI powder in tap water and stirring overnight at
4 ◦ C. Subsequently, the solution was filtered with a membrane filter
(cellulose acetate membrane filter, Whatman, GmbH Germany) with a
pore size of 1.2 μm to remove possible clusters. The solution was then
diluted with tap water to obtain the desired final concentration, and the
solutions were stirred at room temperature (20 ± 0.1 ◦ C) for an addi
tional 2 h. The effective protein content of the samples was measured
using the Dumas method (Dumas Flash EA 1112 Series, N Analyser,
Thermo Scientific, N × 6.38).
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2.2.2. Preparation of WPI aggregate (WPA) dispersions
The preparation of whey protein aggregate (WPA) dispersions was
based on a method described by de Vries and co-workers (de Vries,
Wesseling, van der Linden, & Scholten, 2017). In short, the pH of a 7.5%
WPI solution was adjusted to 5.7 by adding 1 M and 0.1 M HCl. The
solution was heated in 50 ml tubes at 85 ◦ C for 15 min. Subsequently, the
dispersion was cooled down in an ice bath for 15 min. The formed weak
protein gel was equilibrated at room temperature (20 ± 0.1 ◦ C) and then
broken down by vortexing and further dispersed with a rotor stator
homogenizer (Ultra turrax T25, IKA Werke, Germany) at 13,000 rpm for
1 min. The aggregate dispersion was washed 3 times with tap water by
centrifugation at 3901g for 20 min at 20 ◦ C to remove any remaining
soluble protein material. After centrifugation, the pellet containing ag
gregates was re-dispersed with the same rotor stator homogenizer at 13,
000 rpm for 3 min and homogenized with a 2-stage homogenizer
(PandaPlus, Niro Soavi, Parma, Italy) at 20 and 200 bar (first and second
stage setting) for 5 cycles to obtain a homogeneous dispersion. The
protein content of the obtained samples was measured using the Dumas
method (Dumas Flash EA 1112 Series, N Analyser, Thermo Scientific).

2.2.6. Overview composition of model beverages
In the mixed model systems, the content of oil (5 w/w%) and protein
(4.5 w/w%) were fixed. Samples with two different viscosity values, i.e.
high (HVG) and low viscosity groups (LVG), were made by varying the
concentration of the added polysaccharides. The composition of the
model systems including the used concentrations of the polysaccharides
for the two viscosity groups together with the sample codes is shown in
Table 1. To make it clear, the systems containing WE and WPA are
indicated as WA systems, while the systems containing SE and WPI are
indicated as SI systems.
2.2.7. Human saliva collection and saliva sample preparation
Human saliva was collected from one healthy 23-year-old female in
the morning before eating or drinking and 2 h after brushing her teeth.
The used procedure was based on the work of Silletti et al. (Silletti,
Vingerhoeds, Norde, & van Aken, 2007) and the saliva was collected in
an unstimulated manner. After collecting saliva in the oral cavity with
closed lips, it was expectorated into an ice-chilled vessel. The first
milliliter of saliva was discarded. The collected saliva was transferred to
50 mL centrifuge tubes and centrifuged at 10,000 g for 30 min at 4 ◦ C
using a Table-Top Refrigerated Centrifuge Z-383K (Hermle Labor
technik, Wehingen, Germany) to remove the cell debris. The superna
tant was collected and stored at − 80 ◦ C. Before sample preparation, the
saliva was defrosted at 4 ◦ C. The saliva was mixed with model beverages
at a ratio of 9:1 w/w (beverage: saliva) to mimic the mix condition in the
mouth. This ratio was lower than generally suggested in other studies (i.
e. 1:4 or 1:1 w/w) (Devezeaux de Lavergne, van de Velde, van Boekel, &
Stieger, 2015; Stribiţcaia, Krop, Lewin, Holmes, & Sarkar, 2020) in
which non-liquid foods were used. Liquid beverages have a lower oral
residence time, and therefore less saliva is incorporated. Preliminary
experiments showed that approximately 10% of saliva is incorporated in
these types of systems.

2.2.3. Preparation of o/w emulsions
Oil-in-water stock emulsions (40% MCT oil, w/w) were prepared
with two different emulsifiers: WPI or SL. A 0.8% (w/w) WPI solution
was made by dissolving WPI powder in tap water and stirring the so
lution at room temperature (20 ± 0.1 ◦ C) for 2 h. MCT oil was slowly
added to the aqueous solutions. Similarly, a 2.4% (w/w) SL dispersion
was made by dispersing SL paste in MCT oil for 2 h, and then the
dispersion was slowly added into water. Afterwards, the mixtures were
pre-homogenized with a rotor stator homogenizer (Ultra turrax T25, IKA
Werke, Germany) at 13,000 rpm for 1 min. Then, the pre-emulsions
were homogenized with a 2-stage homogenizer (PandaPlus, Niro
Soavi, Parma, Italy) at 20 and 200 bar (first and second stage setting) for
4 cycles to produce the final emulsions.

2.3. Sample characterization

2.2.4. Preparation of polysaccharide solutions
Polysaccharide solutions were made by dispersing the poly
saccharide powders in tap water slowly and stirring for 3 h at room
temperature (20 ± 0.1 ◦ C). Afterwards, the dispersions were heated at
80 ◦ C for 1 h to further hydrate and dissolve the polysaccharides and
then cooled down to room temperature (20 ± 0.1 ◦ C) after complete
dissolution. The powder of waxy and 25% amylose starch was dispersed
in tap water and the dispersion was stirred for 30 min at room tem
perature (20 ± 0.1 ◦ C). The dispersions of waxy and 25% amylose starch
were heated at 75 and 80 ◦ C for 5 min, respectively, to partly gelatinize
the starch and then cooled down to room temperature (20 ± 0.1 ◦ C).

2.3.1. Particle size distribution
The particle size distribution of the studied samples was measured by
static light scattering (MasterSizer2000, Malvern Instruments Ltd.,
Worcestershire, Malvern, UK). The refractive index of water was set to
1.33 and the particle size was reported as the volume mean (D[4,3]) and
surface mean diameter (D[3,2]). All the measurements were performed
in triplicate and particle size is presented as mean ± standard deviation
(SD).
2.3.2. Confocal laser scanning microscope (CLSM)
The distribution of oil droplets, proteins, and polysaccharides in the
different samples was assessed by a confocal laser scanning microscope
(Nikon C2 CLSM, Tokyo, Japan). The samples were stained with 0.05 w/
w% Rhodamine B solution (protein-dye), 0.05 w/w% BODIPY 505/515
solution (oil-dye), and 0.2 w/w% Calcofluor White solution (poly
saccharide-dye). Aliquots (20 μl) of each staining solution were added
into a 200 μl sample and well mixed, and then stained for 10 min. Af
terwards, a volume of 60 μl was taken and added in hermetically sealed
flat cuvettes that were glued on a microscopy slide in advance and sealed
with coverslips (24 × 24 mm, # 1.5 mm, Thermo Fisher Scientific, MA,
USA). The samples were observed under the microscope using 100×
magnification (with silicon oil), and the excitation was performed using
three laser beams at 405 nm (for Calcofluor White), 488 nm (for BODIPY
505/515), and 588 nm (for Rhodamine B).

2.2.5. Preparation of mixed systems
Mixed systems were prepared by mixing single-component systems i.
e. protein dispersion, emulsion, and polysaccharide solution, and gently
stirring at room temperature (20 ± 0.1 ◦ C) for 1 h. To prepare samples
with the same sweetness, fructose was added. As LM already provided a
high sweetness, this sample was sweeter than the others, and therefore a
low concentration of fructose (0.3% w/w) was added. A higher con
centration of 1.2% (w/w) was added to the other systems to match the
sweetness. Fructose was chosen because it has high sweetness intensity
and no aftertaste. Additionally, a coloring agent was added to reach a
final concentration of 0.0033% and 0.00165% (w/w) in the WPIstabilized emulsion (WE) and SL-stabilized emulsion (SE), respec
tively, to mask color differences. A red coloring agent was chosen to
provide a similar pink color to the samples, as pink was not expected to
influence the perception of textural attributes such as creaminess,
thickness, slipperiness, and mouthcoating (Spence, 2015). All samples
were prepared in a food-grade laboratory with food-grade equipment
and stored at 4 ◦ C. Samples were evaluated within 24 h after
preparation.

2.3.3. Viscosity measurements
The viscosity of the samples was measured using a stress-controlled
rheometer (MCR 302, Anton Paar, Austria) with a concentric cylinder
geometry (probe CC17/Ti; cup CC17/Ti) for high viscosity samples, and
with a double gap geometry (probe DG.26.7/Ti; cup DG 26.7/T200/Ti)
for low viscosity samples. Samples of either 4.7 ml (concentric cylinder)
3
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Table 1
Overview of the composition of model beverages.
Group

Code

Emulsion

Protein

Polysaccharide

HVG

WAXG
WAGG
WALC
WAHC
SIXG
SIGG

5% WE

4.5% WPA

4.5% WPI

0.16%
0.185%
1.35%
0.19%
0.2%
0.235%

1.2%

5% SE

Xanthan (XG)
Guar gum (GG)
Low Mw CMC (LCMC)
High Mw CMC (HCMC)
Xanthan (XG)
Guar gum (GG)

WALM
WAHM
WAGG (low)
WA25S
WA0S
SILM
SIGG (low)

5% WE

4.5% WPA

4.5% WPI

6.25%
4%
0.03%
1.5%
0.6%
6.25%
0.03%

0.3%
1.2%

5% SE

Low Mw maltodextrin (LM)
High Mw maltodextrin (HM)
Guar gum (GG)
25% amylose Starch (25S)
Waxy starch (0S)
Low Mw maltodextrin (LM)
Guar gum (GG)

LVG

Fructose

0.3%
1.2%

or 3.8 ml (double gap) were added to the geometry and kept at 20 ◦ C.
The samples were equilibrated in the cup for 5 min before the mea
surement started. The shear rate was increased in logarithmic steps from
0.1 s− 1–1000 s− 1 in 5 min and then decreased from 1000 s− 1 to 0.1 s− 1 in
5 min. All the measurements were performed in triplicate and the
average value of the viscosity, η, was plotted as a function of shear rate,
γ̇, as

Different frictional parameters were extracted from the obtained
frictional curves (Fig. 1b). Frictional curves with multiple regimes have
also been reported by Nguyen et al. using a different tribology set-up
(Nguyen et al., 2017). A power-law model was used to describe the
change in the friction coefficient (slope of curve) in the different regimes

(1)

in which μ is the friction coefficient, V is the sliding speed, and mi is an
exponent describing the sliding speed dependence (Fuhrmann et al.,
2020) in the different regimes; for increasing friction in regimes 1 and 3,
i.e. m1 and m3, and for decreasing friction in regimes 2 and 4 as m2 and
m4 (Fig. 1b). Also, the maximum friction in different regimes was
extracted and expressed as Ri μmax.
For evaluating the effect of saliva, two additional tests were per
formed. 1) The model system was first mixed with saliva at a ratio of 9:1
with a total volume of 0.6 ml and measured following the protocol
mentioned above. 2) A volume of 0.6 ml saliva was added on top of the
PDMS substrate to allow the formation of a salivary layer. After
measuring the friction coefficient of the salivary layer at a fixed sliding
speed of 1 mm/s for 3 min, the excess saliva (0.54 ml) was taken out and
0.54 ml of the model system was added to the tribo cell. Changes in
friction coefficients were recorded for 4 min. The ratio of the mixed
systems and saliva in these measurements was kept at 9:1 (model sys
tem: saliva, w/w).

η = K⋅γ̇n−

1

μ ∼ V mi

from which the consistency index, K, and the flow behavior index, n,
were determined.
2.3.4. Tribological measurements
Tribological measurements were performed with a stress-controlled
rheometer (MCR 302, Anton Paar, Austria) equipped with a tribology
accessory (T-PTD 200, BC 12.7, Anton Paar, Austria). A ball-on-threepin tribo-pair with a glass probe (d = 12.7 mm) and three PDMS sub
strates (d = 6 mm, roughness 0.2 μm ± 0.03) was used. These materials
are considered good alternatives in oral tribology studies (Stokes et al.,
2011). The set-up of the tribological measurements is shown in Fig. 1.
The temperature was kept at 20 ◦ C and a normal force, FN, of 1 N was
applied. To measure the friction coefficient, samples with a volume of
0.6 ml were inserted in the tribology cup, and the friction coefficient was
measured as a function of sliding speed. One measurement consisted of 2
cycles, i.e. 4 runs in total with increasing and decreasing sliding speed,
vs, between 0.01 and 470 mm/s, in a period of 5 min per run. The data of
the first run were disregarded as the results often deviated from those
obtained in the other runs. The data of the third run were selected for
further analysis. Each measurement was performed in triplicate with
new samples. The average value of the friction coefficient (μ) was
determined as a function of sliding speed.

(2)

2.3.5. Sensory test
A sensory study was performed using an untrained panel (n = 87
participants; gender: 44 female, 43 male; age range: 18–39). Partici
pants were recruited from the campus of Wageningen University &
Research. They were selected based on the declaration of good general
and oral health, good/normal tasting and smelling abilities, no

Fig. 1. Schematic representation of a) the tribo cell consisting of a glass ball and three PDMS pins and b) the four regimes identified in the frictional curves.
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3. Result and discussion

medication, and no allergies or intolerances towards the ingredients
present in the samples. The participants signed an informed consent
form and received financial compensation upon completion of the study.
A rate-all-that-apply (RATA) methodology was applied (Fuhrmann
et al., 2020; Oppermann, de Graaf, Scholten, Stieger, &
Piqueras-Fiszman, 2017). Samples of the high and low viscosity group
were evaluated in two different sessions, respectively, to prevent
adaptation, and with the same panel to minimize differences in in
dividuals. The provided attribute list and explanation is shown in
Table 2. Terms and definitions were taken from previous works (Dres
selhuis et al., 2008; Fuhrmann, Kalisvaart, Sala, Scholten, & Stieger,
2019; Liu et al., 2015; Liu, Tian, Stieger, Van der Linden, & Van de
Velde, 2016; Oppermann et al., 2017; Santagiuliana, Christaki,
Piqueras-Fiszman, Scholten, & Stieger, 2018; Santagiuliana, van den
Hoek, Stieger, Scholten, & Piqueras-Fiszman, 2019; van Aken, Vinger
hoeds, & de Wijk, 2011) and adjusted when necessary. Each sample (25
ml) was supplied in a 50 ml plastic bottle with a three-digit code. An
extra warm-up sample was also provided in each session to eliminate
first sample-effects and not included in the data analysis (Fuhrmann
et al., 2020; Liu et al., 2015; van Aken et al., 2011). The participants
were required to score the intensity of attributes on a 1-to-9-point scale,
with anchors “weak” to “strong”; or select “not applicable” for the
attribute(s) that were not perceived. Data were collected online using a
questionnaire made in EyeQuestion (Logic8 B.V., Version 4.11.3). A
printed instruction form and attributes list was provided. Participants
were asked to not drink anything other than water and not to eat at least
30 min before. Between samples, the participants were instructed to eat
a cracker and drink water (in a sequence water-cracker-water) to clean
the residue of the previous sample. The serving order of samples was
randomized for each participant using a Latin Square design to prevent
presentation order effects (Oppermann et al., 2017; Sonne,
Busch-Stockfisch, Weiss, & Hinrichs, 2014).

3.1. Characterization of physical properties
3.1.1. Viscosity determination
In mixed systems, two viscosity groups were prepared with different
polysaccharides: a high viscosity group (HVG) using XG, GG, LCMC,
HCMC, and a low viscosity group (LVG) using LM, HM, GG, 0S, and 25S.
The LVG samples were Newtonian fluids for which the viscosity was
matched at a value of 4 mPa s (data not shown). The viscosity of HVG
samples was matched at a shear rate of 50 s− 1, which is considered to be
relevant for the flow conditions in the mouth during oral processing
(Chojnicka et al., 2008; Chojnicka-Paszun et al., 2014; Stokes et al.,
2011). As shown in Fig. 2, the viscosity of these samples at a shear rate of
50 s− 1 was in a range between 34 and 40 mPa s.
The shear-thinning behavior of these samples was significantly
different. The two XG samples were the most shear-thinning and the
viscosity decreased during the measurement by two orders of magnitude
(from 400 to 8 mPa s). In contrast, the sample containing HCMC was the
least shear-thinning, as its viscosity decreased from 90 to 30 mPa s.
Although these systems also contained proteins and oil droplets, their
rheological properties were mainly determined by the polysaccharides.
In addition, the consistency index K, the exponent n and the viscosity at
10, 50 and 100 s− 1 were used for the correlation with sensory data (data
shown in Table A1 in supplementary information).
3.1.2. Determination of particle size distribution
The particle size distribution of the samples was determined, as it is
an important parameter affecting both lubrication and perception. The
particle distribution of systems containing proteins and emulsions only,
i.e. the WA and SI systems, was measured as a reference to better
evaluate the effect of polysaccharides on microstructure. To visualize
the distributions, figures in 2D and 3D mode are provided (Fig. 3). As
shown in Fig. 3a and b, for HVG samples, the particle size distribution of
WA and SI systems was comparable, as a single peak at ~400 nm was
observed in both cases. Upon addition of polysaccharides, the particle
size distribution depended on the type of polysaccharide. WAHC and
WAGG had average particle sizes (D [4,3]) around 500 nm, indicating
that addition of HCMC and GG did not strongly affect the size distri
bution of the protein particles and oil droplets in WA systems. However,
samples prepared with XG and LCMC showed relatively larger particle
sizes as a result of aggregation or coalescence of oil droplets and/or

2.3.6. Statistical analysis
The RATA data were collected and analyzed according to previously
described studies in which the data were considered as continuous in
tensity scores and the score “0” was used for not applicable attributes
(Fuhrmann et al., 2019; Oppermann et al., 2017). A two-way ANOVA
using Tukey’s Honest Significant Difference Test (HSD) was performed
using RStudio (RStudio, Inc., Version 4.0.2). Additionally, a Principal
Component Analysis (PCA) was performed on the mean scores using
RStudio (RStudio, Inc., Version 4.0.2) for all samples to visually observe
sample grouping and differentiation. To correlate the physical data to
the sensory data, a heatmap was created using RStudio (RStudio, Inc.,
Version 4.0.2).

Table 2
Sensory attributes and definitions for the RATA test.
Attribute

Definition

Sweetness
Bitterness
Creaminess

Sweet taste, from tasteless to pure sugar
Bitter taste, e.g. bitter of the skin of walnut or bitter coffee
A full, soft, or velvety feeling, like e.g. from skimmed milk to
whipped cream
Oily or greasy; the amount of fat that is perceived
The thickness of the sample in the mouth, from low, being thin
and watery and high being thick and viscous, like e.g. from water
to yogurt thickness
Slithering; the samples slip away in the mouth like Dutch ‘Vla’
Dry feeling in the mouth; saliva is absorbed and swallowing the
sample is difficult
A layer covering the mouth after swallowing

Thickness
Fattiness
Slipperiness
Dryness
Mouth coating

Fig. 2. Viscosity as a function shear rate of a) HVG samples: WAXG (blue
square), WAGG (green circle), WALC (red triangle), WAHC (orange diamond),
SIXG (light blue open square), SIGG (light green open circle). (For interpreta
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. Particle size distribution of HVG samples in a)
2D and b) 3D mode: WAXG (light blue line), WAGG
(light green line), WALC (red line), WAHC (orange
line), SIXG (dark blue dashed line), SIGG (dark green
dashed line), and the references: WA (dark grey line),
and SI (grey dashed line); and of LVG samples in c) 2D
and d) 3D mode: WALM (red line), WAHM (orange
line), WA25S (dark blue line), WA0S (magenta line),
WAGG (low) (light green line), SILM (dark red dashed
line), SIGG (low) (dark green dashed line), and the
reference: WA (dark grey line), and SI (grey dashed
line). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)

aggregation of the protein aggregates in the WA systems. For SI systems,
the effect of aggregation and/or coalescence was more pronounced
when XG or GG were present. This indicates that SI systems were less
stable in presence of polysaccharides, which may be reflected in the
lubrication behavior and sensory perception.
For LVG samples, as shown in Fig. 3c and d, WA25S and WA0S,
which contained starch granules, had the largest particle size. This was
due to the large size of the starch granules. In the case of WALM, WAGG,
and WAHM, a single peak was observed, indicating that no aggregation
or coalescence occurred. However, in SILM and SIGG (low), a bimodal
distribution was obtained as a result of aggregation or coalescence. An
increase in particle size was thus more pronounced for SI system (SE and
WPI) than for WA (WE and WPA) systems. This is in line with the results
of HVG.

Pugnaloni, Dickinson, Ettelaie, Mackie, & Wilde, 2004). The presence of
the large polysaccharides in SI systems (XG and GG) induced depletion
interactions, which led to micro-phase separation and oil droplet coa
lescence as the oil droplets approached each other (Fig. 4b).
Concerning WA systems, XG and GG also caused depletion in
teractions leading to micro-phase separation. In the case of XG, deple
tion interaction was strong enough to induce droplet aggregation, as also
shown in the particle size distribution (Fig. 3). XG is a highly charged
polysaccharide, and is known to induce depletion interactions in
emulsions (Hemar, Tamehana, Munro, & Singh, 2001; Krstonošić,
Dokić, Nikolić, & Milanović, 2015). In the case of GG, a non-charged
flexible polysaccharide, depletion interaction at low concentration
cannot induce aggregation (de Jong & van de Velde, 2007), which ex
plains the absence of large aggregates in the particle size measurements.
Also in the case of LCMC (WALC), depletion interaction caused forma
tion of aggregates, which was seen in the CLSM images. Aggregation was
not observed for HCMC, which showed a homogenous structure. Even
though the molecular weight of LCMC was lower than that of HCMC,
LCMC still provided more depletion interaction. This was most likely
due to the much higher concentration of LCMC (1.35%) compared to
HCMC (0.19%).
Coalescence of oil droplets caused by adding polysaccharides was
also seen in SI systems in the LVG. As shown in Fig. 4c, adding poly
saccharides to these systems induced droplet coalescence, consistent
with the results of the particle size distribution (Fig. 3c and d). Again,
limited coalescence of oil droplets was observed in the WA systems. Only
for WAGG (low), some larger oil droplets were observed, which were not
evidenced by the particle size distribution.
In summary, SI systems showed oil droplet coalescence upon addi
tion of polysaccharides due to the low stability of lecithin-stabilized
droplets. In the case of WA systems, only aggregation was observed.
The extent of the aggregation depended on the type of the
polysaccharide.

3.1.3. Microstructure of model systems
As mentioned above, some samples, such as SIXG and SIGG in the
high viscosity group, and SILM and SIGG (low) in the low viscosity
group, showed larger particle sizes (Fig. 3), likely as a result of aggre
gation of protein aggregates/oil droplets or coalescence of oil droplets.
To confirm this, the samples were analyzed by CLSM and the images are
shown in Fig. 4. Due to the resolution of the CLSM, only oil droplets,
starch granules and WPA can be visualized. The mixtures consisting of
only protein and oil droplets were also characterized as a reference. For
the reference samples, i.e. WA (WE and WPA) and SI (SE and WPI), the
oil droplets and protein aggregates were homogeneously distributed
(Fig. 4a).
The effect of polysaccharides on the structure of the systems in HVG
is clearly shown in Fig. 4b. After adding XG or GG to SI systems (SE and
WPI), larger oil droplets were observed, indicating oil droplet coales
cence. However, no coalescence was seen when adding polysaccharides
to WA systems (WE and WPA). The oil droplets in SE were stabilized
with soy lecithin, which provides lower stability compared to WPI used
to stabilize the oil droplets in WE. This protein can form an elastic
network on the interface, resisting coalescence better than a small
molecule surfactant like lecithin (McClements & Jafari, 2018;
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Fig. 4. CLSM images of a) reference systems: WA and SI b) HVG samples: WAXG, WAGG, WALC, WAHC, SIXG, and SIGG, and c) LVG samples: WALM, WAHM,
WA25S, WA0S, WAGG (low), SILM, and SIGG (low). Scale bar = 20 μm. Green represents oil, magenta represents protein and blue indicates polysaccharides. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.1.4. Frictional behavior of model systems

Especially the system containing the soy lecithin-stabilized emulsion
and WPI (denoted as SI system) showed a peak in the friction curve at a
speed around 50 mm/s, which was not present for the WA system con
taining WPI-stabilized emulsion and WPA. It could be that the combi
nation of two types of large particles, i.e. WPA and WE droplets,
provided ball-bearing lubrication efficiently, with low friction co
efficients, which was not the case for the mixture of small molecules WPI
in the continuous phase and SE-stabilized droplets. The lubrication
mechanisms of these systems containing emulsion and protein were
discussed in more details somewhere else (Ji, Cornacchia, Sala, &
Scholten, 2022).
To highlight the role of the polysaccharide in the mixtures, the
frictional behavior of the systems with and without polysaccharides

3.1.4.1. High viscosity group. To understand the effect of the structural
differences mentioned above on the lubrication behavior of the samples,
their friction coefficient was measured. For HVG samples, the complete
frictional curves as a function of sliding speed are provided in Fig. 5a.
Four regimes could be identified based on the shape of each curve (as
indicated in Fig. 1). It was noticed that the speed ranges identifying the
regimes varied for the different samples, indicating an effect of the
specific structure of the samples on the lubrication behavior.
As shown in Fig. 5a, WA (dashed-dotted black line) generated lower
friction coefficients than SI (dashed black line) over almost the entire
speed range. These systems differed for type of oil droplets and protein.
7
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Fig. 5. Lubrication curves of HVG samples a) without saliva and b) with saliva: WAXG (light blue square), WAGG (green circle), WALC (red triangle), WAHC (orange
diamond), SIXG (blue open square), SIGG (green open circle). Lubrication curves of WA (without polysaccharide, dashed-dotted black line) and SI (dashed black line)
are shown as reference. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were compared. Concerning WA systems, we found that GG, compared
to WA without polysaccharide (dashed-dotted black line), decreased the
friction coefficient of WA over the entire measured speed range, and
especially when speed was above 30 mm/s. In contrast, the presence of
XG increased the friction of WA, as a hump in the frictional curve of
WAXG was observed at speed above 10 mm/s. This result was unex
pected, as XG itself is known to provide lower friction coefficients than
GG when measured as a single system (data shown in Figure A1 in
supplementary information). The difference in lubrication properties of
the polysaccharides is related to their specific conformation, which af
fects the entrainment. Flexible polysaccharides, such as guar gum, are
less easy entrained into the gap than xanthan, which has a rigid rod
conformation, resulting in higher friction coefficients (You & Sarkar,
2021). In mixed systems, however, the role of the conformation of the
polysaccharide is overruled by the structural changes of the systems. In
samples with XG, more aggregation of the oil droplets was observed
(Fig. 4b). These aggregated oil droplets decreased the lubrication ability,
especially at higher speeds. Such an effect could be related to jamming
phenomena or difficulties to enter the gap between the rotating surfaces
of the tribometer, resulting in high friction coefficients (Gabriele,
Spyropoulos, & Norton, 2010; Rudge, van de Sande, Dijksman, &
Scholten, 2020). In contrast, the absence of aggregation in GG explains
why for WAGG no increase in friction at high sliding speed was
observed. Also in the case of WALC and WAHC, compared to WAXG,
lower friction coefficients at higher speeds were found, which could be
linked to limited aggregation.
In addition, compared to the WA systems, the polysaccharides had a
larger effect on the lubrication behavior of SI systems. GG decreased the
friction coefficients of SI systems, and XG increased the friction co
efficients at speeds above 3 mm/s. SIXG provided the highest friction
coefficient at high speeds among all samples. This can be attributed to
the result of the depletion interactions, which led to a large degree of
micro-phase separation and coalescence of the oil droplets (Fig. 4b). The
friction coefficients for these samples were high, which seems to
contradict published works, in which larger oil droplets often led to
lower friction due to better oil film formation (Chojnicka-Paszun et al.,
2012; Dresselhuis et al., 2008). In our multi-component systems con
taining polysaccharides and other protein components, larger oil drop
lets were apparently not able to provide such a film. This was most likely
due to the fact that the droplets were present within polysaccharide-rich
regions in the bulk phase, which limited the spreading of the oil droplets
on the sliding surface to form an oil film. As these systems appeared very
inhomogeneous, the structure can explain the high friction observed.
Overall, in both WA and SI systems, GG contributed to better lubrication
but XG had the opposite effect. These results show that in
multi-component systems, the final microstructure due to interactions

between the components is more important than the properties of the
components themselves. Polysaccharides can provide better lubrication
due to a stiffer conformation or a higher charge in single-component
systems (Garrec & Norton, 2012; Stokes et al., 2011), but these char
acteristics also lead to more depletion interactions, and subsequent oil
droplet aggregation. This phenomena is unfavorable for lubrication.
Polysaccharides that induced a low level of aggregation showed better
lubrication properties. Therefore, polysaccharides that are good lubri
cants by themselves (single-component systems) do not necessarily
contribute in the same way to the lubrication of multi-component sys
tems. This finding was confirmed also for HCMC and LCMC. In
single-component systems, LCMC gave lower friction coefficients than
HCMC with comparable viscosity (data not shown), but the opposite was
observed in combination with proteins and oil droplets: at sliding speeds
below 10 mm/s, WALC gave higher friction coefficients than WAHC.
This suggests that the higher concentration of LCMC is beneficial for
lubrication on its own, but in multi-components systems, such a high
concentration could induce more aggregation of other components.
To evaluate the effect of saliva addition on the frictional response,
samples and saliva were mixed at a ratio of 9:1 (sample: saliva, w/w)
and the frictional behavior of the mixtures was measured. Food com
ponents can interact with salivary films, resulting in desorption of saliva
proteins from PDMS, and/or interact with saliva in the bulk phase,
altering the structural integrity of the samples. Thus, food-saliva in
teractions could cause a change in lubrication properties. As shown in
Fig. 5b, the frictional behavior of SI systems were influenced more by
saliva than the WA systems. It seems that the addition of saliva influ
enced the lubrication of samples that showed a highly coarsened
structure or micro-phase separation. Saliva apparently reduced the
extent of the aggregation by diluting the continuous phase, and as a
result, the sharp increase in the friction coefficient (“hump”) at higher
speeds was reduced in the SIXG sample. In addition, saliva is known to
lubricate contact surfaces by forming a film (Carpenter et al., 2019;
Macakova, Yakubov, Plunkett, & Stokes, 2010), which could have
assisted the samples to be entrained more easily. Although a reduction in
friction was observed for the systems containing XG, SI systems con
taining GG showed an increase in friction, especially at sliding speeds
below 10 mm/s. These systems initially showed a low level of aggre
gation. The presence of saliva likely induced more depletion interaction,
which increased the level of aggregation and thereby increased friction.
This effect disappeared again at higher speeds due to the break-up of the
aggregates.
3.1.4.2. Low viscosity group. For the low viscosity group, as shown in
Fig. 6a, no clear difference in lubrication properties was observed in WA
systems with different polysaccharides. Due to lower concentrations of
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Fig. 6. Lubrication curves of LVG samples a) without saliva and b) with saliva: WALM (red square), WAHM (orange triangle), WA25S (blue pentagon), WA0S
(magenta diamond), WAGG (low) (light green circle), SILM (dark red open square), SIGG (low) (green open circle). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

polysaccharides, no depletion effects were induced, and therefore no
aggregation of the particles/droplets was observed (Fig. 4). Though the
starch granules (25S and 0S) were much larger than the other particles
(Fig. 3), they did not affect the lubrication behavior (Fig. 6). This was
unexpected. As discussed in the study conducted by You and co-workers,
the addition of starch granules (1.5–2.5%) in systems with κ -carra
geenan (0.15–0.25%) may induce local phase separation, which could
affect the frictional behavior (You et al., 2021). However, this was not
observed in our systems containing starch. It could be that in our sam
ples the concentration of starch granules was too low (0.6%) to induce
local phase separation in a mixed system with 5% emulsion droplets and
4.5% proteins. In addition, in SI systems, the friction coefficients were
higher than those of WA systems, in line with the results of the HVG.
Also for the low viscosity group, the addition of polysaccharides to SI
systems induced coalescence of the oil droplets, and also in this case the
oil droplets were not able to provide oil film formation on the surface.
The presence of polysaccharides may therefore prevent direct contact of
the oil droplets with the surfaces. In addition, the presence of saliva had
limited effects on lubrication behavior (Fig. 6). This again shows that the
structure of the model systems dominated friction.
Briefly summarized, with the presence of polysaccharides, SI systems
were prone to coalescence and extensive micro-phase separation
occurred, whereas WA systems were more stable and exhibited higher
resistance to depletion. The presence of polysaccharides played there
fore a more critical role in the structure and lubrication of the SI systems
than for the WA systems. In general, more aggregation and micro-phase
separation caused high friction coefficients. The addition of saliva
changed only the lubrication behavior of systems with an inhomoge
neous structure.

Table 3
RATA mean intensity scores (nparticipants = 87) and SD of the attributes consid
ered for the sensory evaluation of HVG dairy model beverages. Letters indicate
significant differences between samples (p < 0.05).
Sample
Attribute

WAXG

WAGG

WALC

WAHC

SIXG

SIGG

Sweetness

3.14 ±
1.70bc

2.87 ±
1.71c

3.34 ±
2.02bc

3.06 ±
1.77bc

3.68 ±
1.93b

Bitterness

2.62 ±
2.46a

3.11 ±
2.61 a

2.15 ±
2.19ab

3.02 ±
2.50a

4.49
±
1.94a
1.31
±
1.72b

Creaminess

4.02 ±
1.80c

5.18 ±
1.85ab

5.63 ±
1.75a

5.05 ±
1.95ab

4.62 ±
1.82bc

Thickness

3.74 ±
1.75b

4.93 ±
1.85a

5.55 ±
1.99a

4.92 ±
1.73a

Fattiness

3.70 ±
1.96b

4.44 ±
2.03ab

4.75 ±
1.98a

4.39 ±
1.96ab

Slipperiness

3.57 ±
1.95a

3.71 ±
1.87a

3.83 ±
1.86a

3.97 ±
2.00a

4.02
±
1.89c
3.25
±
1.81b
3.86
±
1.94b
4.43
±
2.00a

Dryness

3.94 ±
2.31a

3.53 ±
2.39a

3.62 ±
2.38a

3.60 ±
2.21a

1.63 ±
1.74a

Mouthcoating

4.22 ±
1.90ab

4.56 ±
1.92a

4.52 ±
2.03a

4.38 ±
1.91ab

1.57
±
1.62a
3.20
±
1.78c

1.51 ±
1.82b

3.90 ±
1.87b
4.02 ±
1.93ab
4.34 ±
2.20a

3.62 ±
1.92bc

protein. Other mouthfeel attributes, such as creaminess, thickness, and
fattiness were linked to the type of polysaccharide. For instance, samples
containing GG and LCMC scored higher in creaminess, thickness, and
fattiness than those containing XG. This suggests that different attributes
are linked to either the type of the polysaccharide or the type of emul
sion droplets and protein.
A Principal Components Analysis (PCA) biplot was used to visualize
the contributions of the attributes and categorize the samples (Fig. 7).
The first two principal components explained 95.3% of the variation.
The first dimension (Dim 1, 73.6%) was mainly related to mouthcoating,
sweetness, and slipperiness, while the second dimension (Dim 2, 21.7%)
was mainly linked to the attributes fattiness, creaminess, thickness,
bitterness and dryness. This shows that the first dimension was mainly
affected by taste and after-feel, while the second dimension was mainly
affected by mouthfeel.
The six experimental samples were clustered in three groups (indi
cated with different symbols with different colors) in the sensory space.

3.2. Sensory evaluation of model beverages
3.2.1. Sensory perception of high viscosity group (HVG)
The data of the sensory assessment of HVG are summarized in
Table 3. Samples consisting of SE and WPI (SI systems), like SIXG and
SIGG, scored higher in sweetness and slipperiness, and lower in bitter
ness, dryness, and mouthcoating (although not in all cases the differ
ences were statistically significant), compared to the samples consisting
of WE and WPA (WA systems). This indicates that such taste, after-feel,
and mouthfeel attributes were more linked to the type of system than to
the type of polysaccharide. This may be explained by the presence of the
proteins in our systems, as whey proteins have been reported as an
important contributor to dryness (Withers, Lewis, Gosney, & Methven,
2014). WA systems always showed higher scores for dryness than SI
systems, which may be explained by the fact that WA systems contained
larger protein aggregates, whereas the SI systems contained native whey
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rather than the size of the oil droplets.
Additionally, correlations among sensory attributes were also
analyzed. Creaminess, thickness, and fattiness were positively corre
lated with each other. This was expected and has been shown in other
studies (Cutler et al., 1983; Dresselhuis et al., 2008; Kokini, 1987;
Upadhyay, Aktar, & Chen, 2020). Also, a correlation was seen between
dryness and mouthcoating, which was unexpected. In general, we would
expect systems with a higher degree of mouthcoating to provide less
dryness. However, such a positive relation between these two attributes
has been reported before. In a study by Bull et al. (2017), it was observed
that both dryness and mouthcoating of whey protein dispersions
increased with an increase of the size of protein aggregates formed upon
heating. Thus, the fact that both dryness and mouthcoating were higher
for systems containing WPA and WPI-stabilized oil droplets compared to
those containing WPI and lecithin-stabilized oil droplets may be due to a
difference in the characteristics of the proteins. Additionally, mouth
coating was also related to perceived slipperiness, in agreement with
literature (Vickers et al., 2015). This makes sense, as a slippery system
will tend not to remain on a surface and form a coating layer.
3.2.2. Correlation between physical properties and sensory attributes
(HVG)
To explain sensory perception on the basis of physical properties, a
correlation between sensory attributes and both rheological and tribo
logical parameters was determined. An overview of the correlation co
efficients is shown in Fig. 8. A shear rate at 50 s− 1 has been discussed in
literature to be most suitable for oral processing conditions (Chojnicka
et al., 2008; Chojnicka-Paszun et al., 2014; Stokes et al., 2011). We
observed that the viscosity at this shear rate was poorly correlated with
all sensory attributes. Low-shear viscosity at 10 s− 1 and the high-shear
viscosity at 100 s− 1 were more related to attributes such as creami
ness, thickness, fattiness, but in opposite directions (Fig. 8). This can be
explained by the shear-thinning behavior of the system. This is also re
flected in the higher correlation with the value for n, which reflects the
degree of shear-thinning. Samples with a low shear-thinning behavior
(high n value), such as GG, were more related to creamy, thick, and fatty
sensations. XG, with the highest shear-thinning behavior, scored the
lowest in creaminess, thickness, and fattiness. These results indicate that
a shear viscosity at 50 s− 1 is not appropriate to fully describe perceived
creaminess, thickness, and fattiness, Viscosities at different shear rates
and the degree of shear-thinning behavior appeared to provide more
insight into the correlation between rheological behavior and these
sensory attributes, which is consistent with other results from literature
(Akhtar et al., 2006; Ong, Steele, & Duizer, 2018; Shama & Sherman,
1973).
Good correlations were also found between friction coefficients in a
speed range from 10 to 100 mm/s (regime 2 and 3) and sensory attri
butes. In general, lower friction coefficients at 10, 50, and 100 mm/s
(μ10, μ50, μ100), and a lower maximum friction coefficient in regimes 3
and 4 (R3 μmax, R4 μmax) led to higher creamy, thick, fatty, dry, and
mouthcoating sensation. For instance, the friction coefficient of GG
samples was lower than that of XG samples, regardless of whether they
were combined with WA or SI systems, which was also reflected in more
creamy, thick, and fatty sensations. This can again be explained by the
difference in aggregation and micro-phase separation, indicating that
the structure of the sample is more important than the single compo
nents. The link between low friction coefficients and high scores of
creaminess and fattiness has been reported by other researchers in milk
and other model food systems (Chojnicka-Paszun et al., 2012; Fuhrmann
et al., 2019; Liu et al., 2015; Meyer et al., 2011). In addition, the
maximum friction coefficients in regimes 3 and 4 (R3μmax and R4 μmax),
which refers to the hump of the frictional curve, was strongly correlated
with attributes especially thickness, slipperiness, dryness and mouth
coating (>0.8).
Since oral consumption is a dynamic process, we also looked at
correlations between sensory attributes and changes in friction

Fig. 7. PCA biplot of HVG and sensory attributes determined using RATA
(nparticipants = 87). Symbols with different colors indicate different clusters. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

The first included SIXG and SIGG, and was related to sweetness and
slipperiness; the second included WALC, WAHC, and WAGG, and was
related to fattiness, creaminess, thickness, and mouthcoating; the third
was WAXG, which formed a group on its own, and did not show a clear
link to any of the attributes. We observed again a clear effect of the
system type; SI systems were more related to the attributes sweetness
and slipperiness, and were clearly separated from the WA systems,
which were more related to the remaining attributes.
The lower correlation with the attributes creamy and fatty for SI
systems cannot be simply explained by the oil droplet size. Larger, and
more unstable, oil droplets are often related to higher perception of
creaminess (Dresselhuis et al., 2008), but increasing particle size of
proteins has also been related to less creamy sensation (Cayot, Schenker,
Houzé, Sulmont-Rossé, & Colas, 2008; Laiho et al., 2017). We see the
opposite in our results; lower correlation with creaminess is observed for
larger oil droplet sizes. As discussed in the previous section, these large
oil droplets were present in denser areas of polysaccharides, which
apparently prevented oil film formation, as higher friction coefficients
were found. The fact that the oil droplets were not able to reach the
tongue may thus explain why these samples did not provide higher
values for creaminess and fattiness. Comparing SI to WA systems, coa
lescence did not increase perceived creaminess and fattiness, implying
that the structure due to micro-phase separation played an important
role in affecting creamy sensation.
For samples with the same combination of protein and emulsion, the
type of polysaccharides had an impact on different attributes. For
instance, for WA systems, the sample containing LCMC was the closest to
fattiness, creaminess, and thickness, whereas the samples containing
HCMC or GG were more related to the attributes mouthcoating
(Table 3). In WA systems, no coalescence, and more homogeneous
structures were observed, which confirmed that the higher scores for
perceived creaminess, fattiness and thickness are more related to this
feature. Noticeably, samples with XG scored low in these three attributes
in both WA and SI systems. These were samples with higher level of
aggregation and micro-phase separation and showed high frictions at
high sliding speeds. These results confirm that creaminess in mixed
systems is more related to the lubrication properties and the structure,
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Fig. 8. Heatmap of correlation between physical properties of HVG and perceived sensory attributes determined using RATA (nparticipants = 87). Blue indicates
negative correlation and red indicates positive correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

coefficient in the different regimes, represented by the slopes m
(Table 4). For instance, perceived creaminess, thickness, and fattiness
were negatively correlated with m2 and m3 (regime 2 and 3): lower mvalues were thus related to higher mouthfeel intensity. Noticeably,
slipperiness was less correlated with rheological properties, but it had
higher correlations with the slope of the frictional curves, and the fric
tion coefficients at specific speeds, in line with findings in literature
(Chojnicka-Paszun et al., 2014; Kokini et al., 1977; Malone et al., 2003;
Nguyen et al., 2017). We quantified the change of friction over speed in
different regimes and found that slipperiness was highly correlated with
the slope m1 (regime 1) and m4 (regime 4), i.e. a fast increase in friction
in regime 1 and a fast decrease in friction in regime 4 (Fig. 8) led to more
slippery sensation. This was seen for both SI samples, i.e. SIGG and SIXG.
Dryness and mouthcoating were both inversely correlated with the slope
of the friction curve in regime 2 (m2). The fact that both attributes show
the same correlation with the slope may indicate that these attributes are
related to the specific components in the system. For example, samples
WAHC and WAGG both contained WPA and protein-stabilized oil
droplets, scored high in dryness, but also high in mouthcoating. It could
be that the WPA provided the dryness feeling, while the oil droplets
provided mouthcoating.
After mixing with saliva, the frictional parameters of mixtures did
not correlate better with mouthfeel attributes, indicating that perception
was more related to the frictional behavior of model systems themselves,
which is in agreement with literature (Fuhrmann et al., 2019).
In conclusion, rheological properties strongly correlated with
creaminess, thickness, and fattiness. These three attributes were also
found to correlate with lubrication properties, which in line with the
study of Kokini (Kokini et al., 1977). Next to a correlation between
sensory attributes and friction coefficients at a certain velocity, different
attributes were also related to the changes in friction in different re
gimes. These results show that sensory perception cannot be explained
based on one single friction coefficient extracted from a Stribeck curve,
but that dynamic changes in the friction coefficients during different
stages of oral processing should also be taken into account.

3.2.3. Sensory perception of model beverages (LVG)
The sensory data of LVG are summarized in Table 5. Even though the
viscosity of all samples was the same over the entire range of shear rates,
the perceived thickness differed (Table 5). This was unexpected, but may
be explained by the fact that the viscosity values of these samples were
very low, and therefore it may have been difficult to evaluate their
thickness.
Compared to the HVG, the differences among the scores of the
various attributes were smaller. In general, we saw effects similar to
those observed for the HVG: 1) SI systems scored low in perceived
dryness and mouthcoating, and 2) the polysaccharide type had an effect
on the mouthfeel attributes.
The distribution of samples and attributes in the PCA plot of LVG
(Fig. 9) was similar to that seen for the HVG (Fig. 7), although the
separation between the attributes creaminess, thickness and fattiness
and the attributes dryness, bitterness and mouthcoating was less clear.
Particularly, the two samples containing starch suspensions were clus
tered as one category, related to bitterness.
3.2.4. Correlation between physical properties and sensory attributes (LVG)
The physical properties of LVG samples were also correlated with the
evaluated sensory attributes. An overview of the correlation coefficients
is shown in Fig. 10. Similar to what was mentioned for HVG, creaminess
and thickness were inversely correlated with friction coefficients.
However, fattiness was not related to frictional parameters. Apparently,
at low viscosities, it was more difficult to distinguish differences in
fattiness. Overall, we saw the same correlations between the attributes
and the physical parameters we observed also for HVG.
As for HVG, the observed correlations did not improve when data
were obtained in presence of saliva (Fig. 10), confirming that also for
very low viscosity samples, the structure of the samples was still more
important than the interactions with saliva.
4. Conclusions
The rheological and tribological properties of model dairy-based
beverages were investigated and related to sensorial attributes. We
found that rigid polysaccharides (e.g. xanthan gum), compared to
polysaccharides with a flexible conformation (e.g. guar gum), showed
more depletion effects. These effects led to aggregation in emulsions
with rather stable oil droplets (whey protein-stabilized droplets), but
induced extensive coalescence in emulsions with relatively unstable
droplets (soy lecithin-stabilized droplets). As a result of both aggrega
tion and coalescence, friction coefficients increased. These results show
that good lubricants in single-component systems, such as xanthan, may
not provide good lubrication in multi-component systems due to struc
tural changes of the system. The microstructure of the mixed systems

Table 4
Slope, m, of frictional curves of HVG at the 4 regimes identified for this study.
Codes

m1

m2

m3

m4

WAXG
WAGG
WALC
WAHC
SIXG
SIGG

0.07
0.09
0.10
0.10
0.12
0.12

− 0.12
− 0.12
− 0.23
− 0.13
0.05
− 0.08

0.04
− 0.24
− 0.21
− 0.05
0.14
− 0.22

−
−
−
−
−
−

0.49
0.61
0.64
0.64
0.77
1.07
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Table 5
RATA mean intensity scores (nparticipants = 79) and SD of the attributes considered for the sensory evaluation of LVG dairy model beverages. Letters indicate significant
differences between samples (p < 0.05).
WALM

WAHM

WAGG (low)

WA25S

WA0S

SILM

SIGG (low)

Sweetness
Bitterness

2.78 ± 1.88b
1.81 ± 1.99abc

3.94 ± 1.81a
1.38 ± 1.46bc

2.90 ± 1.91b
2.39 ± 2.27a

2.71 ± 1.87b
2.13 ± 2.29ab

2.70 ± 1.88b
2.73 ± 2.52a

3.34 ± 1.89ab
0.97 ± 1.47c

3.46 ± 2.09ab
1.43 ± 1.66bc

Creaminess
Thickness
Fattiness
Slipperiness

3.63
3.19
3.42
3.15

4.24 ± 1.99a
3.18 ± 2.09a
3.58 ± 2.23a
3.32 ± 2.29ab

3.84 ±
3.14 ±
3.42 ±
3.68 ±

Dryness
Mouthcoating

4.43 ± 2.43a
4.27 ± 2.05a

4.23 ± 2.49a
4.39 ± 1.90a

3.95 ± 2.44a
4.51 ± 1.91a

± 1.99ab
± 1.91a
± 2.20a
± 2.23ab

1.92ab
2.02a
2.09a
2.23ab

3.10 ±
2.73 ±
2.85 ±
3.08 ±

1.98b
1.80ab
1.87a
2.28b

4.52 ± 2.65a
4.32 ± 2.30a

2.99 ±
2.70 ±
2.77 ±
3.11 ±

1.82b
1.75ab
1.71a
2.21ab

4.57 ± 2.29a
4.10 ± 2.05a

3.13 ±
2.22 ±
3.13 ±
3.78 ±

1.90b
1.61b
2.02a
2.34ab

2.01 ± 1.90b
2.99 ± 2.05b

3.06 ±
2.34 ±
3.09 ±
4.15 ±

1.73b
1.53ab
1.84a
2.20a

1.75 ± 1.64b
3.08 ± 1.90b

linked to sensorial attributes. Mixtures without aggregation (e.g. sam
ples containing guar gum), characterized by lower friction coefficients
in the entire speed range, resulted in more creamy, thick, and fatty
sensations. Mixtures with high level of aggregation or coalescence (e.g.
samples containing xanthan gum), represented by a large increase in the
friction coefficient at higher speeds, scored low with respect to cream
iness, thickness and fattiness. Not only the friction coefficients at a
specific speed, but also the variations of friction with speed were
correlated to specific sensory attributes. For example, slipperiness,
creaminess, thickness, and fattiness, were related at variations in fric
tion, but at different speed ranges. For dairy beverages containing
multiple components, it is recommended to have a homogeneous
microstructure to achieve better lubrication properties and increased
intensity scores for creaminess, thickness, and fattiness. Tribology can
be a valuable technique to check whether the structure of a product is
homogeneous enough to provide low friction coefficients throughout
consumption.
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Fig. 9. PCA biplot of LVG and sensory attributes determined using RATA
(nparticipants = 79). Circles with different colors indicate different group clusters.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

was more relevant for the lubrication properties and sensory perception
than the properties of the individual components.
In addition, we found that both friction coefficients and variations of
friction with speed (slope of friction curve) are parameters potentially

Fig. 10. Heatmap of correlation between physical properties of LVG and perceived sensory attributes determined using RATA (n
12

participants

= 79).
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