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ABSTRACT 22 

Understanding the oral processing of β-lactoglobulin (BLG)-stabilized emulsions is crucial for 23 

optimizing the physical and sensory attributes of colloidal food systems. This study investigates the 24 

tribological properties of BLG-stabilized emulsions and their mixtures with bovine submaxillary 25 

mucin (BSM) under various contact surfaces and testing conditions. Emphasis was placed on 26 

harmonizing tribological surfaces, including hydrophilic, hydrophobic, and roughened materials, to 27 

establish mechanistically supported generalized relationships under aligned testing conditions. 28 

Wettability measurements showed superior lubrication on hydrophilic steel surfaces, whereas 29 

hydrophobic materials (HDPE, PDMS, and rough PDMS) exhibited lower wettability and higher 30 

friction. Droplet size measurements using laser diffraction and optical microscopy revealed increased 31 

flocculation and the formation of larger droplet populations (~90 µm) upon BSM addition, indicating 32 

reduced emulsion stability. Pin-on-disk tribometry indicated increased coefficients of friction (COFs) 33 

in BSM-containing emulsions at low- and mid-speed regimes, likely due to hindered droplet 34 

entrainment and inter-droplet aggregation. At high speeds, COF differences diminished due to 35 

effective fluid entrainment. Investigations with various tribopairs revealed that hydrophobic and 36 

rough surfaces hindered fluid film formation, while hydrophilic–hydrophobic interfaces, such as 37 

steel–PDMS, enhanced lubrication even with mucin present. Mini-traction machine (MTM) tests 38 

demonstrated that BSM-containing emulsions maintained lubricity at high speeds under 39 

rolling/sliding conditions. However, insufficient viscosity and low contact pressure delayed the 40 

transition to elastohydrodynamic lubrication (EHL). These findings highlight the complex interplay 41 

between emulsion droplet size, surface characteristics, and mucin’s amphiphilic and flocculation-42 

promoting behavior in boundary lubrication. The study provides mechanistic insights into food 43 

tribology, aiding the design of emulsion-based food systems with improved mouthfeel and texture. 44 

Keywords: β-lactoglobulin, emulsion, tribology, friction, mucin, wettability, microstructure 45 
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1. Introduction 46 

Tribology has recently started to be established as a new approach to investigate oral processing 47 

of food in simulated oral environment (Chen & Stokes, 2012; Chen et al., 2014; Chojnicka-Paszun et 48 

al., 2012; Joyner Melito et al., 2014; Meyer et al., 2011; Prakash et al., 2013; Selway & Stokes, 2013; 49 

van Aken, 2013; Vardhanabhuti et al., 2011). Traditionally, rheological properties of foods have been 50 

correlated with some aspects of perceived texture in the mouth. However, bulk rheological properties 51 

alone do not represent all the in-mouth sensory properties for many soft-solid foods (Malone et al., 52 

2003). Since food hydrocolloids and emulsions are often squeezed between moving surfaces such as 53 

the tongue and palate (or food substrate and palate) during eating, the texture or oral perception of 54 

food is related to its thin film rheological behavior as well as to its bulk properties (Chojnicka-Paszun 55 

et al., 2012; Malone et al., 2003; Meyer et al., 2011; Prakash et al., 2013; Selway & Stokes, 2013; 56 

Vardhanabhuti et al., 2011). Food tribology is becoming a prominent quantitative approach in 57 

numerous food physics laboratories worldwide. This technique involves assessing friction in the 58 

presence of model food structures such as aqueous hydrogels, emulsions, emulsion gels, micro-gels, 59 

as well as actual food products (Sarkar & Krop, 2019). Friction responses in food tribology depend 60 

on the surfaces in contact, applied load, and lubricant used etc. Apparently, the tribopairs in food 61 

tribology should represent various components of oral cavity involved in oral food consumption, such 62 

as tongue, teeth, or palate. However, replicating the soft, mucous-coated surface of the human tongue 63 

with common engineering materials poses challenges. An alternative is to employ animal tongues, 64 

such as pig tongues; while pig tongues share similar properties with human tongues, their use is 65 

limited by variability and rapid degradation (Sarkar et al., 2019). Harmonizing tribological surfaces 66 

and testing conditions is needed to develop generalized mechanistic relationships. 67 

We are particularly interested in food emulsions in the context of food tribology because emulsion 68 

is important not only in food systems, such as salad dressing, but is also a long-standing subject in 69 
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engineering tribology (Shewan et al., 2020). In the context of oral processing of food emulsions in 70 

simulated oral environment, saliva–emulsion interactions are anticipated to play an important role in 71 

understanding emulsion perception (van Aken et al., 2007). As both emulsions and saliva are intricate 72 

systems, applications of tribology techniques were started with quantitative characterization of the 73 

lubricating properties of the fluids involving saliva/model saliva and food proteins (Çelebioğlu et al., 74 

2016; Vardhanabhuti et al., 2011; Çelebioglu et al., 2020). 75 

Beta-lactoglobulin (BLG) stands out as a highly significant and extensively researched protein 76 

within dairy food systems. It serves as the predominant whey protein, making up over 50% of the 77 

total whey proteins present in bovine milk and commonly used as an emulsifier (Zúñiga et al., 2010). 78 

BLG is a crucial protein for nutritional intake during digestion and plays a pivotal role in shaping the 79 

physical and sensory characteristics of colloidal food systems, including emulsion stability, 80 

creaminess, and flavor release rate.  81 

Human saliva is primarily composed of water (99.5%), various proteins (0.3%), small organic 82 

compounds, and inorganic salts, with a pH of approximately 6.8 (Zalewska et al., 2000). The main 83 

non-water component of saliva is mucin, a group of large extracellular glycoproteins composed of a 84 

linear polypeptide core with a highly glycosylated central part (Bansil & Turner 2006). Mucin is 85 

primarily responsible for the slipperiness of saliva and plays a crucial role in food oral processing and 86 

digestion, as it interacts with food components and affects sensory and textural properties (Svensson 87 

& Arnebrant, 2010). 88 

Bovine submaxillary mucin (BSM) is commonly used as a model mucin in oral tribology studies 89 

due to its structural and functional resemblance to human salivary mucins, particularly MUC5B 90 

(Çelebioğlu et al., 2016; Sarkar et al., 2019). While whole human saliva is more relevant to actual 91 

oral processing, it is an extremely complex biological fluid, making it difficult to isolate and track the 92 

contributions of specific molecular components such as mucins. To overcome this complexity and 93 
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improve experimental reproducibility, BSM is often selected as a simplified model to study mucin-94 

related lubrication and interfacial interactions (Bongaerts et al., 2007; Sarkar et al., 2010). BSM is 95 

commercially available in a relatively purified form and exhibits a high degree of glycosylation and 96 

net negative charge at physiological pH, mimicking key physicochemical features of native salivary 97 

mucins under oral conditions. 98 

The interactions of mucin with BLG have recently been investigated using spectroscopy, rheology, 99 

adsorption, and tribology (Çelebioğlu et al., 2015, 2016; Yılmaz et al., 2021). These studies revealed 100 

that BLG-mucin interactions significantly alter protein conformation, with pH influencing the 101 

stability and modulus of interfacial networks. Competitive displacement of BLG by mucin affects the 102 

viscoelastic properties of these layers. 103 

In the present study, the tribological and physicochemical properties of a model mucus, namely 104 

highly concentrated negatively charged BSM, with the negatively charged BLG-stabilized emulsions 105 

(at pH 6.8) were investigated as an attempt to understand the physicochemical basis of the oral 106 

processing of BLG-stabilized emulsions. A main focus of this study was to investigate the influence 107 

of the composition of the emulsions, in particular, the oil:water ratio, BLG:oil ratio, and the effect of 108 

mucin. A unique feature of tribological parameters focused on this study was to vary the contacting 109 

interface in terms of hydrophilicity, hardness, and surface roughness by performing experiments at 110 

different tribopairs. 111 

 112 

2. Materials and methods 113 

2.1 Sample preparation 114 

BLG from bovine milk was purchased from Sigma-Aldrich (L0130, Sigma-Aldrich A/S, Brøndby, 115 

Denmark) and BSM was purchased from Merck Millipore (M3895, Merck KGaA, Darmstadt, 116 

Germany) and both were used as received. Model mucus was formulated by utilizing BSM protein in 117 
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10 mM phosphate-buffered saline (PBS) at pH 6.8 to reach a final protein concentration of 3% (w/v) 118 

and stirring for 30 minutes at room temperature. 119 

Emulsions were prepared using BLG protein solution and sunflower oil. A protein stock solution 120 

(1% w/v; 1 g BLG per 100 mL) was prepared by dispersing BLG in 10 mM PBS at pH 6.8 and stirring 121 

for 30 minutes at room temperature. To prepare BLG-stabilized emulsions, sunflower oil was initially 122 

added slowly to the protein solution while mixing with an Ultra-Turrax homogenizer (DI 25 basic; 123 

IKA-WERKE, Staufen, Germany) at a low speed (6,000 rpm). After all the sunflower oil had been 124 

added, the mixture was homogenized with the Ultra-Turrax at a high speed (20,000 rpm) for 30 125 

minutes. A water bath was used during mixing to maintain a stable temperature (25C), and sodium 126 

azide (0.02%) was added to prevent microbial growth. 127 

To investigate the influence of adding model mucus on BLG-stabilized emulsions, BLG-stabilized 128 

emulsions have been prepared at different oil and protein concentrations. Afterwards, each BLG-129 

stabilized emulsion was mixed with model mucus (3% (w/v) BSM solution) in such a way that the 130 

concentration ratio of BLG to BSM in the mixture was 1:1. In addition, to investigate the effect of 131 

adding mucin to emulsion, a BSM-added emulsion was also prepared using the same emulsion 132 

preparation formula as mentioned above. Lastly, reference samples, including sunflower oil, 1% 133 

(w/v) BLG solution, and 1% (w/v) BSM solution, were prepared for control purposes. PBS, used in 134 

the preparation of protein solutions, was measured independently and used as a reference. All the 135 

samples used, and their corresponding composition and/or preparation methods are listed in Table 1. 136 

 137 

Table 1. Sample Notation and Corresponding Composition/Preparation Methods 138 

Sample notation Composition/Preparation of the samples 

EB20 EB20 refers to an emulsion containing 20% v/v sunflower oil and 80% v/v 

water phase. The water phase is prepared as a 1% w/v BLG solution using PBS. 

Accordingly, the ratio of BLG protein to oil in the emulsion is 1:25 w/v. 
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EB20+M EB20+M is the EB20 emulsion with 3% w/v BSM solution added. 

EB30 EB30 refers to an emulsion containing 30% sunflower oil and 70% water 

phase. The water phase is prepared as a 1% w/v BLG solution. Accordingly, 

the ratio of BLG protein to oil in the emulsion is 1:43 w/v. 

EB30* EB30* is an emulsion with 30% sunflower oil and 70% water phase, like EB30. 

The water phase is a 1.71% w/v BLG solution to achieve a BLG to oil ratio of 

1:25 w/v, matching EB20's protein to oil ratio. 

EB30+M EB30+M is the EB30 emulsion with 3% w/v BSM solution added. 

EB30*+M EB30*+M is the EB30* emulsion with 3% w/v BSM solution added. 

EM20 EM20 refers to an emulsion containing 20% sunflower oil and 80% water 

phase, like EB20. However, the water phase is prepared as a 1% w/v BSM 

solution. The BSM to oil ratio is 1:25 w/v. 

BLG 1% w/v BLG solution 

BSM 1% w/v BSM solution 

PBS 10 mM phosphate-buffered saline at pH 6.8 

 139 

2.2 Tribology 140 

Tribological properties of emulsions in this study have been conducted by employing 141 

combinations of various materials as tribopairs, including PDMS, HDPE, and steel. In particular, 142 

PDMS was fabricated to display very flat or rough surfaces to explore the influence of surface 143 

roughness. As both bulk mechanical properties (elasticity modulus and Poisson ratios) and surface 144 

roughness are critical parameters to affect the tribological properties, the values for tribopairs in 145 

tribometry experiments are listed in Table 2. 146 

In addition, Hertzian contact pressure and composite surface roughness for the tribopairs in this 147 

study (including both PoD and MTM experiments below) are presented in Table 3. The surface 148 

roughness of roughened PDMS pin and disk, steel ball and HDPE ball for MTM was characterized 149 

with a laser profilometer by acquiring Ra values over 100 m  100 m.  Pin (PoD, rough). The 150 

surface roughness of other materials as cited from previous studies (see Table 2). 151 

 152 

Table 2. Elasticity modulus, Poisson ratio, and surface roughness (Ra) of tribopair materials 153 
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 Elasticity modulus 

(GPa) 

Poisson ratio 

 

Surface roughness 

(Ra, nm) 

PDMS 

Pin (PoD, smooth) 

Disk (PoD, smooth) 

Pin (PoD, rough) 

Disk (PoD, rough) 

Disk (MTM) 

0.002a 

 

0.5a 

 

 

2  0.5a 

0.5  0.2a 

4413  473b 

4836  102b 

0.5  0.2b 

Steel 

Pin (PoD) 

Ball (MTM) 

 

203c 

203c 

 

0.3c 

0.3c 

 

32c 

11c 

HDPE 

Ball (MTM) 

 

1d 

 

0.42d 

 

527  143b 

*a: (Lee and Spencer, 2005); b: laser profilometry; c: (Lee et al., 2003); d: (Lewis, 2003) 154 

 155 

Table 3. Maximum contact pressure (under 1 N for PoD and 2 N for MTM) and composite surface 156 

roughness of the tribopairs in this study. 157 

Tribopairs Hertzian Contact Pressure 

(MPa) 

Composite surface Roughness 

(nm) 

PoD 

Smooth PDMS-PDMS 

Roughened PDMS-PDMS 

Steel-PDMS 

 

0.3 

0.3 

1.1 

 

2.06 

6546 

32 

MTM 

HDPE/PDMS 

Steel/PDMS 

 

0.3 

0.3 

 

11 

527 

 158 

2.2.1 Pin-on-disk tribometry 159 

Lubricating properties of the emulsions, emulsion-mucin mixtures, and protein solutions at sliding 160 

contacts were characterized by pin-on-disk tribometry (PoD) (CSM, Peseux, Switzerland). In this 161 

approach, a loaded spherical pin is allowed to form a contact on a plane disk. The motor-driven 162 

rotation of the disk generates interfacial friction forces between the pin and the disk. The applied load 163 
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is controlled by dead weight and the friction forces generated during sliding contact are monitored by 164 

a strain gauge. The coefficient of friction, µ, is defined from the relationship; 165 

 166 

µ = Ffriction/Fload 167 

 168 

where Ffriction is the interfacial friction force and Fload is the load applied by dead weight. 169 

Initially, ‘smooth’ PDMS was chosen as the tribopair for both pin (6 mm in diameter) and disk (30 170 

mm in diameter and 5 mm in thickness). The pin and disk from PDMS were prepared with the PDMS 171 

kit (Sylgard 184, Dow Corning) according to a procedure described by Nikogeorgos et al. (2014). For 172 

smooth PDMS disk, the side exposed to air during curing was used. In addition to PDMS-PDMS 173 

tribopair, roughened PDMS pin and disk, and steel pin and PDMS disk were used as tribopairs. 174 

Roughened PDMS pins and disks were prepared by roughening the corresponding templates by 175 

means of sandblasting and the sides exposed to roughened surfaces of templates were used. To 176 

investigate the speed-dependent and load-dependent behavior of emulsions, a sliding speed range of 177 

0.25 – 100 mm/s and loads of 1, 2, 5, 7, and 10 N were selected, respectively. The friction force data 178 

were collected for 100 rotations at room temperature (25 °C) and the tests were repeated multiple 179 

times. For each measurement, a tribopair of PDMS-PDMS (or any PDMS surface) was used only 180 

once and discarded to avoid cross contamination between measurements. However, steel pins were 181 

used again after cleaning. Steel pins were cleaned by means of ultrasonication in ethanol for 15 min. 182 

Steel pins/balls were further cleaned with a plasma cleaner (2 min, high power, Harrick Plasma) and 183 

used immediately after plasma treatment. 184 

 185 

2.2.2 Mini traction machine (MTM) 186 
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Lubrication properties of the emulsions were characterized at mixed rolling/sliding contacts over 187 

a wider and higher speed range (mean speed, 10 – 1,200 mm/s) by means of a mini-traction machine 188 

(MTM, PCS Instruments Ltd., UK) too. Mixed rolling/sliding contacts are provided with MTM by 189 

independent rotation of ball and disk. The mean speed is defined as [|speedball - speeddisk|/2]. The 190 

slide/roll ratio (SRR) is defined as SRR = (|speedball - speeddisk|)/[(speedball + speeddisk)/2] × 100%, 191 

where 0% SRR represents pure rolling and 200% SRR represents pure sliding. In this study, SRR of 192 

20% was employed in all measurements. Tests were conducted at room temperature (25 °C) with the 193 

tribopair consisting of HDPE ball–PDMS disk and steel ball–PDMS disk. The PDMS disks were 194 

prepared from the two-component silicone kit (Sylgard 184, Dow Corning), which was mentioned 195 

above, as well. A thick PDMS slab (ca. 5 mm) was cast on top of a steel disk (ca. 5 mm) for each 196 

sample. HDPE balls were purchased from a supplier (19.05 mm (¾ inch) in diameter, Precision 197 

Plastic Ball Co., IL) and were used as received. The steel ball (AISI 52100) was purchased from PCS 198 

Instruments. For each measurement, a new PDMS disk was employed, whereas the same HDPE and 199 

steel balls were used after cleaning as described above. The mechanical properties (elasticity modulus 200 

and Poisson ratio) of the tribopair materials are presented also in Table 2.  201 

While the tribological surfaces used in this study did not replicate the papillae-like microstructure 202 

of the tongue, they were carefully selected to represent a range of hydrophilic, hydrophobic, and 203 

rough surface conditions. Simplified tribo-pair surfaces remain widely used in recent food tribology 204 

studies and offer reproducible platforms for formulation screening under controlled conditions (Kew 205 

et al., 2021; Hong et al., 2024; Du and Meng, 2023; You et al., 2023). 206 

 207 

2.3 Contact angle – goniometer 208 



 

 

11 

 

Contact angle measurements were performed with a goniometer (Model Raméhart 200, 209 

Succasunna, NJ) and running software version 2.4.11. Static contact angles by distilled water were 210 

measured by applying a 5 µL droplet onto surfaces.  211 

 212 

2.4 Rheology 213 

The viscosity of the samples was examined using a controlled stress HAAKE™ MARS™ 214 

rheometer (Thermo Scientific Inc., Germany). Flow measurements using a coaxial cylinder set-up 215 

were performed in which the shear rate was increased from 10 to 100 s-1. All measurements were 216 

carried out at room temperature (25 °C). 217 

 218 

2.5 Droplet size and distribution 219 

Droplet size distributions of the emulsions and emulsion-mucin mixtures were determined using a 220 

laser diffraction particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., UK). 221 

Measurements were performed at room temperature, and data were reported as volume-weighted 222 

mean diameters (D[4,3]). 223 

Additionally, optical microscopy (Olympus U-LH100–3 microscope, Olympus Corporation, 224 

Tokyo, Japan) was used to visually assess the size and morphology of emulsion droplets before and 225 

after mucin addition. 226 

 227 

2.6 Statistical Analysis  228 

Data obtained in this study were expressed as the mean ± standard deviation of triplicate 229 

measurements. Data were statistically analyzed using SPSS software (version 28, IBM SPSS Inc., 230 

Armonk, NY, USA) with significance established at p < 0.05. 231 

 232 
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3. Results and Discussion 233 

3.1. Wettability of emulsion-mucin systems on different contact surfaces 234 

Wettability is a fundamental property that governs the interaction between liquid and solid 235 

surfaces, playing a critical role in understanding fluid behavior and surface compatibility. Measuring 236 

static contact angles provides valuable insights into how emulsions and emulsion-mucin mixtures 237 

interact with various surfaces, which is essential for evaluating their spreading, adhesion, and stability 238 

characteristics. To characterize this behavior, static contact angles of the emulsions and emulsion-239 

mucin mixtures were measured, as summarized in Table 4. The wettability of the emulsion samples 240 

varied significantly across the tested surfaces, with the lowest contact angle values observed on the 241 

steel surface. This behavior cannot be solely attributed to steel’s hydrophilicity, as steel’s unique 242 

property allows it to be wetted by both oil and water. This feature facilitates better fluid spreading 243 

and the formation of a continuous liquid film, contributing to uniform surface coverage.  244 

In contrast, the hydrophobic surfaces, HDPE, PDMS, and rough PDMS, exhibited higher contact 245 

angles, reflecting lower wettability compared to steel. Among these hydrophobic surfaces, HDPE 246 

showed slightly better wettability, as evidenced by lower contact angle values compared to PDMS 247 

and rough PDMS. The similar contact angle values for PDMS and rough PDMS suggest that surface 248 

roughness did not significantly influence wettability; however, the slightly higher values for rough 249 

PDMS indicate that surface roughness may have amplified the hydrophobic effect without completely 250 

altering the spreading behavior of the emulsions. 251 

 252 

Table 4. Contact angles of different emulsion droplets and their mucin mixtures on different 253 

tribopair surfaces 254 

Surface Sample Contact Angle (°) 

PDMS Water 100±1.5 

EB20 87.1±2.8 
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EB20+M 92.0±1.5 

EB30 91.0±1.7 

EB30+M 89.7±2.2 

HDPE 

 

Water 90±1.5 

EB20 61.0±2.1 

EB20+M 59.8±2.5 

EB30 56.3±2.8 

EB30+M 57.5±2.4 

Rough PDMS 

 

Water  110±1.5 

EB20 91.5±1.2 

EB20+M 89.4±1.9 

EB30 91.9±1.3 

EB30+M 90.7±1.8 

Steel 

 

Water 65±1.5 

EB20 3.7±3.1 

EB20+M 12.1±4.2 

EB30 18.0±4.7 

EB30+M 17.1±5.1 

 255 

3.2 Droplet size and microstructure of emulsions and emulsion-mucin mixtures 256 

The assessment of droplet size and microstructure is crucial for understanding the fundamental 257 

stability and morphology of emulsions and emulsion-mucin mixtures. These measurements provide 258 

insight into the effects of mucin addition on emulsion characteristics, such as droplet size distribution, 259 

flocculation, and coalescence, which directly influence their physical behavior and overall stability. 260 

The volume-based droplet size distributions of the oil-protein emulsions with and without mucin 261 

(BSM) are presented in Fig. 1. Two major peaks, one in ca. 0.05–1.00 μm and the other in ca. 10–262 

100 μm, were observed. The smaller droplet population was observed in the EB30 and EB30* 263 

emulsions with a peak maximum around 0.1 μm, and in EB20 with a peak maximum around 0.2 μm. 264 

Upon addition of BSM, the major small-sized droplets disappeared and larger droplet populations 265 

(10–200 μm, with a peak maximum around 90 μm) emerged instead. The distribution was somewhat 266 

narrower for EB20+M compared to EB30 and EB30*. Lastly, it should be noted that minor 267 
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populations of smaller droplets (0.05–20 μm) and larger droplets (1–80 μm) were still present across 268 

all samples, reflecting the inherent inhomogeneity in droplet size. 269 

Upon the addition of BSM, the emulsions exhibited a main peak around 90 μm, which is 270 

significantly larger than typical BSM or BSM clusters. BSM typically ranges in size from 0.1 to 1 271 

μm, as shown in previous studies where BSM (catalog number M3895) was used as received, and a 272 

mucin solution was prepared in 30 mM NaCl (Bastardo et al., 2002). Thus, these data support that 273 

BSM molecules are either at the interface between water and oil droplets acting as an emulsifier or 274 

promoting flocculation between droplets (Sarkar et al., 2010). Additionally, a small portion of BSM 275 

may exist in the aqueous phase, as indicated by minor peaks in the 0.1–1 μm range, also shown in 276 

Fig. 1. 277 

In parallel with the laser diffraction-based size distribution measurements, droplet morphology 278 

was examined using microscopy (Fig. 2). These images show a somewhat broader droplet size 279 

distribution in EB20+M compared to EB20. However, a more striking difference is the enhanced 280 

emulsion flocculation induced by mucin. Although the size of aggregated or flocculated droplets in 281 

EB20+M is difficult to quantify due to their irregular shapes, the enhanced flocculation likely reduces 282 

Brownian motion and contributes to the observed increase in larger droplet populations (around 90 283 

μm) (Fig. 1). 284 

There are several reasons why oil droplets increase in size upon the addition of BSM (Fig. 1 and 285 

Fig. 2). Firstly, if BSM acts at the interface in place of BLG, its larger molecular size and bulk may 286 

yield larger droplets. Secondly, BSM's higher molecular weight compared to BLG results in lower 287 

mobility, which may impair the formation of smaller droplets and facilitate coalescence. 288 

Mucin has film-forming properties, and its introduction might result in the creation of an additional 289 

layer around emulsion droplets. This mucin film could modify the interactions between droplets, 290 

potentially promoting aggregation and leading to larger droplet sizes. Moreover, BLG is known to be 291 
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sensitive to changes in pH and ionic strength (Majhi et al., 2006). The addition of mucin may 292 

influence the electrostatic balance at the droplet interfaces, reducing repulsive forces and facilitating 293 

droplet aggregation. Although this suggests that electrostatic interactions play a role, the dominant 294 

mechanism governing these changes remains uncertain due to the complex nature of the system’s 295 

charge distribution. Sarkar et al. (2010) reported that the addition of porcine gastric mucin (PGM, 296 

Type III, bound sialic acid 0.5–1.5%), which carries a net negative charge at neutral pH, caused 297 

increased flocculation, despite the fact that BLG-stabilized emulsion droplets are also negatively 298 

charged at this pH. This indicates that the observed flocculation is unlikely due to simple electrostatic 299 

attraction and may rather involve depletion flocculation or mucin-mediated bridging effects. In 300 

addition to electrostatic interactions, the observed flocculation upon mucin addition may also be 301 

influenced by depletion attraction and bridging mechanisms, as mucin is a highly charged anionic 302 

polyelectrolyte. According to classical colloid theory and recent findings (Dickinson, 2019; Feng et 303 

al., 2023), the presence of non-adsorbing high molecular weight polymers in the continuous phase 304 

can induce attractive forces between droplets by generating an osmotic pressure imbalance. This 305 

depletion force can overcome long-range electrostatic repulsions and lead to accelerated aggregation 306 

or network formation in emulsion systems. Such interactions have been well-documented in O/W 307 

emulsions stabilized by proteins and polysaccharides (Han et al., 2024). Therefore, it is plausible that 308 

BSM not only contributes to interfacial adsorption but also facilitates droplet flocculation via 309 

depletion attraction and bridging, resulting in the formation of larger droplet aggregates as observed 310 

in both droplet size distribution and microscopy images. 311 

Furthermore, it is plausible that BSM not only contributes to interfacial adsorption but may also 312 

facilitates droplet flocculation via depletion attraction and bridging, resulting in the formation of 313 

larger droplet aggregates as observed in both droplet size distribution and microscopy images 314 

(Ritzoulis et al., 2012). Another study demonstrated that negatively charged mucin (PGM) readily 315 
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interacted with positively charged lactoferrin-stabilized emulsion droplets, achieving a mucin 316 

coverage of approximately 1 mg/m². In contrast, for BLG-stabilized emulsions, which also bear a net 317 

negative charge at pH 6.8, mucin coverage was lower (0.6 mg/m² surface load) under the same 318 

conditions, suggesting weaker interactions (Sarkar et al., 2009). While BLG-stabilized emulsions 319 

remained stable, depletion flocculation was observed at higher mucin concentrations (≥1.0 wt%) 320 

(Sarkar et al., 2009). Given these findings, BSM appears to act primarily by stabilizing emulsions 321 

through interfacial and flocculation-related mechanisms (e.g., steric hindrance or bridging), rather 322 

than by significantly reducing interfacial tension like classical low-molecular-weight surfactants. 323 

 324 

3.3 Boundary lubricating properties: pin-on-disk tribometry 325 

3.3.1 Influence of model mucus on the speed dependent lubricating properties of emulsions 326 

The coefficients of friction (COFs) for the sliding contacts of PDMS-PDMS in different emulsion 327 

samples were measured using a PoD at various loads (1, 2, 4, 6, 8, and 10 N). The results showed that 328 

all emulsions exhibited no meaningful dependence on the applied load (data not shown). Therefore, 329 

subsequent tribological measurements, focused on speed dependency, were conducted under a 330 

constant load of 1 N for all samples. 331 

Fig. 3 illustrates the COFs of the smooth PDMS-PDMS tribopair in emulsions, emulsion-mucin 332 

mixture systems, and control fluids across varying speeds (from 0.25 to 100 mm/sec) under a 1 N 333 

load. Fig. 3a presents the changes in the COFs as a function of speed for BLG-stabilized emulsions 334 

and their mixtures with BSM. The data indicate that all emulsions exhibit similar COFs profiles, with 335 

a decrease beginning from at around 0.5 to 1 mm/sec, followed by a plateau extending to 100 mm/sec. 336 

Upon adding mucin to the emulsions, a significant increase in their COFs was observed in the low- 337 

and mid-speed ranges. However, the COFs of the emulsion-BSM mixtures rapidly decreased as the 338 

speed increased and thus the difference between emulsions with or without mucins disappeared in the 339 
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high-speed regime ( 50 mm/sec). This is ascribed to effective entrainment of fluids at very high 340 

speeds.  341 

These lubrication trends can be further understood by considering the interplay between wettability 342 

(Section 3.1) and microstructure (Section 3.2). The superior wettability of emulsions on hydrophilic 343 

surfaces promotes fluid spreading and film formation, which can reduce COFs in boundary 344 

lubrication regimes, as will be discussed below (Section 3.3.2). However, on hydrophobic surfaces, 345 

such as PDMS, the limited wettability hinders fluid-film formation, resulting in higher COFs. 346 

Additionally, the microstructural changes induced by mucin—particularly the formation of larger, 347 

flocculated droplets—contribute to reduced droplet mobility and hindered entrainment into the 348 

contact zone during sliding. These combined factors can explain the higher COFs observed for 349 

emulsion-mucin mixtures at low-to-mid speeds. At high speeds, fluid entrainment becomes dominant, 350 

and the effects of surface wettability and microstructure diminish, resulting in similar COFs for 351 

emulsions with and without mucin. 352 

The contributions of individual components to these behaviors were further explored in Fig. 3b 353 

and Fig. 3c. Fig. 3b compared the COFs of all reference fluid, while Fig. 3c evaluated the lubricating 354 

behavior of EM20 (an emulsion prepared with BSM instead of BLG) to examine the influence of 355 

mucin without BLG. 356 

The results show that the COF changes of BLG-stabilized emulsions were very similar to those of 357 

sunflower oil, which supports that the oil component of the emulsion was primarily responsible for 358 

lubrication at the tribological interface, even in oil-in-water (O/W) emulsions although water is the 359 

dominant phase. In contrast, water-based fluids without oils, including PBS and BLG solution, did 360 

not effectively lubricate hydrophobic surfaces such as PDMS. Poor lubricity of BLG as aqueous 361 

lubricant additive has been demonstrated in our previous study too (Çelebioğlu et al., 2016). Although 362 

BLG is amphiphilic, it lacks distinct hydrophobic patches or hydrophilic blocks due to too small 363 
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molecular weight and size and thus does not contribute to the aqueous lubrication of PDMS-PDMS 364 

tribological interface. On the other hand, mucin is an effective additive for aqueous lubrication, 365 

particularly for hydrophobic interfaces (Lee at al., 2005). It is notably efficient at lubricating 366 

hydrophobic and soft surfaces like PDMS-PDMS. The superior lubricity of BSM aligns with previous 367 

studies that demonstrate its effective boundary lubrication at a PDMS-PDMS interface, even under 368 

much lower load and speed (Çelebioğlu et al., 2016; Nikogeorgos et al., 2014).  369 

Nevertheless, the addition of BSM to emulsions rather deteriorated their lubricating properties 370 

(Fig. 3a). First of all, this implies that the added BSM molecules do not effectively migrate and adsorb 371 

onto the PDMS–PDMS interface to reduce the friction in the emulsions. As mentioned above, this is 372 

likely due to the tribological interface being dominated by the oil phase. Secondly, it is important to 373 

note that the COFs of emulsions rather increased, as opposed to being simply unaffected, upon 374 

addition of BSM. One possible explanation is that BSM, being amphiphilic, may act as a 375 

macromolecular emulsifier, potentially altering the stabilization of oil droplets. Although we did not 376 

directly measure interfacial displacement or competitive adsorption in this study, it is possible that 377 

BSM could associate with or partially replace BLG at the oil–water interface, resulting in altered 378 

interfacial composition and droplet interactions. Both mucin and BLG are known to exhibit interfacial 379 

activity at the oil–water interface, though they differ in their mechanisms. Mucin, due to its 380 

amphiphilic and highly glycosylated structure, can act as a surface-active agent, reducing interfacial 381 

tension and forming a viscoelastic film that stabilizes emulsions (Shi et al., 1999; Vingerhoeds et al., 382 

2005; Chang and McClements, 2016).  In contrast, BLG stabilizes emulsions primarily by adsorbing 383 

at the interface and forming a structured protein film, whose properties depend on its conformation 384 

and interactions with other components (Sarkar et al., 2009; Sarkar et al., 2010; Zhai et al., 2011). 385 

The interplay between mucin and BLG at the interface may affect interfacial structure, droplet size 386 

distribution, and consequently, lubrication behavior (Brown et al., 2021).  387 
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Previous studies have shown that mucins exhibit interfacial activity and may adsorb at oil–water 388 

interfaces, though their adsorption behavior and competitive dynamics with globular proteins such as 389 

BLG are still under investigation (Sarkar et al., 2016; Nikogeorgos et al., 2015; Sarkar & Krop, 2019; 390 

Çelebioğlu et al., 2017). Alternatively, BSM may act as a bridging agent between emulsion droplets, 391 

promoting flocculation (Sarkar et al., 2010). In either case, such interactions could increase the 392 

average droplet size (see Section 3.2) and hinder the entrainment of oil droplets into the contact zone 393 

during sliding. The observation that EM20 in Figure 3c exhibited a similar trend to the emulsion–394 

mucin mixtures, although with overall slightly lower COF values, further supports BSM’s role in 395 

altering the interfacial and structural properties of the emulsions (Fig. 3c). 396 

Although friction coefficients appeared largely independent of applied normal load (1–10 N), this 397 

observation is based solely on tribological measurements. Post-friction microstructural analysis of 398 

the emulsions was not performed in the present study and would be necessary to determine whether 399 

structural destabilization or droplet coalescence occurred under higher mechanical stress. Similarly, 400 

in BSM-containing emulsions where increased droplet size was associated with higher COFs, it 401 

remains possible that partial rupture of large droplets occurred during sliding, potentially altering 402 

lubrication behavior through oil release. These mechanisms cannot be confirmed within the scope of 403 

the current study but represent important directions for future investigation. 404 

 405 

3.3.2 Influence of contact interfaces 406 

In order to investigate the influence of material parameters of tribopairs, such as surface roughness, 407 

surface hydrophilicity, and bulk mechanical properties, several different tribopairs were employed. 408 

In addition to the contact pressure and composite surface roughness shown in Table 3, the contact 409 

angles of the tribopair surfaces with the emulsion samples were presented in Table 4.  410 
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Firstly, the smooth PDMS pin and disks were switched with a roughened pair. No change in bulk 411 

mechanical properties is expected, but a slight increase in surface hydrophobicity is observed due to 412 

increased surface roughness on hydrophobic surface (Sabbah et al., 2016). The load and speed were 413 

identical to those for smooth PDMS-PDMS interface. Different emulsions and each of their BSM 414 

mixture (see Table 1) are shown separately in Fig. 4a, 4b, and 4c, while the reference liquids are 415 

shown in Fig. 4d. 416 

In general, surface roughness has two opposing effects on the friction forces of hydrophobic 417 

interface. Firstly, as the hydrophobic interaction between two surfaces across contacting area, i.e., 418 

adhesion, can contribute to the friction forces, surface-roughening may reduce the adhesion and 419 

friction forces due to reduced real area of contact. On the contrary, shear strength can increase for 420 

roughened surfaces due to increasing asperity contacts. Furthermore, the possibility of forming fluid 421 

lubricants at the interface is retarded at roughened interface (see below for further discussion).  422 

The findings from Section 3.1 on wettability provide valuable context for understanding the 423 

lubrication behavior discussed in this section. Surfaces with high hydrophilicity, such as steel, 424 

demonstrated superior wettability (low contact angles) and correspondingly lower COFs, indicating 425 

effective fluid-film formation and lubrication. Conversely, hydrophobic surfaces like PDMS and 426 

rough PDMS, which showed high contact angles, exhibited inhibited fluid spreading and retarded 427 

fluid-film formation, leading to increased COFs dominated by asperity contacts. These results 428 

highlight the critical role of surface hydrophilicity and roughness in governing both wettability and 429 

lubrication performance of emulsion and emulsion-mucin systems. 430 

Additionally, the destabilizing effect of mucin, as observed in Section 3.2, is exacerbated in 431 

modulating lubrication for roughened surfaces. The larger, flocculated droplets in emulsion-mucin 432 

mixtures become even more difficult to entrain into the contact zone leading to increased friction. 433 

This effect is particularly prominent at low speeds, where boundary lubrication dominates, and fluid 434 
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entrainment is minimal. On smooth PDMS surfaces, the smaller asperity contacts combined with 435 

lower surface roughness allow for improved droplet entrainment and spreading, partially mitigating 436 

the destabilizing effects of mucin. However, the influence of mucin remains evident, as flocculation 437 

hinders the mobility of droplets, reducing their ability to lubricate the interface effectively. 438 

Which factor plays the more dominant role depends on the detailed hydrophobicity and surface 439 

roughness. In this study, in comparison to the smooth PDMS-PDMS tribopairs, no significant 440 

differences were observed in the COF vs speed plots for reference liquids (Fig. 4d). Nonetheless some 441 

noticeable changes were observed from the emulsion samples and their mixtures with BSM. For 442 

instance, the COFs did not substantially decrease with increasing speed for EB20 (Fig. 4a) and rather 443 

increased for EB30 and EB30* (Fig. 4b and 4c). Moreover, for all the emulsion samples, mixing with 444 

BSM did not lead to any appreciable changes in COFs. For all the possible effects from surface 445 

roughening mentioned above, the retarded formation of fluid formation appears to be the most 446 

dominant in this case. It is stressed that the activation of fluid-film lubrication is not determined by 447 

the fluid film thickness alone, but also by composite surface roughness, 𝑠 = √𝑠𝑏𝑎𝑙𝑙2 + 𝑠𝑑𝑖𝑠𝑘2  where s 448 

= composite surface roughness, sball = surface roughness of ball, sdisk = surface roughness of disk, as 449 

well; normally, it is accepted that the fluid film lubrication is activated when the fluid film thickness 450 

is at least 3 times higher than the composite surface roughness (Hutchings and Shipway, 2017) and 451 

the required ratio could be even larger for elastic interfaces (De Vicente et al., 2006). As shown in 452 

Table 2 and 3, the roughened PDMS pin and disk have a Ra value of ca. 4.4-4.8 m that the composite 453 

surface roughness is more than 3,000 times higher than that of smooth PDMS-PDMS contact. A fluid 454 

film possibly formed between this roughened pair of PDMS surfaces is practically ignorable and thus, 455 

the roughened PDMS-PDMS interface is most likely to be dominated by asperity contacts over the 456 

entire speed range even in fluid solution. This can account for a solid-like contact characteristics, 457 

namely increasing COF with increasing speed, for rough PDMS-PDMS interface. Moreover, as fluid 458 
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does not contribute to the lubrication, whether the droplets are stabilized by BLG or mucin, or even 459 

BLG/mucin together, the influence of adding BSM into the BLG-stabilized emulsion becomes also 460 

ignorable. 461 

Since EB20, EB30, and EB30* showed very similar COFs for all the tribopairs investigated so far, 462 

namely PDMS-PDMS and roughened PDMS interfaces, some of forthcoming experiments were 463 

conducted with the EB20 only. 464 

A significant concern in oral tribology experiments involving polymeric materials as tribopair, is 465 

their intrinsic surface hydrophobicity unlike the hydrophilic nature of saliva-coated tongue surfaces 466 

in real-life scenarios (Sarkar et al., 2019). To investigate the friction behavior at an interface involving 467 

hydrophilic surface, a hydrophilic-hydrophobic tribopair was further employed, namely steel-PDMS 468 

tribopair (Fig. 5). At this pair, both the emulsion (EB20) and emulsion-BSM mixture (EB20+M) 469 

showed very low COFs (≤ 0.05) over the entire speed range. This can be ascribed to that “clean” 470 

bearing steel (AISI 52100) is both hydrophilic and lyophilic (contact angle  5 for both, see the 471 

Table 4) and is well lubricated by both fluids (Fig. 4b). In a way, steel/PDMS pair is an ideal interface 472 

that emulsion can readily lubricate because both oil phase and water phase can effectively lubricate 473 

both or one surface at least. This can also explain how EB20+M sustained low COFs values over the 474 

entire speed range (Fig. 4a). Even though addition of BSM to EB20 can disrupt the stability of the 475 

emulsion as in hydrophobic interfaces, availability of either oil or aqueous phases can still lubricate 476 

the interface in an effective way.   477 

 478 

3.4 Fluid-lubrication properties: Mini-traction machine (MTM)  479 

3.4.1 Rheological properties of model mucus 480 

Fluid-film lubrication properties are often correlated to the rheological properties of fluids in 481 

question. As shown in Fig. 6, both EB20 and EB20+M showed a Newtonian behavior within the shear 482 
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rate range of 10 to 100 s-1, and   this signifies that the viscosity of the emulsions remains constant 483 

over this range of shear rates. More importantly, the apparent viscosity of the EB20+M was nearly 484 

twice than that of the EB20. This is expected due to the increased concentration of macromolecules 485 

in the emulsion. Furthermore, as addressed above (Section 3.2), BSM molecules may also facilitate 486 

flocculation of the emulsions leading to an enhanced viscosity of the EB20. 487 

Moreover, the ability of the saliva protein mucin to change the COF and the viscosity of food 488 

emulsions can be attributed to its unique molecular structure and functional characteristics. Mucin is 489 

a glycoprotein that is characterized by its large, complex, and heavily glycosylated structure. When 490 

introduced into food emulsions, mucin molecules can contribute to an increase in viscosity by creating 491 

a more viscous and resistant medium. The entanglement and hydration of mucin molecules within 492 

the emulsion can impede the flow of the liquid, leading to higher viscosity. 493 

Moreover, mucin has film-forming capabilities, and it can coat the surfaces of emulsion droplets, 494 

forming a protective layer as mentioned above. This film formation can contribute to an increase in 495 

viscosity by altering the internal structure of the emulsion and providing resistance to flow. 496 

 497 

 3.4.2 Lubrication properties of the emulsions at mixed rolling/sliding 498 

A fixed load (2 N) was applied with the estimated Hertzian contact pressure of 0.3 MPa. A force 499 

of 2 N enables the application of minimal contact pressure, and this is significant in oral processing 500 

contexts. 501 

The lubricating properties of EB20 and its mixture with mucin (EB20+M) were further 502 

investigated at a mixed rolling/sliding contact by employing HDPE ball–PDMS tribopair on MTM. 503 

In the present measurement settings, MTM is significantly easier to lubricate compared to PoD. As 504 

the highest speed was increased to 1 m/s and the dominant contact characteristic was rolling than 505 

sliding, a possibility to form fluid film lubricant at the interface is expected to be much higher than 506 
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PoD tribometry (pure sliding) shown in the previous section. The results for EB20 and EB20+M in 507 

addition to the reference samples are presented in Fig. 7. In general, EB20+M showed somewhat 508 

higher COF values than EB20, except for very high-speed regime (ca. > 500 mm/s) where both 509 

samples showed similar COF values. The COF values for EB20 in low-speed regime were similar to 510 

those of sunflower oil, although both emulsions showed clearly higher COF values than sunflower 511 

oil at higher speeds (> ca. 200). Similarly with the PoD results (Figure 3), the destabilizing effects of 512 

mucin, highlighted by the increased droplet sizes and flocculation, contribute to higher COFs at lower 513 

speeds. These structural changes hinder the entrainment of droplets into the contact zone, reducing 514 

lubrication efficiency in the boundary regime. At higher speeds, as fluid entrainment dominates, the 515 

influence of mucin-induced flocculation diminishes, and the lubrication performance of emulsions 516 

with and without mucin converges. This shift from structure-dominated to entrainment-dominated 517 

lubrication mirrors the trends observed in the PoD experiments (Section 3.3.1) but is more 518 

pronounced under rolling/sliding conditions in MTM. Additionally, the larger droplets in EB20+M, 519 

while initially detrimental to lubrication, are more effectively incorporated into the fluid film at high 520 

speeds, highlighting the dynamic interplay between structural and hydrodynamic factors. On the 521 

contrary, PBS (Ghosh et al., 2014) and BLG solutions showed distinctly higher COF values compared 522 

to other samples, similarly with the results from PoD experiments, and they revealed an increasing 523 

trend with increasing speed. 524 

In a study conducted by Taylor and Mills (2020), emulsion samples consisting of 20%, 30%, and 525 

50% vegetable oil, along with pure water and pure oil samples, were utilized for MTM tests. They 526 

noted that pure oil exhibited a nearly perfect Stribeck curve, displaying distinct regimes with smooth 527 

transitions, and the emulsions showed a comparable friction response. Generally, it is suggested that 528 

oil is the primary lubricating component in emulsions at low-speed regimes, while water begins to be 529 

entrained at high-speed regimes (Taylor and Mills, 2020). This phenomenon applies to both PoD and 530 
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MTM data, as well as to the overall comparison of PoD data versus MTM data. For example, the 531 

addition of BSM to the emulsion deteriorated the lubricating properties as measured by PoD, but not 532 

by MTM. This is likely due to the fact that MTM operates under near pure rolling conditions where 533 

the entrainment of fluid into the contact zone is substantially easier for both water and oil phases. 534 

Overall, the MTM results showed limited differentiation among samples with or without BSM. 535 

Previous tribological data from Malone et al. (2003), investigating emulsions, closely align with the 536 

findings presented here, where boundary and mixed lubrication were observed for oil emulsions, 537 

while mixed and elastohydrodynamic lubrication (EHL) were noted for pure oil.  538 

Fig. 8 shows the results for the same experiments as Fig. 7 however a steel ball-PDMS tribopair 539 

was used. Due to hydrophilic characteristics of steel ball, the COF values were much lower than those 540 

from HDPE-PDMS tribopair for both EB20 and EB20+M. The emulsion containing mucins 541 

(EB20+M) displayed somewhat lower COF values than the emulsion without mucin (EB20), but only 542 

at very low speeds. At speeds beyond 10 mm/s, COFs of emulsion and emulsion-mucin mixture 543 

showed similar values with each other as well as with the reference samples, i.e. PBS and oil. This is 544 

also a reflection of facile entrainment as well as enhanced wetting of the interface with both water 545 

and oil phase-based fluids.  546 

Despite the enhanced lubrication by the emulsions at steel/PDMS interface, it is notable that a 547 

transition to EHL in COF was not evident up to the highest speed (Fig. 8). The absence of a transition 548 

to EHL in this study can be attributed to the experimental conditions employed. EHL typically 549 

requires high fluid viscosity, elevated contact pressures (>500 MPa), and shear rates between 10⁵ to 550 

10⁷ s⁻¹ to induce a pressure-driven viscosity increase, forming a thick fluid film that elastically 551 

deforms the interacting surfaces (Hutchings and Shipway, 2017). However, in this study, the applied 552 

contact pressure (0.3 MPa) and constant Newtonian viscosity observed across the tested shear rate 553 

range were insufficient to meet these conditions (De Vicente et al., 2006). While 0.3 MPa is 554 
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representative of oral processing, it did not induce significant elastic deformation of the tribological 555 

surfaces, even at the highest rolling/sliding speed of 1 m/s. 556 

Additionally, the low viscosity of the emulsions constrained fluid-film thickness, further 557 

preventing the transition to EHL, which aligns with prior observations with low-viscosity lubricants 558 

(Lee et al., 2021; Soltanahmadi et al., 2022). Gmür et al. (2021) similarly reported that in low-559 

viscosity systems, the insufficient film thickness hinders the transition to EHL, with friction reduction 560 

primarily governed by surface interactions rather than viscosity-driven mechanisms. 561 

Conversely, studies where EHL transitions occur typically involve emulsions with significantly 562 

higher viscosities, enabling thicker fluid films under elevated pressures and shear rates. For example, 563 

Soltanahmadi et al. (2022) observed that low-viscosity systems exhibit delayed EHL transitions, 564 

whereas higher viscosities enhance film thickness, facilitating earlier EHL onset. Similarly, Douaire 565 

et al. (2014) showed that low-viscosity oil-continuous emulsions form thinner films, limiting EHL 566 

formation, whereas increasing the phase volume and dynamic viscosity enhances fluid entrainment 567 

and film thickness. Additionally, Perrino et al. (2024) demonstrated that enhanced hydration results 568 

in thicker fluid films, which contribute to improved lubrication performance. 569 

These findings highlight the critical role of viscosity in promoting EHL, as higher viscosities are 570 

essential for maintaining sufficient film thickness and fluid entrainment under shear conditions. They 571 

also align with the nature of oral tribology, where low viscosities and contact pressures, typical of 572 

saliva and food systems, hinder EHL formation. Despite the absence of EHL, this study provides 573 

critical insights into boundary and fluid-film lubrication mechanisms. It emphasizes the role of 574 

droplet size, wettability, and fluid entrainment in modulating lubrication behavior under realistic oral 575 

processing conditions. Thus, these findings further evaluate the effect of low-viscosity emulsions on 576 

oral processing and tribological behavior. 577 

3.5 Comparative Summary of Tribological Approaches 578 
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This study employed two complementary tribological platforms — PoD tribometer and a MTM 579 

— to explore the lubrication behavior of BLG-stabilized emulsions and their mixtures with BSM 580 

under different surface and motion conditions. 581 

The PoD system was used to assess boundary lubrication performance across a wide range of 582 

sliding speeds (0.25–100 mm/s) under a constant load of 1 N. This platform enabled investigation the 583 

effects of surface-dependent parameters (e.g., wettability and roughness) and allowed for controlled 584 

evaluation of frictional behavior as a function of emulsion composition. Notably, the PoD setup 585 

emphasized sliding contact on hydrophobic and hydrophilic surfaces, which is particularly relevant 586 

for mimicking localized contact zones in oral processing. 587 

In contrast, the MTM system enabled the study of lubrication behavior under rolling–sliding 588 

conditions, which facilitates the fluid entrainment into the contact zone, especially in high-speed 589 

regime. The MTM provided insight into frictional transitions across lubrication regimes, particularly 590 

highlighting how BSM-containing emulsions maintained low friction at higher entrainment speeds, 591 

despite not achieving full EHL due to their low viscosity. 592 

Overall, both platforms showed consistent trends: (1) the addition of BSM increased friction at 593 

low-to-intermediate speeds due to droplet flocculation and hindered entrainment, and (2) these 594 

differences were minimized at higher speeds where fluid entrainment became dominant. The use of 595 

both PoD and MTM tribometers thus provided a more robust and comprehensive understanding of 596 

emulsion lubrication mechanisms under diverse contact conditions relevant to food oral processing. 597 

 598 

4. Conclusion 599 

In conclusion, the lubricating behavior of various oil-in-water emulsions stabilized using BLG, 600 

and the effect of BSM model mucus (mucin), revealed a complex and dynamic relationship between 601 

various factors, including speed, load, contact interfaces, rheological properties, droplet size, and 602 
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microstructure. The COF values of the emulsions generally exhibited little dependence on the load; 603 

however, the sliding speed played a crucial role, as well as the choice of tribopair materials with 604 

different hydrophobicity of the contacting surfaces. 605 

The results revealed that wettability of the emulsions is highly surface-dependent, with hydrophilic 606 

steel surfaces providing a favorable condition for lubrication, while hydrophobic surfaces, such as 607 

HDPE and PDMS, were less effective due to reduced fluid spreading. Interestingly, surface roughness 608 

of PDMS did not significantly alter wettability, suggesting that other factors, such as emulsion 609 

composition, play a more dominant role. The addition of BSM caused significant droplet aggregation 610 

and flocculation, resulting in larger, heterogeneous droplets. These changes deteriorated emulsion 611 

stability and increased friction at low to moderate speeds in boundary lubrication regimes. However, 612 

at higher speeds, fluid entrainment mitigated these differences. Furthermore, in addition to interfacial 613 

adsorption, BSM may contribute to droplet flocculation through mechanisms such as depletion 614 

attraction and polymer bridging, which are consistent with the formation of larger droplet aggregates 615 

observed in both size distribution and microscopy analyses. The observed increase in viscosity in 616 

BSM-containing emulsions further highlights the effect of mucin altering the rheological and 617 

structural properties and thereby influencing the lubrication performance of emulsions. However, this 618 

increase in viscosity remained insufficient to support the transition to EHL conditions. 619 

Overall, this work highlights the importance of understanding the interplay between surface 620 

properties, emulsion composition, and testing conditions in determining the frictional properties of 621 

emulsion systems. The findings offer valuable insights for understanding and manipulating the 622 

frictional behavior of emulsions, paving the way for potential applications in diverse fields such as 623 

food science and tribology, among others. However, further experimental investigation is warranted 624 

to assess the potential structural changes under frictional stress, including droplet rupture or oil 625 

release, particularly in BSM-containing emulsions. 626 
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FIGURE CAPTIONS 815 

Fig. 1. Volume-based droplet size distribution of BLG-stabilized emulsions with and without mucin 816 

(BSM), measured by laser diffraction. 817 

Fig. 2. Optical microscopy images of (a) EB20 after 30 minutes from emulsion preparation and (b) 818 

EB20+M after 5 minutes from mucin addition. The dotted area in (a) designates uniform, small-819 

sized emulsion droplets, while the dotted area in (b) indicates larger, flocculated droplet clusters 820 

formed after mucin incorporation. 821 

Fig. 3. Speed-dependent COF measurements at the PDMS-PDMS interface (1 N load) using Pin-on-822 

Disk tribometry: (a) BLG-stabilized emulsions with/without mucin, (b) Reference samples: BLG 823 

and BSM solutions, sunflower oil, and buffer, (c) BLG vs. BSM stabilized emulsion 824 

Fig. 4. Speed-dependent COF measurements at the Roughened PDMS-PDMS interface (1 N load) 825 

using Pin-on-Disk tribometry: (a) BLG-stabilized emulsion (EB20) with/without mucin, (b) BLG-826 

stabilized emulsion (EB30) with/without mucin, (c) BLG-stabilized emulsion (EB30*) 827 

with/without mucin, (d) BSM stabilized emulsion (EM20) and reference solutions (BLG, OIL, 828 

PBS). 829 

Fig. 5. Speed-dependent COF measurements at the Steel-PDMS interface (1 N load) using Pin-on-830 

Disk tribometry: (a) BLG-stabilized emulsion (EB20) with/without mucin, (b) BSM stabilized 831 

emulsion (EM20) and reference solutions (BLG, OIL, PBS). 832 

Fig. 6. Effect of the shear rate on the apparent viscosity of the EB20 with/without mucin 833 

Fig. 7. Speed dependent friction coefficient measurement of BLG stabilized emulsion - with/without 834 

mucin (EB20, EB20+M), BSM stabilized emulsion (EM20), and reference samples (BLG, OIL) 835 

at HDPE-PDMS interface with Mini Traction Machine (MTM) (2 N load) 836 
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Fig. 8. Speed dependent friction coefficient measurement of BLG stabilized emulsion - with/without 837 

mucin (EB20, EB20+M), BSM stabilized emulsion (EM20), and reference samples (BLG, OIL, 838 

PBS) at Steel-PDMS interface with Mini Traction Machine (MTM) (2 N load) 839 


