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Abstract

The perception of carbonation is an important factor in beverage consumption which must
be understood in order to develop healthier products. Herein, we study the effects of
carbonated water on oral lubrication mechanisms involved in beverage mouthfeel and hence
taste perception. Friction was measured in a compliant PDMS-glass contact simulating the
tongue-palate interface (under representative speeds and loads), while fluorescence
microscopy was used to visualise both the flow of liquid and oral mucosal pellicle coverage.

When carbonated water is entrained into the contact, CO2 cavities form at the inlet, which
limit flow and thus reduce the hydrodynamic pressure. Under mixed lubrication conditions,
when the fluid film thickness is comparable to the surface roughness, this pressure reduction
results in significant increases in friction (>300% greater than under non-carbonated water
conditions). Carbonated water is also shown to be more effective than non-carbonated water
at debonding the highly lubricious, oral mucosal pellicle, which again results in a significant
increase in friction. Both these transient mechanisms of starvation and salivary pellicle
removal will modulate the flow of tastants to taste buds and are suggested to be important
in the experience of taste and refreshment. For example this may be one reason why flat
colas taste sweeter.

Keywords: Carbonation, Beverages, Bubble growth, Salivary lubrication, Fluorescence
imaging, Mouthfeel, Friction, Oral Tribology.



Introduction

Carbonated beverages such as soft drinks, beer and sparkling wine are hugely popular. In
the US alone, it is estimated that $80.6 billion worth of carbonated products were sold in
2016 (Beverage Digest, 2017).

The sensory effects of carbonation are subtle and varied [1]. Carbonation can enhance
certain flavours, such as sourness and saltiness, and inhibit others [2]. Carbonation can
mask mouthfeel differences between diet and regular colas [3]. However, too low or too
high carbonation results in an overall imbalance of flavours [4]. The formation and growth
of COz2 bubbles in particular can have a considerable effect on flavour release and taste
perception [5] as demonstrated, for instance, by bubble size playing a key role in the
assessment of a Champagne wine [6]. The application of these effects in the development
of products is limited by a lack of knowledge of the underlying physics.

Carbonated beverages are widely regarded as eliciting a pleasurable taste despite the
sensation of ingesting a carbonated drink being irritating or painful [7,8]. Research on
mammals has shown carbonation can provoke both somatosensory and chemosensory
responses, as well as activate taste neurons. Supporters of the mechanical origin of
carbonated liquid sensation argued this is caused by bursting CO2 bubbles activating
mechanoreceptors [9]. Multiple lines of research have more recently provided supporting
evidence in favour of the chemogenic origin of carbonation sensation. In a series of papers,
Carsterns et al. [10-12] provided psychophysical and neuroanatomical support for this
hypothesis, concluding that carbonated water stimulates polymodal nociceptors on the
tongue through the conversion of COz2 into carbonic acid. The nociceptors then excite the
trigeminal neurons which signal oral irritation to the brain. More recently, Zuker et al. [13]
conducted a study to understand taste receptorsd r o ldetectingnand signalling
carbonation, outlining the cellular and molecular substrates responsible for this taste. They
used engineered mice, in which different populations of receptor cells were selectively
ablated by targeted expression of attenuated diphtheria toxin and identified the sour-sensing
cells as responsible for detecting carbonation. It was also shown that carbonic anhydrase 4,
a glycosylphosphatidylinositol-anchored enzyme, functions as the primary CO: taste sensor.
The current understanding is that the Afi
of a combination of somatosensory system stimulation [10-12,14] and the activation of the
sour-sensing taste buds.

When consumers drink a carbonated beverage, they not only taste the product but their
saliva also interacts with the product. It has been suggested that somatosensory and
chemosensory processes are not solely responsible for the drinking experience and that the
tribological behaviour of liquids also plays a significant role [15,16]. Tribology is the study of
friction and lubrication between interacting surfaces in relative motion, and tribological
phenomena accompany all food and beverage consumption as these involve various sliding
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surfaces in contact, for example tongueifood, tongueibolus and food particlesi oral
surfaces. An in-depth description of tribology fundamentals as they relate to food lubrication
canbefoundinarecent r evi ew o[b7], Whereaa [18] details theodevelgpynént
of tribology as a contributing discipline for understanding oral processing and the rheological
properties of food.

Mouth friction is dominated by the effects of easily deformable components combined with
thin films of surface-active species within saliva, a highly complex mixture of proteins with
non-Newtonian, viscoelastic behaviour which also binds to the mucosa to form a hydrogel
interface [19]. Saliva's key role is to lubricate the oral cavity and protect mucous membranes
from damage by allowing food to be chewed and swallowed without effort; those who suffer
from xerostomia (dry mouth) can attest that the lack of saliva is a highly unpleasant condition
[20].

We hypothesise that the popularity of a carbonated beverage is determined not only by its
rheological and chemical properties, but also by those which determine how it combines and
interacts with in-mouth saliva lubrication mechanisms. In this paper, we demonstrate that
both the hydrodynamic and the boundary lubricating components of the salivary film are
reduced by the interaction of oral surfaces with CO2 bubbles. To understand this behaviour,
we developed a method of visualising the salivary film and measuring the friction force in a
tribological contact lubricated with whole mouth saliva (WMS), allowing both qualitative and
guantitative assessments of the impact of carbonated water on salivary film. This utilizes
an existing test protocol developed to accurately mimic the sliding of oral surfaces during
beverage consumption [21]. This research complements previous studies of bubble growth
in carbonated liquids which were carried out on liquids under static conditions [5,22,23].



1. Methods and Materials
1.1. Methods
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FIGURE 171 (a) Schematic representation of the oral mimic visualisation setup; (b)
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FIGURE 21 Fluorescent images of the contact between silica hemisphere and PDMS
specimen lubricated by: (a) FITC dyed carbonated water, (b) FITC tagged salivary proteins.



In this study, we used a previously developed test set-up and protocol to assess beverages
under lubrication conditions that mimic those found within the mouth [21]. This involved
loading a 5 mm radius silica hemisphere against a rotating polydimethylsiloxane (PDMS) disc
that was fixed onto a transparent support (Figure 1a). These elements were located in a
UMT-2 tribometer (Universal Materials Tester from Bruker), (Figure 1b). The equipment was
operated in pin-on-disc mode, so that the PDMS specimen rotated while the silica hemisphere
was held stationary. The setup enables a range of sliding speeds, similar to those
encountered in the tongue-palate contact (0.5 to 20 mm/s), while accurately controlling and
measuring the normal load and friction force using sensitive strain gauges, bonded to the
housing above the stationary silica hemisphere specimen.

A custom-built, Laser Induced Fluorescence (LIF) microscope was positioned beneath the
sliding contact and focussed through the transparent PDMS and supporting disc and onto
the salivary film (Figure 1c). When a dyed liquid is present in or around the contact interface,
it becomes excited by incident lightfromt h e mi c sLEP and fluerdsces. The incident
and emitted light, of different wavelengths, are separated by a dichroic filter and the resulting
images are captured by an intensified camera. For film thicknesses greater than 200 nm,
the intensity of the fluorescence light emitted from the contact is proportional to the thickness
of the liquid in the interface. This means that the images acquired by the camera represent
maps showing the thickness of dyed liquid in the contact. Further details of LIF technique
can be found in [24-26].

1.2. Materials

Initially it was necessary to image the distribution of water/CO2 around a contact lubricated
with carbonated water (without saliva). This was achieved using carbonated deionised water
as lubricant, into which the dye fluorescein isothiocyanate (FITC, 09 0% ( HPL C)
Sigma-Aldrich) was dissolved at a concentration of 0.1 mol/l. A resulting fluorescence image
captured under transient conditions is shown in Figure 2a. Here, dark chartreuse regions
indicate the presence of deionised water, while black regions indicated carbonation bubbles
(no liquid). In the figure, the sliding direction of the PDMS specimen, relative to the stationary

siicahemis pher e speci men, i s indicated with white

and outlet. The contact area is highlighted by the region enclosed by the dotted yellow circle.

In the second set of tests, visualisation of saliva interactions within the contact was enabled
by using individually dye-tagged saliva proteins (FITC). Note: saliva was collected from a
self-reported healthy subject by passively drooling into a tube over 10 minutes. The sample
was kept on ice until further processing. For FITC-staining of salivary proteins, 1 ml of saliva
(1.8mg/ml total protein) was mixed with 1 ml of a FITC solution (5 mg/ 100ml carbonate buffer
pH9.6) for one hour in the dark with constant mixing. The solution was then dialysed
extensively against PBS until the eluate was non-fluorescent. A fluorescence image captured



during a tagged saliva test is shown in Figure 2b. Here the bright regions within the contact
show adhered protein boundary film.

The silicon-based organic polymer, Polydimethylsiloxane (PDMS), was used for the oral
mimic surface since, as we have previously shown [21], it binds salivary proteins and shows
similar friction characteristics to porcine tongue samples when lubricated by an aqueous
salivary solution. Furthermore, this polymer has known surface chemistry and is highly
homogeneous, in contrast to actual biological samples [15]. Due to its repeating -O-Si(CH3)2-
group, PDMS is hydrophobic and attracts proteins indiscriminately [27] (the adherence of
proteins to PDMS is a problematic occurrence in lab-on-chip systems [27]). PDMS is also
well defined mechanically, having been used previously in numerous tribological studies (e.g.
[28-30]). Our PDMS specimens were moulded using a commercially available Sylgard 184
kit from Dow-Corning. The upper hemispherical specimen is glass, which is harder than the
oral palate which it represents. However, this is not expected to effect the lubrication
behaviour of the contact as the entrainment of fluid is dependent on the composite stiffness
of the contact which in turn is dominated by the lower of the two stiffnesses (i.e. that of the
PDMS).

2. Results and discussion

We first considered the sweetness perception responses of nine subjects through VAS scores
after consuming carbonated and non-carbonated cola (Figure 3 7 detail). In agreement with
previous findings, carbonation results in a significant decrease in sweetness perception.
Current understanding is that this is due to CO2 bubbles eliciting a distraction to the brain,
since their conversion into carbonic acid tr
nociceptors. However, we also conducted PDMS sliding tests, measuring frictional response
of model carbonated and non-carbonated sucrose solutions mixed with saliva (Figure 3),
which showed that carbonation also has a marked effect on friction. As detailed below and
in [21], the combination of conditions (stiffness, roughness, geometry) for the test shown in
Figure 3 is such that the contact transitions from boundary (intimate surface contact) to mixed
to full-film (fully separated surfaces) lubrication regimes as the sliding speed is increased up
to 20 mm/s. Despite this, friction is approximately constant with sliding speed. This is because
the surface-active salivary proteins reduce the boundary and mixed lubrication friction in the
contact bringing so there is only a very slight reduction in friction as the contact transitions
into full-film lubrication.
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FIGURE 31 Friction coefficient traces as recorded for carbonated and non-carbonated
mixtures of sucrose and saliva (Insert: VAS score of nine subjects, p<0.005) with an
applied load of 0.2 N. Legend: WMS = Whole Mouth Saliva, SUC = Sucrose, FC = Fully
Carbonated, NC = Non-Carbonated.

To investigate the difference in friction between the carbonated and non-carbonated
solutions, two sets of tests were run: i) Stribeck curves (varying speed while measuring the
variation in friction) to assess the impact of carbonation on liquid entrainment - these friction
tests were performed simultaneously with fluorescence tests to help understand bubble
nucleation and growth, and ii) fluorescence imaging tests to visually monitor the in-contact
build-up of a dye-tagged salivary protein film and its subsequent breakdown following the
introduction of carbonated and non-carbonated beverages into the contact.

3.1. Mechanism 1: Inlet Starvation

Figure 4 shows the friction versus speed behaviour of the contact lubricated by carbonated
and non-carbonated, deionised water (note: no saliva films are present during these tests).
The two Stribeck curves (varying speed while measuring the variation in friction) were
obtained by loading the contact with 0.2 N and measuring friction while increasing speed from
0.6 to 18.8 mm/s (speeds which are typical in oral processing). As speed increases, more
liquid is dragged by the surfaces into the contact generating a pressure to separate the two



components (hydrodynamic lubrication). Thus Stribeck curves give an indication of how
friction changes with film thickness and display the following regions. At low speeds, the
pressure generated by this hydrodynamic action is insufficient to separate the components
(boundary lubrication regime) and friction is dominated by surface effects and in this case is
high due to the adhesion between PDMS and glass. As speed increases, friction decreases
as components are pushed apart by hydrodynamic pressure so that surface contacts are
partially replaced by easily sheared fluid film regions (mixed lubrication). At higher speeds,
once surfaces are fully separated, there is no further friction reduction with speed. And, at still
higher speeds (though not reached in Figure 4), friction increases as fluid shear becomes the
dominant dissipation mechanism. It can be observed in Figure 4 that the carbonated water
produces significantly higher friction in the mixed lubrication regime only. This must be
attributed to a reduction in water film thickness causing an increase in surface contact - it can
neither be due to a) an increase in surface adhesion, since at low-speed boundary friction is
the same for the two liquids, nor b) an increase in fluid friction, since the high-speed friction
is largely unaffected.
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FIGURE 41 Friction vs. speed curve for contact lubricated with deionised water (no saliva
present). Note: the variation between repeated Stribeck curve tests is better that 5%.

To understand and quantify these effects, the LIF system was employed to probe the contact
interface. The videos of the contact obtained at the three speeds indicated by coloured
markers in Figure 4 were analysed using a Matlab program, which ran through each frame
and calculated the percentage of the contact inlet width that was made up of COz bubbles.
Averaged over the duration of each friction measurement, the percentage of inlet with CO2
is plotted against the increase in friction due to carbonation ((Lcarb - Pnon-carb)/ non-carb) at each
of the speeds in Figure 5. Here, the percentage increase in friction is proportional to the



fraction of the inlet that is deprived of water. The example images presented in Figure 5
were recorded at the three different sliding speeds (i.e. 3.1, 7.8 and 18.9 mm/s) indicated
by coloured markers in Figure 4. The change in order of the measurement points between
these two graphs can be noted from the markers 6olour. It is observed that, in the mixed
regime where friction is affected by carbonation, a large proportion of the water in front of
the contact inlet has been displaced by CO2. These results suggest that the observed
increase in friction is due to CO2 bubbles starving the contact of water.
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FIGURE 51 % increase in friction (comparing Hcarb, NON-carbonated, pnon-carb, friction data
from Figure 4) vs. % of inlet that is starved of water (obtained from LIF video images).

The LIF microscopy videos were further analysed to elucidate the mechanisms associated
with the increased friction from CO:2 induced starvation. Figure 6 shows a selection of video
frames (see whole video in Supporting Information) taken from the 7.8 mm/s sliding speed
test (part of the raw data corresponding to the orange data point in Figure 5). Reviewing
the data in figure 6 and >10 other bubble entrainments, enable the following observations
to be made:

)] Bubbles appear to nucleate at the contact inlet, but do not enter or extend into the

contact T those in front of the inlet (e.g. bubble B) are separated from it by a
meniscus.



i) Even the fastest moving bubble moves less than 1 mm between frames. However,
in this time the PDMS surface moves 7.8 mm/s x 0.4 s = 3.12 mm. Therefore, the
upper contact line of each bubble must tend to adhere to the stationary glass
specimen while the lower contact line slides continuously against the PDMS
surface.

iii) Over time, bubbles increase in size and/or length. They also coalesce.

iv) a) Bubbles in the contact path (i.e. upstream of the inlet) both translate and
expand in the upstream direction.

b) Bubbles outside of the contact path translate downstream and simultaneously
elongate (elongation occurs until the upstream edge of the bubble reaches the
minimum film thickness).

V) Once a bubble outside the contact path (e.g. bubble A) passes the minimum gap
thickness in flow direction, it flows rapidly downstream.

Due to the number of simultaneously occurring mechanisms, a quantitative model of bubble
dynamics is beyond the scope of this study. Instead, the following discussion attempts to
explain the observations and gain insights into bubble behaviour within the mouth. For this,
it is first necessary to detail the lubrication conditions in the experiments with reference to
the Figure 7 showing a bubble located upstream of the contact. The bubble is bounded by
the stationary hemispherical glass specimen above and the sliding, initially flat, deformed
PDMS below. Due to the counter-formal geometry of the two specimens, the overall gap
between them converges and then diverges in the direction of flow. As liquid is entrained
into this gap due to the sliding motion of the PDMS, a hydrodynamic pressure is generated,
which acts to separate the surfaces in the contact (i.e. since the hydrodynamic pressure
decreases with gap thickness, the latter adjusts so that the applied load of 0.2 N is
supported). Using Esfahanian and Hamrockd ssoviscous-elastohydrodynamic equation
[31], the film thickness in the contact area is calculated to be 25 nm (see details in
Supporting Information 2.1), which is comparable to the PDMS surface roughness of ~20
nm (this agrees with the data in Figure 4 placing the 7.8 mm/s data point in the mixed friction
regime). The fluid pressure in the contact results from an interaction between the
hydrodynamic flow of liquid and the elastic deformation of the PDMS and could be found by
numerically solving Reynolds equation in combination constitutive equations [32]. However,
using Hertz contact equations as a first approximation, the maximum and average contact
pressure in the contact area are estimated to be 157 and 105 kPa respectively (see detailed
calculations in Supporting Information 2.2). Classical Hertz contact mechanics can also be
used to predict the deformation of the two components. The results of these film thickness
and surface deformation calculations are plotted in Figure 7, along with fluorescence
intensity profile (taken from the dashed line in Figure 6g) and thus provides a to-scale
representation of the bubble geometry. This shows that the gap between the sliding
components reduces by three orders of magnitude between the location of the bubble and
the central region of the contact where friction is determined. Outside the pressurised



region, Couette flow predominates due to the relative motion of the boundary surfaces.
Poiseuille flow occurs in the contact due to the converging geometry, however Couette flow
still dominates. The capillary number, Ca, (i.e. the ratio of viscous forces to surface tension
forces, viscosityxvelocity/surface tension), is calculated to be ~1.08x10%, and being
significantly less than unity suggests surface tension forces dominate over viscous forces in
determining the shape and motion of the bubble, which therefore behaves like a particle
[33]. Furthermore, the Bond number, Bo, (i.e. the ratio of gravitational forces to surface
tension forces, am C?/ r, where 3mis the difference in density between the gas and liquid
phase, and L is the characteristic length T assumed here to be the gap thickness) calculated
to be >5x10%, and being significantly less than unity suggests gravitational forces can be

ignored.
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Prior to testing, beverage consumption is mimicked by pouring the dyed, supersaturated
carbonated water onto the PMDS specimen so that heterogeneous nucleation occurs at
imperfections in the PDMS and any fibres present on the surface [34]. It can be seen from
the videos that the motion of the PDMS entrains these surface bubbles towards to contact.
Bubbles also appear to nucleate directly at the contact inlet, which we suggest is due to
microbubbles (with radius less than critical value of ~200 nm so that expansion is
constrained by surface tension [34]) on the PDMS surface being obstructed by the 25 nm
gap and increased contact pressure, as discussed below. It is also possible that frictional
heating is involved in the apparent bubble nucleation around the inlet due to an increase in
temperature and hencea reduction in solubility [85).educi
However, when the effect of friction heating is estimated as described in [36], the resulting
increase in surface temperature is found to be only ~0.15 °C (see Supporting Information
2.3), which is not surprising given the low friction and low sliding speed. This is insufficient



to alter CO2 solubility appreciably and therefore, the effects of frictional heating can be
ignored.

Once bubbles approach the contact, two phenomena are observed in Figure 6: a) bubble
translation and b) bubble growth. These are clearly coupled but are addressed separately
in the subsequent analysis in order to simplify matters and be able to draw conclusions.
First, bubble translation is considered. A number of forces act on the bubble:

0 | 0

The sign of each of these forces is considered positive with respect to the flow direction,
therefore when the sum of forces is negative the bubble is expected to move upstream and
vice versa. Considering each of the forces:

1 Fsurface Adhesion IS the traction exerted by the sliding PDMS surface on the contact line.
This is a complex function as the contact angle varies around the bubbleso
circumference but can be estimated, according to [33,37,38] from Fsurface Adhesionl
2Ir j Alz00s[fa) where | is the diameter of the bubble, r is the surface tension and
[aand | r are the advancing and receding contact angles respectively. For the bubble
geometry in Figure 7, this force is ~ 40 puN and, due to the sliding motion, it always
acts in the positive/downstream direction (see Supporting Information 2.4).

1 Fuiscousdrag IS the viscous drag experienced by the bubble due to the flow of liquid
between the specimens. This could be estimated [39] but is considered negligible
compared to viscous forces due to the very low Ca [33]. Outside contact path, this
force acts in the positive/downstream direction, whereas inside the contact path it
acts in the negative/upstream direction due to recirculating flow. Moreover,
recirculating (upstream) flow is prevalent in sphere-on-flat geometries such as this as
liquid is rejected from increasingly thin gap [40])

9 Feressure drag results from pressure gradient around the bubble. Since bubble thickness
is much smaller than width, (h << 2R), this can be estimated from
Frressure_drag @ 3 BXhx2R . Approaching the contact, the pressure difference, 3 D
between front and rear of bubble increases significantly as a result of the
hydrodynamic pressure generated in the contact area so that this force outweighs the
downstream forces and hence provides a barrier to bubbles entering the contact
region. The magnitude of the hydrodynamic pressure within the contact region which
provides barrier to bubble entrainment is of the same order as the calculated Hertz
pressure (green line in Figure 7). For the bubble geometry in Figure 7, and a
hydrodynamic pressure increase of 10 kPa, this force is estimated at ~600 uN (See
Supporting Information 2.5).



There is also a force caused by the difference in Laplace pressure between the front
and rear bubble menisci i each with a different radius of curvature due to the
changing gap height [39]. 3 B=r }/Ri_front -1/Ri_bacy), here Ri_front and Ri_back are the
front and rear meniscus radius, which can be found geometrically [41] and which
differ due the changing gap. For the bubble geometry in Figure 7, this approach
suggests a force of around ~75 PN (see Supporting Information 2.6) directed in the
upstream direction (due to the non-wetting nature of the bubble in a gap that
converges in the direction of flow). Because of its dependence on the reciprocal of
the gap thickness, this resistive force increases by two orders of magnitude as the
25 nm central film thickness is approached.

1 Fconfinment gradient results from the non-parallel geometry of the upper and lower
surfaces bounding the bubble. If the bubble is considered a non-wetting body, with
the water preferentially wetting the surfaces, then capillary energy is reduced when
the combined areas of the bubble roof and floor is reduced and vice versa. As
considered by [39], for a given bubble volume, V, the roof and floor area, A, will reduce
if a confined bubble moves in the direction of increasing gap height and therefore
results in a force driving the bubble out of the wedge. This can be estimated from
volume conservation, A= 2V/ h(x), and differentiating the capillary energy due to

dewetting, r ! with respect to distance: "O ‘ Cwl— Qw . A

negative thickness gradient (as occurs upstream of the contact inlet) therefore results
in a force away pushing the bubble back from the contact inlet. For the bubble
geometry in Figure 7, this force is estimated at ~20 uN (see Supporting Information
2.7).

1 Fsouyancy is negligible due to very low Bond number. Due to the downwards sloping
gap at the inlet due to indentation, a component of this force is directed out of the
contact.

Comparing the magnitudes, directions and gradients of these forces reveals that, in the
contact path where the gap converges down to 25 nm, bubbles are forced to translate
upstream. This is because the surface drag from the sliding which acts to entrain bubbles
is outweighed by upstream forces caused by the converging gap. Moreover, the latter
increases rapidly as the tiny ~25 nm thick hydrodynamic film is approached. Conversely, the
forces directed upstream become negligible at large gap heights and are directed
downstream when the gap diverges. This explains bubble motion observations i, ii, iv above.
The barrier provided by the contact also explains why bubbles smaller than the critical radius
are prevented from entering and thus explains the apparent nucleation. Once bubbles pass
the minimum gap where the surfaces diverge, all forces become aligned in the downstream
direction, which explains the rapid disappearance of bubbles such as bubble A (observation
V).



Considering bubble growth, the number of moles, n, increases within the bubble as CO2
dissolved in the water diffuses through the walls [42]. This causes bubble volume, V, to
increase according to V = nRTp so that the pressure inside the bubble balances with the
sum of the atmospheric pressure and Laplace pressure. This increase in bubble volume is
facilitated by the contact line moving in the diverging gap direction since this increases the
meniscus radius and reduces pressure (as opposed to expanding in the converging
direction, which would lead to a reduction in radius and increase in pressure). This explains
observations iv) a that, in upstream of the contact inlet, bubbles elongate in the outwards
radial direction.

Bubble elongation occurs as bubbles travel downstream. In order to conserve volume, the
horizontal area must increase to compensate for the reducing gap height in the flow
direction. This is because as the volume is conserved (or increased to due additional CO2
gas produced), the plan view area must increase as the height reduces towards the contact.
This explains the rapid lengthening of bubble B (observation iv)b).

Even though the mechanisms described above prevent bubbles progressing through the
contact region, the fluid film that separates surfaces and alleviates friction is impacted
nonetheless, since the flow of liquid towards the inlet and hence the generation of
hydrodynamic pressure is inhibited. In fact, this bubble entrapment prolongs and
compounds starvation. Numerical simulations of EHL film thickness with varying boundary
conditions show that the critical distance from the meniscus to the contact inlet below which
starvation occurs can be calculated from [43-45]  critical distance =
ax(1+3.06((hda)x(R/a)?)%-%8), where hc is the central film thickness (25 nm), R is the glass
radius (4.5 mm) and a is the contact semi-width according to Hertz (0.78 mm). For the test
in Figure 6, the critical distance is 1.51 mm. This shows that bubbles reach sufficiently close
to impact film thickness and provides an explanation for the increased friction shown in
Figure 4. That is, bubbles reduce liquid entrainment and hence reduce hydrodynamic fluid
pressure generation, causing surfaces to move closer together increasing solid-solid contact
and increasing friction in the mixed regime. Moreover, this increase in solid-solid contact
provides a physical barrier that further obstructs the passage of bubbles through the contact
inlet.

This starvation mechanism is only effective at intermediate speeds (3-15 mm/s), (see Figure
4), since at low speed surfaces are in contact anyway as there is no hydrodynamic film
generated. At high speed, recirculation effects prevent bubbles from gaining traction at the
inlet, due to - similar behaviour observed by when investigating the entrainment of wear
debris particles into contacts [46]. It should be noted that this range of slide speeds, where
CO: starvation affects friction, is representative of those in the mouth during beverage
consumption.



3.2. Mechanism 2: Protein boundary film removal

A second set of LIF tests were run to study the effects of carbonated water on the salivary
pellicle, which can be considered as an adhered surface layer (i.e. boundary film) [47] as
opposed to a hydrodynamically generated film as studied in the previous section. Prior to
tests where carbonated and non-carbonated liquids were entrained in the contact, the build-
up of a pure salivary film was first studied. Figure 8 shows the evolution of the average LIF
intensity (approximately proportional to dyed film thickness [21]) in the contact (the pixel
values were averaged over a selected region within the contact area 1 insert Figure 8) during
three steps: loading, sliding, and stationary. During the first 10 s of the test, specimens were
pressed together to a load of 0.2 N statically. Dye-tagged saliva proteins are squeezed out
during this step, but a portion remain trapped the contact producing an intensity of ~11,600
Arb. Sliding commences and during the next 210 s, fluorescence intensity gradually
increases to ~12,500 Arb due to the entrainment of proteins. Here, the contact is sliding at
a constant speed of 0.63 mm/s and the observed fluctuations result from the heterogeneous
nature of saliva being entrained (see example of saliva agglomeration passing through the
contact in Figure 8 inset). From the moment the sliding motion is halted (230 seconds), the
intensity gradually reduces from ~12750 towards its initial value of ~11500, as the liquid
portion of the film is squeezed out from between the surfaces. Assuming the fluorescence
intensity is approximately proportional to film thickness [24], the ratio of sliding intensity to
static intensity ((12750-11500)/12750) predicts that, at a sliding speed of 0.63 mm/s, <10%
of the film thickness can be attributed to a liquid, hydrodynamic film. The remaining ~90%
of the film is the adhered protein boundary, which is attracted to the charged -O-Si(CHzs)2-
bonds on the PDMS surface [48].
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FIGURE 81 In-contact fluorescence intensity versus time for dye-tagged saliva lubricated

contact. Inset: LIF image captured at 81 s.

Simulating the process of salivary film degradation during beverage consumption, Figure 9
shows the simultaneous variation in fluorescence intensity and friction for a test in which
water (carbonated and non-carbonated) is introduced into the PDMS-glass contact
lubricated with dye-tagged saliva after 10 minutes of sliding. The neat saliva friction
coefficient value before adding water (~0.1) is considerably lower than that for pure water
(~1.2 shown in Figure 4), both measured at the same speed. This highlights the lubricious
nature of the salivary film formed, and the simultaneous reduction in LIF intensity and
increase in friction that occurs when water is added signals its removal. It can also be
observed that the introduction of carbonated water disrupts the salivary film and
subsequently increases friction to a greater extent than the pure water does (the modest film
degradation following dilution with pure water can be attributed to a reduction in ionic
strength [49]). Importantly, carbonated water induced reduction in film thickness of ~80%,
is greater than the thickness of the hydrodynamic water film (see Figure 8), which proves
that the adhered salivary film is actually being removed rather than just the hydrodynamic
film being diluted. Further images of LIF salivary breakdown are provide in the Supporting
Information. Note: additional repeat film breakdown tests were run under constant
conditions and the variability was shown to be significantly less than variation between
carbonate and non-carbonated samples.



FIGURE 91 In-contact fluorescence intensity and friction versus time for dye-tagged saliva
lubricated contact, showing effects of addition of deionised water (carbonated and non-
carbonated). The sliding speed for both tests is 0.63 mm/s.

By causing salivary film breakdown, carbonated water may be considered as eliciting a
similar mouthfeel mechanism to that associated with astringency [50]. However, the film
breakdown causing astringency is believed to be caused by polyphenols (tannins) in foods
and beverages, which cross link proteins causing them to aggregated and loose surface
adhesion [51], whereas in the case of carbonation it is likely caused by the presence of
carbonic acid (H2COs pH ~4, present in carbonated water in equilibrium with CO2+H20, and
catalysed by carbonic anhydrase enzyme in saliva). This may occur either as an interaction
directly between H2COs and salivary proteins or due to competition for the surface (i.e.
H2COs reacting with the repeating, charged -O-Si(CHs)2- groups on the PDMS) thus
inhibiting the hydrophobic electrostatic attraction of the salivary proteins and aiding their
removal by the applied shear. It is also possible that mechanical effects, linked to the
starvation mechanism discussed in the previous section, may play a role, however no such
behaviour was observed in the LIF images.

3. Conditions within the mouth



