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The perception of some food attributes is related to mechanical stimulation and friction experienced in the
tongue-palate contact during mastication. This paper reports a new bench test to measure friction in the simulated
tongue-palate contact. The test consists of a ﬂat PDMS disk, representing the tongue loaded and reciprocating
against a stationary lower glass surface representing the palate. The test was applied to molten chocolate samples
with and without artiﬁcial saliva. Friction was measured over the ﬁrst few rubbing cycles, simulating mechanical
degradation of chocolate in the tongue-palate region. The effects of chocolate composition (cocoa solids content
ranging between 28 wt% and 85 wt%) and structure (micro-aeration/non-aeration 0–15 vol%) were studied. The
bench test clearly differentiates between the various chocolate samples. The coefﬁcient of friction increases with
cocoa solids percentage and decreases with increasing micro-aeration level. The presence of artiﬁcial saliva in the
contact reduced the friction for all chocolate samples, however the relative ranking remained the same.

1. Introduction

zone (Malone et al., 2003). According to Dresselhuis et al., 2008a,b) ‘an
aspect that is not measured by rheology, but is probably sensorial relevant, is
the process of rubbing and squeezing the product between tongue and palate
during which the tongue and palate surfaces are in partial contact. In this
process a frictional force is generated between palate and tongue, with the
semi-solid food acting as a lubricant’. Moreover, de Wijk et al. (De Wijk
et al., 2011) suggested a link between the type of sensation and the time
point processing in mouth, stating there is a transition from rheological
to tribological properties depending on the oral processing time and the
length scale of the food particles in the mouth.
Tribology, which is the science of wear, friction and lubrication, can be
applied to food science and especially in the study of thin ﬁlm formation
between the tongue and palate. A review of oral tribology by Chen and
Engelen (Chen and Engelen, 2012) provides valuable background on
tribology fundamentals in food science. Chen and Stokes (Chen and Stokes,
2012) suggest tribology to be a contributing discipline for understanding
oral processing, texture and mouthfeel of food. In the study of Pradal and
Stokes (Pradal and Stokes, 2016) the importance of soft tribology as a
characterization tool for sensory attributes is also highlighted. Sarkar and
Krop (Sarkar and Krop, 2019) review the applications of oral tribology in

Food mastication is a complex dynamic procedure that involves
multiple oral operations resulting in the breakdown of food in the mouth
until swallowing. Throughout the food consumption, various interactions
of the oral cavity, including the tooth-tooth and the tongue-palate contacts take part in the process. During mastication the structure of the
foods changes and different components contribute to the texture and
taste perception (Liu et al., 2017). Texture perception, which includes
aspects such as smoothness and slipperiness, is usually related to mechanical stimulation and hence friction experienced in the mouth (Stribiţcaia et al., 2020).
Food texture is considered a multidimensional tactile sensation that
is inﬂuenced by the composition, structure, rheology and surface
properties of the food as it is sheared between the tongue and palate.
Extensive research has already been conducted into the bulk properties
of foods and the relationship to oral texture, mainly through rheological
studies (Janssen et al., 2007), (de Wijk et al., 2003). However, this
method does not quantify the mouth-feel sensation, which is mainly
correlated with the thin ﬁlm formation in the tongue palate contact
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(2) buffering action and clearance, (3) maintenance of tooth integrity, (4)
antibacterial activity, and (5) taste and digestion. Saliva is a complex
biological ﬂuid which is mainly water (~99%) but also contains a
mixture of mucins, glyco-proteins, electrolytes and enzymes with a pH of
6–7 so that it is slightly acidic (Humphrey and Williamson, 2001).
Lubrication is provided through the adsorption of saliva proteins, such as
mucin, which account for 16% of the total proteins (Rayment et al.,
2000), onto the mouth surfaces (Shi and Caldwell, 2000), (Hahn Berg
et al., 2003).
Saliva is involved in the perception of taste ﬂavour and texture of
foods and serves as a lubricant reducing the coefﬁcient of friction and the
shear stress on the surface of the tongue. Recent work by Upadhyay and
Chen (Upadhyay and Chen, 2019) highlights the importance of the
addition of saliva in tribology characterizations. He et al. (2018) investigated the reduction of friction due to the presence of saliva, studying
chocolate boluses composed of chocolate and human whole saliva. In
order to have consistent results, in this study a simple artiﬁcial saliva
recipe was used (Ionta & et al., 2014).
Eating starts with the ﬁrst bite, where the food is mechanically broken
down into smaller pieces. After a few chew cycles, while heat transfer
may control the melting of fragments, the food enters the tongue-palate
area, where it is sheared and forms a bolus, before swallowing. When
designing simulation tests the mechanical conditions occurring during
the oral process must be considered. These include contact pressures,
kinematics and the appropriate time-scale for friction measurements. The
mechanical properties of the tongue change depending on the orientation
of the muscle ﬁbres (Napadow et al., 1999), resulting in varying contact
pressures for different relative tongue-palate positions. Nishinari et al.
(2020) measured the average maximum isometric tongue pressure,
during food oral breaking, to be 50  14 kPa which agrees with the
ﬁndings published in the study of Alsanei et al. (Alsanei and Chen, 2014)
who reported maximum isometric pressure ranging between 10 kPa to
70 kPa.
The relative speed between tongue and palate is another important
physical factor related to mechanical processing. Hiiemae and Palmer
(Hiiemae and Palmer, 2003) suggested a speed range between 2 and 35
mm s1 depending on parameters, such as the stage of food oral processing, different speeds correspond to biting and to swallowing. The
shear rate in the tongue palate region during mastication is a parameter
that should be taken into consideration. Several studies have attempted
to quantify the shear rates that occur in the tongue-palate interaction,
and reported values range between 10 s1 (Cutler et al., 1983) to 50 s1
(Akhtar et al., 2005).
In mouth temperature is also important for the accurate design of the
experiment. The values used in the literature vary depending on the stage
of processing and the what is consumed. The reported values range between room temperature (Dresselhuis et al., 2008a,b) and 40  C (Lee
et al., 2004). In this study the lower specimen is heated at 35  C and the
chocolate is allowed to melt before the start of the test. This value is
believed to be representative as we expect to be less than 36.6  C, but
certainly higher than the room temperature. A summary of the mechanical conditions in the tongue-palate contact during food processing
is provided in Table 1.
Several types of equipment have been used to measure friction in
applications related to oral processing. Prakash et al. (2013) provided a
detailed overview of the various tribological instruments that have
been used in food studies. Conﬁgurations used include pin-on-ﬂat,

modelling food structures through correlating the coefﬁcient of friction
with sensory attributes. Thus, over the past few years, there has been
increased research in the correlation between tribology and sensory
perception. There is an increased interest from the food and beverage industry regarding tribology applications, since it is believed that the consumer's experience is inﬂuenced by the thin layer formation on the mouth
surfaces. Prakash et al. (2013) review progress made in food tribology with
a detailed presentation on how tribometers are modiﬁed and used to
characterise the textural sensory properties of foods.
In this work, chocolate was studied as an example of a food where the
consumer experience is inﬂuenced by the oral perception of creaminess
and smoothness (Afoakwa et al., 2007). The global market for chocolate
was valued at USD 103.28 billion in 2017 and is expected to grow 7% in
revenue by 2024. However, there is considerable interest in the food
industry in developing foods with reduced energy density, in the case of
chocolate meaning less fat and sugar, but with the same mouthfeel. There
are very few published papers reporting chocolate tribology (Lee et al.,
2002), (Lee et al., 2004), (Masen and Cann, 2018), (Rodrigues et al.,
2017), (Breslin, 2013), (van Aken et al., 2007) and even fewer relating
friction properties to sensory perception (Lee et al., 2004), (Masen and
Cann, 2018). A range of tribology test methods have been used including
ball-on-ﬂat (Lee et al., 2002), (Breslin, 2013), (van Aken et al., 2007) and
modiﬁed rotational viscometer (Lee et al., 2004). The studies usually
compare friction/speed response for different chocolate manufacturing
methods (Lee et al., 2004) or composition (Lee et al., 2004), (Masen and
Cann, 2018). In consumer sensory tests of chocolate texture, the
smoothness is usually identiﬁed as a key characteristic (Lee et al., 2004)
and might be linked to reduced friction in the low speed boundary
regime. Friction coefﬁcient varies with sliding speed (Lee et al., 2002),
(Lee et al., 2004), (Masen and Cann, 2018), (van Aken et al., 2007) and is
in the range μ ¼ 0.1–0.6 depending on chocolate composition. Masen and
Cann (Masen and Cann, 2018) used a reciprocating contact to measure
friction with time of shear-degraded chocolate and reported friction coefﬁcient range of μ ¼ 0.18–0.32 at 30 mm s1 depending on composition.
In tests where human saliva was present friction drops to μ ¼ 0.06–0.09
(Rodrigues et al., 2017).
The cocoa solids content is thought to play a signiﬁcant role in the
oral friction experienced during mastication and this is studied in the
paper. One possible way of maintaining or even improving mouthfeel
may be the inclusion of micro-sized bubbles. In this paper, micro-aerated
chocolate will be tested and compared with commercial non-aerated
chocolate samples. The development of a validated tongue-palate simulated test to measure the friction response of rubbed food samples could
possibly replace the panel tests, which are currently used by the food
industry. As will be presented below, the design of such a test is difﬁcult
when based on traditional tribology machines.
One of the aims of this paper is to develop a new approach to
designing tribology tests to measure friction in a simulated tongue-palate
contact. This requires consideration of the “engineering” conditions in
the mouth and the artiﬁcial models for biological tissue (tongue, palate,
saliva), which will be used as test specimens.
The tongue palate environment is crucial for the perception of taste
and texture. The palate is a relatively smooth and hard surface that does
not have taste receptors and is used mainly to spread the already partially
processed food from the teeth to the larger area in the mouth (Breslin,
2013). From there the food reaches the tongue where the receptors are
placed that are responsible for the perception of different tastes and
textures. The human tongue is a rough and ﬂexible muscle and its surface
is covered by conical papillae of order 100 μm in height (van Aken et al.,
2007). Almost two-thirds of the human tongue is covered by ﬁliform
papillae that do not contribute to the taste perception but are sensitive to
friction. Taste receptors are located at the fungiform and foliate papillae
(Sarkar et al., 2019a,b).
The tongue-palate contact is lubricated by saliva and according to
Humphrey and Williamson (Humphrey and Williamson, 2001) this plays
a crucial role in the following processes: (1) lubrication and protection,

Table 1
Summary of the mechanical conditions in the tongue-palate contact.
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Parameter

Range Value

Test settings

Contact Pressure
Speed range
Time scale
Temperature

3–36 kPa
2–35 mm s1
5s
35  C

35 kPa
120 mm s1
5s
35  C
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ball-on-ﬂat and ﬂat-on-ﬂat (Prakash et al., 2013), (Chen et al., 2014),
(Joyner Melito et al., 2014). The most common technique used both in
tribological and food science is the MTM tribometer (Shewan et al.,
2019), which consists of a ball in combined rolling and sliding motion
against a rotating disk. The MTM test is usually employed to measure
friction as a function of the changing speed (increasing or decreasing)
to generate a Stribeck-type curve (Sarkar and Krop, 2019). It measures a
single friction value, averaged over several seconds, which is a relatively long time-scale compared to mastication times, which for chocolate range between 15 and 20 s (Carvalho-Da-Silva et al., 2013). Thus,
these tests cannot be used to follow friction changes occurring during
the ﬁrst few seconds of mechanical breakdown in the tongue-palate
region. In addition, the traditional test design requires a continued
supply of ﬂuid which is entrained through the inlet of the contact.
Under these conditions, ﬂuids experience shear rates of the order
105-107 s1 in the inlet and contact regions, which is signiﬁcantly
higher than those reported for the tongue-palate contact region
(~50-100 s1) (Akhtar et al., 2005), and thus complex ﬂuids may
shear-degrade or suffer phase-changes. Thus, the composition of the
ﬁlm in the contact zone might differ from the average bulk (Myant
et al., 2012). To measure the mechanical breakdown of food over time,
a single sample must be used which is subject to repeated rubbing,
while reducing the effects of inlet shear.
Traditional tribometers that use a steel sample pair are not
compatible with oral processing studies, since the pressure between the
two surfaces is much higher than desired (Scholten, 2017). For this
reason, tribological set-ups for food research use a combination of soft
and hard surfaces in order to lower the contact pressures. Some of the
most common soft surfaces used are teﬂon (Chojnicka-Paszun and De
Jongh, 2014), polydimethylsiloxane (PDMS) (Bongaerts et al., 2007)
and rubber, and there are studies which used pig's tissue as a tongue
substrate (Chen et al., 2014), (Joyner Melito et al., 2014), (Dresselhuis
et al., 2008a,b). The ideal material for lubrication studies would be the
one that imitates the mechanical and chemical properties of the human
palate and tongue (Ranc et al., 2006). PDMS is currently used as model
tongue surface material for many food tribology studies (Sarkar et al.,
2019a,b), although there are signiﬁcant differences in the mechanical
and chemical properties compared to the human tissue. The Young's
modulus of PDMS ranges between 1-3 MPa (Payan and Perrier, 1997)
which is higher than the human tongue (46–150 kPa) (Sarkar et al.,
2019a,b). Despite this difference it is usual to use a PDMS-glass combination as a soft-hard model of the tongue-palate (Devezeaux de
Lavergne et al., 2016), (Liu et al., 2016), (Rovers et al., 2016). One
signiﬁcant difference between the human tongue and the PDMS samples used is the surface texture. In some studies, the tongue texture has
been replicated using surface-moulded PDMS (Ranc et al., 2006) but
this approach has not been adopted for the current work.
A new conﬁguration is proposed, consisting of two ﬂat surfaces to
mimic the tongue-palate contact. The upper surface, a PDMS disk is
loaded and reciprocates against the lower stationary surface, a glass
microscope slide. This motion simulates the movement of the tongue
against the palate (Liu et al., 2016). In addition, due to the combination
of a large contact area and a relatively short stroke length, the food under
test is essentially isolated and new material is not continuously entrained.
When eating semi-solid food is introduced into the mouth as individual
samples which are mechanically degraded before swallowing. There are
already studies that use ﬂat on ﬂat conﬁgurations (Masen and Cann,
2018) to successfully distinguish between confectionery products with
different cocoa solids. In this paper, the experimental setup presented by
Masen and Cann (Masen and Cann, 2018) is further developed by using a
new device that is able to operate at the appropriate kinematics, a lower
reciprocating frequency and by including the effect of artiﬁcial saliva in
the system whilst recording the friction forces and high temporal resolution. The test was used to assess friction for a range of chocolate
compositions, since these are expected to show differences in oral
perception.

2. Materials and methods
2.1. Tribology test device
The BTM (PCS Instruments, London) was used to measure the friction properties of lubricated and unlubricated contacts. In the setup,
shown in Fig. 1a, a model tongue comprising a ﬂat cylindrical PDMS
specimen (5 mm height, 6 mm diameter) is loaded against a stationary
glass slide representing the palate. A load of 1 N was used, giving an
approximate contact pressure of 30 kPa, which is comparable to reported pressures in the tongue/palate contact. The 6 mm diameter
PDMS cylindrical specimen was punched from a 5 mm thick silicone
sheet (Silex UK) using a biopsy punch, and the surface texture was
measured using a White Light Interferometer. The PDMS disc is glued
on the upper holder and reciprocates against the glass slide, imitating
the movement of the tongue. The glass slide is attached to a
temperature-controlled metal base, where the temperature is monitored through a thermocouple. The glass slide is preheated to 35  C for
2 min before the start of the test. After the 2 min of preheating, a small
amount (~0.2 g) of shaved chocolate is placed on the glass slide and
allowed to melt for 30 s. Then, the PDMS ﬂat disc is brought into a
reciprocating sliding contact with the glass slide, with a speciﬁed load,
stroke length and frequency. The BTM was speciﬁcally designed to
mimic the physiological in-mouth conditions (Table 1) with an applied
load of 1 N, a reciprocating frequency of 1 Hz and a stroke length of 5
mm, resulting in a mid-stroke sliding speed of 120 mm s1. The test
conditions are summarized in Table 1. Friction data was recorded over
5 cycles at a temporal resolution of 100 Hz, continuously over the
reciprocation cycle and was directly available in LabVIEW. Mean values
were calculated averaging the 15 middle points of each stroke and data
was plotted. The error bars in the graphs represent the entire range
(minimum and maximum) of all the results. Ten different chocolate
specimens of each type were used to collect samples from ﬁve different
areas of each specimen. The signiﬁcant difference between the samples
was validated using a one way Analysis of Variance (ANOVA) at 95%
conﬁdence interval with a p-value < 0.05.
2.2. Cleaning procedure of the surfaces
As surface contaminants and thin ﬁlms affect friction and wetting
properties, all surfaces were cleaned before the friction measurements.
After each test the PDMS cylinder was wiped and cleaned with isopropanol and it was replaced every ﬁve tests. The glass slide was cleaned
with isopropanol after every test. Care was taken when handling the
surfaces in order to reduce the risk of further contamination. Immediately after drying of the specimens the experimental procedure was
started.
2.3. Artiﬁcial saliva
Human saliva is a complex ﬂuid that contains several proteins and
the design of an artiﬁcial saliva substrate is not straightforward. In the
recent paper of Sarkar et al., 2019a,b) the complexity of human saliva is
presented and the difﬁculty of creating an exact human saliva substrate
is also highlighted. In this study, in order to mainly focus on the material under test, a relatively simple artiﬁcial saliva recipe is used,
consisting of 100 ml deionized water, 0.27 g mucin and half a tablet of
phosphate buffered saline (Ionta & et al., 2014). The chemicals are
mixed in a magnetic stirrer at room temperature, stored at 5  C and
discarded after seven days (Sumarokova & et al., 2018). The glass slide
palate substrate was submerged in 10 ml of artiﬁcial saliva for 30 min,
allowing the absorption of the proteins onto the glass slide. The glass
slide was then carefully retracted leave a thin saliva ﬁlm on the surface.
It was then positioned on the heated base of the BTM and the chocolate
sample was added. Table 2 summarizes the materials used in the
experiment.
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Fig. 1. (a) Schematic representation of BTM test conﬁguration, (b) Close up of the interaction area between the PDMS and the sample, indicating the range of motion.

during reciprocation. The positive and negative values correspond to left
and right reciprocating motion of the upper holder, respectively. The data
are processed, as shown in Fig. 3b-d. The ﬁrst two strokes are eliminated
from the data since the force becomes constant after the second stroke. The
coefﬁcient of friction is shown in Fig. 3b as the absolute values of the
friction force divided by the applied load of 1 N. Data measured at the
reciprocation points is ignored and only the part of the motion that corresponds to sliding is considered (Fig. 3c). Each sample was tested once
and discarded after the end of the test. The bar chart of Fig. 3d can be
calculated and used for comparison between the various conditions.

Table 2
Summary of materials used in the experiment.
Material

Description

PDMS

 Silex Silicone Youngs modulus 2 MPa (Sarkar
et al., 2019a,b)
 5 mm thickness, 6 mm diameter
 Surface texture: array of dimples 10 μm deep, 0.4
mm diameter, 0.8 mm between dimples
 S8400 Sigma microscope slide
 100 ml deionized water
 0.27 g mucin from porcine stomach Type II
(M2378 Sigma)
 0.5 PBS tablet (P4417 Sigma)

Glass
Artiﬁcial saliva

3.2. Repeatability of the friction results
Overall, the results are very repeatable, as shown in Fig. 4, where
three different tests are superimposed for dry conditions, i.e. PDMS
against the glass slide, and for lubricated conditions PDMS - glass with
artiﬁcial saliva. The coefﬁcient of friction for the artiﬁcial saliva was
measured to be μ ¼ 0.23, which lies in good agreement with results reported in literature (Xu & et al., 2020).

2.4. Chocolate specimens
Various commercially available chocolate specimens were selected to
represent different levels of cocoa solids and aeration level. The commercial chocolate samples with different cocoa solids are all made by the
same manufacturer with cocoa solid amounts ranging from 30 wt% to 80
wt%. Further details of the commercial chocolate can be found in Masen
and Cann (Masen and Cann, 2018).
Nestle provided both non-aerated samples and micro-aerated samples
with 10 vol%, 12 vol% and 15 vol% aeration, with a bubble size of
 50 μm. The chocolate was prepared as shavings, using a razor blade
and 25 g was placed on the heated glass slide (either clean, or with an
absorbed saliva ﬁlm) and allowed to melt for 120 s.
Table 3 summarizes the composition of the chocolate samples.
Scanning electron microscopy (SEM) images from a non-aerated and an
aerated sample are depicted in Fig. 2. A Hitachi S-3400 SEM was used at
variable pressure mode and at a relatively low accelerating voltage of 10
kV to prevent the samples from melting.

3.3. Friction results for commercial chocolate samples with different cocoa
solid content
Fig. 5a shows a comparison for the friction coefﬁcient between the
commercially available chocolate samples tested without artiﬁcial saliva
present. Differences were observed depending on the cocoa solids content. The high content samples (~85 wt%) showed higher coefﬁcient of
friction during the ﬁrst 5 strokes compared to the 70 wt% and 37 wt%
cocoa solids samples. The tests were repeated with the artiﬁcial saliva
and the results followed the same behaviour (Fig. 5b), but the values of
the friction coefﬁcient are, as expected, lower. Statistical analysis
through ANOVA indicated a clear difference between the samples in both
cases.

3. Results

3.4. Aerated chocolate friction results

3.1. Procedure for acquisition of experimental data

Fig. 6a compares averaged coefﬁcient of friction without artiﬁcial
saliva for chocolate samples with levels of micro-aeration of 0, 10, 12,
and 15 vol%. The friction trace changes over the stroke length. It is at a
minimum at the reciprocation point and increases to a maximum in the
middle of the stroke. The maximum friction coefﬁcient deceases with
aeration level from μ ¼ 0.4–0.44 for the 0 vol% to μ ¼ 0.2–0.23 for the 15
vol% aeration.
Fig. 6b shows the results obtained for the various aerated chocolates
with artiﬁcial saliva present. Again, differences were recorded depending
on aeration level although overall the friction was much lower. The
maximum friction coefﬁcient deceases with aeration level from μ ¼
0.16–0.175 for the 0 vol% to μ ¼ 0.07–0.08 for the 15 vol% aeration.
Clear differences are observed in the friction coefﬁcient values in both
ﬁgures, which was also justiﬁed by the ANOVA analysis.

Friction tests were performed on the BTM using the conﬁguration
described above. Fig. 3a depicts a typical measurement of the friction force
Table 3
Composition of chocolate test samples.
Designation

Cocoa solid
(wt%)

Fat content
(wt%)

Sugar
(wt%)

Aeration
(vol%)

85% Dark Chocolate
70% Dark Chocolate
37% Milk Chocolate
28% Milk Chocolate
28% Milk Chocolate
28% Milk Chocolate
28% Milk Chocolate

85
70
37
28
28
28
28

32
25
20
27
27
27
27

14
29
46
44
44
44
44

0
0
0
0
10
12
15
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Fig. 2. SEM images from (a) non-aerated and (b) micro-aerated sample.

Fig. 3. Measurement of friction force during reciprocating motion. (a) Typical friction force measurement during reciprocation, (b) coefﬁcient of friction corresponding the absolute values of friction force with elimination of ﬁrst two strokes, (c) data corresponding to the sliding, (d) bar chart by averaging the 15 middle
points of each stroke.

A major difference between the friction traces without (Fig. 6a) and
with (Fig. 6b) artiﬁcial saliva is the shape of the curves. The results with
artiﬁcial saliva are characterized by a convex curve, whereas nonlubricated conditions result in curves that are concave. For reference,
Fig. 8 also shows coefﬁcient of friction measurements obtained for
lubricated sliding of the PDMS against glass, when no chocolate was
present. This friction is signiﬁcantly higher than when chocolate is present in the contact.
These results show that the proposed experimental setup can measure
and identify differences in the coefﬁcient of friction for different levels of
micro-aeration. The test design aims to capture a single sample of
chocolate and subject it to repeated shearing. The assumption is that no
new material enters the contact during the reciprocating motion and
although the chocolate is degraded, a thin layer remains intact on the
glass surface without signiﬁcant loss of the ﬁlm. At the end of the test, the
rubbed ﬁlm on the glass slide was observed under a low power microscope (Fig. 7a and b). Fig. 7a shows the overall view of the chocolate
sample with the rubbed portion in the middle. Fig. 7b shows a DIC optical
image from the rubbed region of non-aerated chocolate after the test. The
image clearly shows that a macroscopic ﬁlm remains in the contact and
its structure is shear degraded. Immediately after the test, free fat

Fig. 4. Measurement of coefﬁcient of friction as a function of reciprocating
motion. Repeatability for dry conditions (without artiﬁcial saliva) and artiﬁcial saliva.
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Fig. 5. Measurement of coefﬁcient of friction as a function of reciprocating motion. Comparison for samples with different cocoa solids content (a) without an
artiﬁcial saliva ﬁlm present and (b) with an artiﬁcial saliva ﬁlm present.

Fig. 6. Coefﬁcient of Friction traces as a function of stroke position for chocolate samples with different aeration levels (a) without an artiﬁcial saliva ﬁlm present and
(b) with an artiﬁcial saliva ﬁlm present.

Fig. 7. (a) Sliding direction after the test, (b) microscope image of non-aerated chocolate in the sliding direction ﬁlm after the test.

inlet, which is usually present in classical lubrication tests, is absent, thus
the chocolate is not pre-sheared before friction is measured. Friction was
measured over 10 strokes (5 reciprocating cycles at 1 Hz) to simulate inmouth degradation over 5 s of mastication. The effect of the composition
in terms of cocoa solid content and aeration was studied in a series of
tests with and without artiﬁcial saliva present.
The presence of artiﬁcial saliva decreased the friction coefﬁcient from
μ ¼ 1.25 (dry) to μ ¼ 0.25 (artiﬁcial saliva) which is similar to values
reported in the literature (Andrysewicz et al., 2014). The average

droplets are present (these solidify on cooling) and discrete sugar/cocoa
particles.
4. Discussion
A tribology test was developed to measure friction of different types
of molten chocolate as it mechanically degraded. The test uses a reciprocating ﬂat-on-ﬂat conﬁguration, which simulated the conditions and
motion in the tongue-palate contact. In this arrangement the converging
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mid-stroke friction coefﬁcient is compared for the commercial samples in
Fig. 8. The results are plotted against cocoa, sugar and fat content for tests
with and without artiﬁcial saliva present.
In all cases the friction coefﬁcient decreased in the presence of the
artiﬁcial saliva. It is difﬁcult to draw concrete conclusions about the effect of composition on friction as the cocoa, fat and sugar content all
change in the samples. However, some general trends may be identiﬁed.
Friction coefﬁcient decreased with decreasing cocoa, decreasing fat and
increasing sugar content. Clearly it is difﬁcult to isolate the effect of a
single component on friction.
Fig. 9 compares mid-stoke average friction for the aerated samples
with and without artiﬁcial saliva present. Again, friction reduces in the
presence of the artiﬁcial saliva. The results for these chocolates are less
ambiguous as the fat, sugar and cocoa solid content were all constant for
all samples in this group. Friction coefﬁcient decreases with increasing
aeration levels.
For both sets of chocolate samples, non-aerated and aerated, the
friction coefﬁcient reduced in the case of artiﬁcial saliva being present in
the contact. For the commercial chocolate samples, this decrease was in
the range of 19–45%, depending on the cocoa-solid content. The
reduction was much larger for the aerated samples, where the largest
decrease (65%) occurred for the 15 vol% aerated samples.
Examination of the rubbed ﬁlm post-test provides insights into
structure degradation and component loss. The DIC image of the rubbed
ﬁlm in Fig. 7b clearly shows the structure of chocolate has degraded and
coalescence of fat. The amount of sample left in the track indicates the
surfaces are separated by a lubricating ﬁlm and that direct interaction of
the glass and the silicone did not contribute to the measured friction.
Chocolate is a complex material and the friction response will be inﬂuenced by the original composition, phase changes due to melting and
mechanical degradation, and loss of some components during rubbing.
The addition of saliva and the possible dissolution of some components,
for example sugar, will add to this complexity. To understand these
processes, it will be necessary to test simpler, model systems with
controlled compositions. Post-test analysis of the chemistry and distribution of the remaining ﬁlm (Masen and Cann, 2018; Rodrigues et al.,
2017) is also necessary.
Several chocolate studies (Lee et al., 2004), (Rodrigues et al., 2017),
(Carvalho-Da-Silva et al., 2013), (Mantihal et al., 2019) have used a
classical Stribeck-type analysis to explain their tribology results. Friction
coefﬁcient is plotted as a function of entrainment speed to identify
different lubrication regimes. An idealised example is shown in Fig. 10
where the boundary, mixed and hydrodynamic regimes are clearly
delineated. The interpretation of Stribeck curves generated for chocolate
have not been so clear cut. In some studies friction has been reported to
increase with speed, typically over the range 0.01–100 mm s1 for μ~
0.1–0.6. (Carvalho-Da-Silva et al., 2013), (Mantihal et al., 2019). However, Rodrigues et al. (2017) reported fairly constant friction coefﬁcient
of μ~0.08–0.1 over for a speed range of 1–100 mm s1.
Although we have doubts about this type of analysis, we can use this
method to examine the chocolate friction response in the current work. In
the BTM test the speed proﬁle of the contact is sinusoidal, and the friction
coefﬁcient was measured over the entire stroke length, meaning the
speed varied from 0 at the beginning and end of the stroke to 12 mm s1
at the centre. The shape of the friction curve over the stroke differed
between the various chocolate samples (commercial and aerated) and
with the addition of artiﬁcial saliva. The friction coefﬁcient for the
commercial chocolate was fairly constant over the stroke, both with and
without artiﬁcial saliva. However, there was signiﬁcantly different
behaviour for the aerated samples: without artiﬁcial saliva the friction
coefﬁcient increased with speed and the highest friction was recorded in
the middle of the stroke. With added artiﬁcial saliva the friction coefﬁcient decreased with speed and the lowest friction coefﬁcient was in the
middle of the stroke. Classical lubrication theory predicts that the
thickness of the lubricating ﬁlm will increase with speed due to increased
entrainment of ﬂuid and that the friction response will be described by a

Fig. 8. Average mid-stroke coefﬁcient of friction plotted for different chocolate
composition for non-aerated samples with and without artiﬁcial saliva present.
(a) cocoa solid content (b) sugar content (c) fat content.

Stribeck-type curve. An example of a Stribeck curve, where the coefﬁcient of friction is plotted as a function of the hydrodynamic ﬁlm building
parameter deﬁned as viscosity x speed/load, is shown in Fig. 10. For low
speed and/or low viscosity the hydrodynamic component of the ﬁlm is
reduced, and friction is determined by the thin ﬁlm chemistry of the
contact. Increasing viscosity or speed increases the ﬁlm thickness and
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adsorbed/ﬂuid mucin layer to the contact might also change the position
of the shear plane It is possible that shearing occurs predominantly at the
chocolate-mucin interface, which would have a much lower shear stress
and thus friction.
The paper has reported a new approach to studying friction of mechanically degraded molten food samples. The advantage of the experimental setup is that it replicates the real timescale that food is rubbed
between tongue and palate and that it measures transient friction
changes rather than averages of longer timescales. The other improvement is the combination of a large contact area and a short reciprocation
stroke, which is a better simulation of the tongue-palate contact and
movement. This conﬁguration also means that a single sample of food is
captured in the contact and subjected to repeated rubbing rather than the
continued entrainment of fresh material as it occurs in most other
tribological tests.
The results have shown chocolate composition and structure inﬂuences friction. The individual roles of cocoa solids, fat, sugar, emulsiﬁers etc must be studied in a more methodical and controlled manner
through model systems. The contribution of aeration is interesting and
promising. Aeration will affect many properties some of which will
impact texture attributes for example bite, melting, rheology, mechanical
breakdown, chocolate structure/cohesion. At present we do not have
enough information to propose a model for these complex processes and
the relationship to friction and sensory perception. It requires more
detailed research to address it properly and we are currently carrying out
rheology, structural breakdown and modelling to address this. However,
the results clearly show that aeration can be used to control chocolate
friction and thus is a promising method of altering the texture attributes
in a controlled manner.

Fig. 9. Comparison of coefﬁcient of friction measurements for different aeration
levels with and without an artiﬁcial saliva ﬁlm present.

shifts the friction response to the right-hand side of the diagram, where
ﬂuid-shear effects start to dominate.
The results for the chocolate with 10 vol% aeration are superimposed
onto the Stribeck curve for two positions in the stroke; (1) near the end of
the stroke (~1 mm s1) and (2) in the middle (~12 mm s1) with and
without artiﬁcial saliva. Although the applied speed ranges during the
saliva and non-saliva experiments are identical, it is reasonable to assume
that the addition of a thin artiﬁcial saliva layer reduces the chocolate
viscosity and thus the friction response shifts towards the left-hand side
of the curve. The same friction-speed response was measured for all the
aerated samples; however, this was not seen for the commercial chocolate samples chocolate, where the friction coefﬁcient was fairly constant
over the speed range. Similar speed-independent friction response has
been reported for commercial chocolate samples (Rodrigues et al., 2017).
The friction coefﬁcient was higher for the tests without artiﬁcial saliva, as
expected, since the viscosity of the chocolate is expected to be higher.
Although we have used a Stribeck-type analysis, it must be remembered these curves were developed from friction tests on oils containing
low concentrations of soluble additives, which behave quite different
than chocolate. The validity of applying these models to complex multiphase ﬂuids with the inherent assumptions of ﬁlm formation mechanisms
and speed dependency is uncertain. This discussion uses a simple lubrication analysis to explain the effect of adding artiﬁcial saliva; however, it
is likely the mechanism is more complex. For example, by adding an

5. Conclusions
This paper describes a novel experimental setup to measure the friction coefﬁcient in reciprocating contact operating at low contact pressure
and low speeds. The setup simulates the movement of the tongue and the
palate using a combination of a large contact area and a relatively short
stroke length. This means food under test is essentially isolated and new
material is not continually entrained which is a closer simulation of oral
processing. The test was used to distinguish between chocolate samples
of different aeration levels and cocoa-solid content. In commercial samples friction coefﬁcient decreased with decreasing cocoa (85–37 wt%),
decreasing fat (32–20 wt %) and increasing sugar (14–46 wt%). The friction coefﬁcient decreased with increasing aeration levels over the range
of 0–15 vol % aeration. For all chocolate samples the friction coefﬁcient
decreased with the presence of an artiﬁcial saliva ﬁlm. In addition,
different friction-speed response curves were observed depending on the

Fig. 10. Idealised Stribeck curve, showing the friction to speed response for 10 vol% aerated chocolate.
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nature of the chocolate and the presence of artiﬁcial saliva. The
commercially available chocolate shows a friction coefﬁcient that is
constant over the stroke. For the aerated chocolates the friction coefﬁcient changes with speed. An increase with speed was observed when
artiﬁcial saliva was not present. A decrease with speed was observed
when the artiﬁcial saliva was present. These research challenges might be
addressed by combining the results from the tribology experiments with
rheology measurements with and without artiﬁcial saliva present.
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