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ARTICLE INFO ABSTRACT

Handling Editor. NO When undergoing compression during oral processing, stacked gels display different mechanical properties that
shape perceptions of texture contrasts (Santagiuliana et al., 2018). However, to date, characterizing the me-
chanical responses of individual gel layers has been impossible. In this study, an ultrasound (US) technique was
developed, that allowed such deformation dynamics to be visualized in real time. Stacked gels were created using
layers (height: 5 mm) of brittle agar and elastic gelatin in different combinations. In a series of experimental
tests, different stacked gel combinations were placed on a rough, deformable artificial tongue model (ATM) made
of polyvinyl alcohol; a texture analyzer was used to apply uniaxial force, and deformation was monitored by an
US transducer (5 MHz) located under the ATM.

From the obtained results, it was observed that the deformation of ATM surface during compression was in
accordance with the force recorded by the texture analyzer, suggesting a collaborative response of different
layers under compression. Moreover, US imaging revealed that differences in Young’s modulus values between
layers led to heterogeneous strain distributions, which were more pronounced for the agar layers. Biopolymer
elasticity was also a key factor. Regardless of combination type, the gelatin layers never fractured; such was not
the case for the agar layers, especially those with lower Young’s modulus values. The results of this US study have
thus paved the way for a better understanding of the mechanical deformation that occurs in heterogeneous foods,
a phenomenon that has been difficult to examine because of the limitations of conventional techniques.
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1. Introduction phases with highly contrasting mechanical properties. Altering such

properties when formulating foods impacts the sensory experience of the

The solid and liquid foods that make up our diets have diverse
structures and mechanical properties. Some have rather homogeneous
structures. In recent years, homogeneous foods have been prominently
used to clarify how they are processed in the mouth and how texture
perceptions arise as a result. Studies have been carried out on actual
foods, including breads, cookies, cheeses, and custards, to characterize
food mechanical properties during oral processing (De Wijk et al.,
2006a; Le Bleis, Chaunier, Della Valle, Panouillé and Réguerre, 2013;
Saint-Eve et al., 2015; Young et al., 2013). However, such foods only
represent a small portion of our diets. Indeed, most foods are more
complex; they are heterogeneous composites, combining different
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consumer (Palczak et al., 2020; Szczesniak and Kahn, 1984). Custom-
izing food properties can also serve as a tool for improving nutritional
quality (e.g., reduction of sugar, salt, and fat content or changes in
digestive and nutrient-release kinetics) (Mesurolle et al., 2013; Salles
et al., 2017; Singh et al., 2015). In recent years, interest has grown in
creating model foods that display different levels of structural hetero-
geneity as a mean for understanding the phenomena behind the
perception of texture contrasts (Devezeaux de Lavergne et al., 2016;
Laguna and Sarkar, 2016; Larsen et al., 2016; Santagiuliana,
Piqueras-Fiszman, van der Linden, Stieger and Scholten, 2018; Santa-
giuliana et al., 2019). In homogeneous foods, macroscopic textural
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properties can be rather easily verified and assessed. In contrast, in
composite foods, the presence of structural heterogeneity presents a
challenge: it is harder to predict texture perceptions because different
structures have different mechanical properties. The individual struc-
tural components of a composite food may interact and deform syner-
gistically during oral processing, making it difficult to trace the drivers
of texture perception dynamics.

Devezeaux de Lavergne et al. (2016) studied how mechanical con-
trasts in stacked gels (two layers of emulsion-filled agar/gelatin gels
with mechanical contrast) affected oral processing and texture percep-
tion dynamics, as measured via a sensory panel. Their results showed
that, overall texture perception dynamics of the combined layers was the
average of that of two individual layers. However, these interesting
findings were difficult to interpret from a mechanical perspective
because the layers’ mechanical characteristics were quantified sepa-
rately using a texture analyzer with a cylindrical probe.

Going a step further, Santagiuliana et al. (2018) used stacked gels
(two layers) to investigate how the mechanical and physicochemical
properties of individual gel layers influenced perceived heterogeneity.
Here, interestingly, the mechanical characteristics of the stacked gels
were directly measured using a penetration test that employed a texture
analyzer with a wedge probe. Consequently, it was observed that the
fracture force of the top layer had an impact on that of the bottom layer.
The same study also investigated how differences in fracture stress be-
tween two layers affected the perception of texture contrasts. One of the
main conclusions was that, depending on polymer type, a minimum
degree of difference (5 kPa for soft and brittle agar layers; 16 kPa for soft
and elastic gelatin layers) in fracture stress between the two layers was
required for heterogeneity to be perceived. Taken together, these dis-
coveries greatly clarified the bulk deformation dynamics that occur
between different layers and the synergistic effects on the deformation
kinetics of the entire system. It is thus evident that the distribution of
stress/strain in each layer must be characterized during compression. To
identify the layers’ individual contributions, it is not enough to assess
the system’s overall mechanical properties using uniaxial compression
tests; a complimentary approach is needed, in which real oral condi-
tions, such as soft contacts between the palate and tongue, are
mimicked.

Kohyama et al. (2019) presented an innovative approach of com-
pressing soft food gels between an artificial tongue (transparent ure-
thane gels) and plate, and monitored the deformation incurred by the
gels with the help of video cameras. This approach was found very
effective in analyzing the deformation and fracture phenomena in
monolayer gels. However, they can pose some technical difficulties
when several interfaces are stacked over each other. Depending on the
color contrast between the media, or the level differences between the
camera axis and the different interfaces, there may be some errors in the
estimation of the deformations.

To overcome these limitations, ultrasonic methods can be a good
candidate. Ultrasound based techniques being non-invasive and non-
destructive, they have gained interest by the community of food sci-
ence for the real-time and quantitative monitoring of various physical
phenomena occurring during food processing (De Wijk et al., 2006b).
Indeed, ultrasonic waves are mechanical waves, sensitive to the me-
chanical properties of the media and interfaces in which they propagate.
In addition to the well-known imaging approaches that allow to explore
qualitatively the heterogeneities in the media, they can be used quan-
titatively to characterize properties (propagation speed, attenuation,
acoustic impedance) revealing the mechanical characteristics of the
propagation media. Two recent studies (Mantelet et al., 2020a,b)
described a method in which real-time quantitative ultrasound was used
to explore coupling phenomena between food gels (agar and gelatin)
and tongue-mimicking surfaces. Moreover in our recent study (Srivas-
tava et al., 2021), a quantitative ultrasound method has been proposed
to quantify the deformation dynamics of artificial tongue models during
the compression of monolayer gels. The characterization of the tongue
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deformation was achieved by the use of single element transducers.
Unlike multi-element imaging probes, the measurement of deformations
with mono-element transducers does not face limitations induced by
image resolution. Thanks to signal processing methods, they allowed an
accurate estimation of the tongue deformation, by the measurement of
changes in the time of flight (ToF) of ultrasound echoes reflecting back
from the tongue-food interface. This type of mono-element transducer
thus allows a precise quantification of the deformations in the direction
corresponding to the beam axis. However, they only reflect what hap-
pens in the core of the samples (with variable beam sizes, but generally
several millimeters in diameter), and they are thus not as suitable as
multi element array probes for quantifying gradients of deformation
along the direction perpendicular to the beam (from the core to the
periphery of the interfaces).

Against this backdrop, the aim of the study presented here was
twofold. First, it sought to build upon previous research by determining
whether a quantitative ultrasound method could characterize not only
the deformation of an artificial tongue, but also that of a heterogeneous
food, modelled using stacked gels. Second, it explored how the defor-
mation dynamics of the system and its components were influenced by
(i) associations between gel layers; (ii) differences in mechanical prop-
erties between the two layers; and (iii) layer position on the artificial
tongue. Drawing upon the work of Santagiuliana et al. (2018), agar and
gelatin gels of differing concentrations (which thus displayed different
mechanical properties) were created and combined to form stacked gels
consisting of two layers. Then, the gels were placed on a deformable
artificial tongue model (ATM), and the entire system underwent uniaxial
compression induced by a hard, flat probe that mimicked the palate
(Fig. 1a). Ultrasound pulse-echo approaches and associated signal pro-
cessing methods were developed to monitor the deformation dynamics
of the different system components during the compression test.

2. Materials and methods
2.1. Preparation of the stacked gels

Two types of polymers were used in this study: agar (Ag) and gelatin
(Ge). Gel composition and preparation protocols were similar to those in
Santagiuliana et al. (2018). Each gel layer was identified using a poly-
mer abbreviation (Ag and Ge) followed by a number corresponding to
the gel’s fracture stress (kPa). The solutions of agar (HP700IFG, Kalys,
Bernin, France) and gelatin (Bloom 250 PS 8/3 Rousselot, Gent,
Belgium) were prepared using demineralized water and then stirred for
30 min to allow for hydration. Then, the solutions (inside capped bot-
tles) were heated in a water bath under continuous stirring conditions.
The heating regime differed for the two polymer types: 45 min at 95 °C
for the agar, and 20 min at 60 °C for the gelatin. The solutions were
subsequently poured into cylindrical syringes (diameter: 26 mm, vol-
ume: 65 mL; Omnifix, B. Braun); the syringes’ interiors had been lightly
coated with sunflower oil. The syringes were kept at 4 °C for 15-18 h to
allow gelation to occur. Afterwards, the cylindrical gels were removed
from the syringe using the plunger and cut into 5-mm-thick cylinders
using a custom-built cutting frame. The gels were then assembled by
stacking two individual cylinders. The two stacked layers were not glued
with any external adhesive agent. Combinations were created with
cylinders that differed in polymer type and fracture stress (Fig. 1b). To
improve the echogenic properties of the interface between the two
layers, the top of the lower layer was dusted with a small quantity (<10
mg) of agar powder prior to the placement of the upper layer. Pre-
liminary experiments confirmed that the powder did not have any ef-
fects on the mechanical properties of the stacked gels.

2.2. Preparation of the artificial tongue model

The ATM employed in this study was also used in Srivastava et al.
(2021). To describe the preparation method briefly, a polyvinyl alcohol
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Fig. 1. (a) Schematic representation of the experimental set-up; (b) the combinations of stacked gels tested (including the flipped combinations).

solution (PVA; Sigma Aldrich, Saint-Louis, USA) was made using
ultra-pure water (10% w/w); it then underwent stirring at 80 °C for 2 h.
The solution was subsequently cooled to 20 °C and poured into a cy-
lindrical mold made of polyvinyl chloride (diameter: 50 mm, height: 20
mm); at the bottom of the mold was P40 sandpaper (grain size: 425 pm;
Norton, Saint-Gobain, France). The sandpaper was used to create a to-
pological surface profile similar to that of a human tongue. After being
carefully sealed, the mold and its contents were frozen (—20 °C for 10 h)
and subsequently thawed (20 °C for 14 h). A total of six freezing-thawing
cycles were performed to obtain the proper rigidity for a PVA hydrogel
(Fromageau et al., 2007). Finally, the ATM was unmolded and stored in
reverse osmosis treated water at room temperature (20 °C). This PVA
based ATM can be stored at room temperature without any deterioration
and any modification of mechanical properties for several months.

Young’s modulus and surface roughness values for the ATM had been
previously characterized using a texture analyzer and a contact profil-
ometer, respectively (Srivastava et al., 2021). The Young’s modulus
value was 71 + 2 kPa. Ishihara et al. (2013) found that the rigidity
values of the human tongue at rest and in a contracted state were 12.2 +
4.2 kPa and 122.5 + 58.5 kPa, respectively. Surface roughness profile in
terms average peak height (R,) and correlation length (peak width, p)
was 103 + 3 pm and 429 + 63 pm respectively. For the human tongue,
average peak height appears to be 42.5-101.4 pm (Uemori et al., 2012),
while peak width appears to be 355-878 pm (Andablo-Reyes et al.,
2020).

2.3. Test sequence and ultrasound measurements

The ultrasonic analysis equipment and measurement principles are
very similar to what was done in our previous studies, in which the
analysis technique and procedure are also described in detail (Mantelet
etal., 2020a,b; Srivastava et al., 2021). The main changes are the choice
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of a higher frequency ultrasound transducer, the use of a US
pulser-receiver with a higher pulse recurrence frequency, and the
development of a new image processing method for the analysis of the
different interfaces. All these new elements are described in detail in the
following lines.

The experimental set-up (Fig. 1a) included a texture analyzer, an
ATM and a 5 MH mono-element piezoelectric ultrasound transducer
(Olympus, Shinjuku, Tokyo, Japan) placed in contact (underneath) with
the ATM. The use of a 5-MHz ultrasound frequency resulted in improved
spatial resolution compared to previous work (maximum ultrasound
frequency of 1 MHz; Mantelet et al., 2020a and b), which was crucial for
performing measurements at the tight interface between the two layers.
The transducer was connected to an ultrasound pulser-receiver (Ultra-
sound-Key, Lecoeur Electronique, Chuelles, France), which produced a
negative square pulse wave signal (width setting: 24/255, amplitude:
100 V). The transducer digitized the radio frequency (rf) signals corre-
sponding to the pulse-echo response of the system (quantification: 12
bits, sampling rate: 80 MHz, gain: 20 dB). The acquisition of the rf sig-
nals was done in real time during the tests using a dedicated user
interface developed with LabVIEW® (LabVIEW, National Instruments,
Austin, Texas, USA). The pulse recurrence frequency was approximately
450 Hz. This level was significantly higher than that used in previous
research (maximum of 90 Hz; Mantelet et al., 2020a and b), allowing for
better temporal resolution during the fast processes taking place. As a
result, it was possible to conduct more detailed analyses of the signal
fluctuations associated with the mechanical phenomena occurring at the
interface between layers.

Before beginning the compression test, any water on the ATM’s
surface was carefully removed using absorbent paper (Kimtech™,
Kimberly-Clark, Irving, TX, USA). A stacked gel combination was then
gently placed on the ATM. The circular aluminum probe (diameter: 40
mm) of the texture analyzer was used to apply uniaxial stress to the gel-
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ATM system. The amplitude of the probe displacement was 80% of the
thickness of the stacked gels, subjecting the entire system (ATM [20
mm] and the two gel layers [5 mm each]) to compression, imposing a
deformation rate of approximately 25% (when considering the ATM and
the gel as a single entity). Compression speed was 10 mm/s, and the
system was kept in a compressed state for 2.5 s before the probe was
lifted. This holding step was necessary to examine relaxation phenom-
ena. The probe is not lifted up during the latter stage.

During each test, the ultrasound measurements were performed in
two steps. First, a reference signal was acquired by putting the trans-
ducer in contact with the ATM prior to gel placement. Then, ultrasound
signals were acquired in real time (approximately 450 signals per sec-
ond) during the test sequence, which began 0.5 s before compression
was initiated and was followed by the 2.5-s holding step. It is also
important to highlight that the ultrasonic system has negligible thermal
effects due to the low intensity and short duration of the pulses.

2.4. Signal analysis

High-frequency noise reduction with a low-pass filter (cut-off fre-
quency: 8 MHz) was applied to the fast Fourier transforms (FFTs) of all
the rf signals. Fig. 2a and ¢ shows a motion-mode (M-mode) image of the
modulus of the Hilbert transform of all the signals acquired over the
course of two tests, viz. Aga0Geqp and GeygGeyp respectively. M-mode

Ag,CGey,

16

US time of flight (us)
5

0.5 1

1.5
Time (s)

2 25

Relaxation

US time of flight (us)

05 1

15
Time (s)

25
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images depict changes in ultrasound signals over time. The x-axis cor-
responds to the time elapsed during a test. The y-axis corresponds to the
time elapsed after each ultrasonic signal has been emitted. At a rate of
approximately 450 rf signals were emitted per second. In Fig. 2a and c,
there are three yellow traces—each corresponds to an echo generated by
an ultrasound wave meeting an interface. Ej corresponds to the acoustic
energy reflected from the interface between the ATM and the lower gel
layer (layer #1). E; is the response for the interface between the lower
and upper gel layers (layers #1 and #2). E, is the response for the
interface between the upper food layer and the probe. During a test
sequence, all the echoes evolved, both in terms of amplitude (peak
height) and of ToF (peak time of occurrence).

In the first phase of signal processing, an analysis was performed of
ToF_E, the time of flight of the echo E(. The ToF calculation determined
the first zero-crossing (i.e., the time point where the sign of rf signal
amplitude changes) after the signal amplitude had exceeded a threshold
equal to twice the level of noise. This process yielded ToF_E(t) for the
entire experimental test (Fig. 2b and d).

In the second phase of signal processing, an analysis was performed
of the ToF of the echoes E; and E; (ToF_E; and ToF_E,, respectively).
Semi-automatic procedures were developed to perform this analysis due
to the complexity of the ultrasound signals that followed echo Eg
(multiple reflections, overlapping signals, highly variable amplitude).
First, the M-mode image for the entire trial was plotted. The modulus of

Ag, Ge
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Fig. 2. Ultrasound M-mode image, where the x-axis is the time elapsed during a given test and the y-axis is the time delay between ultrasound emission and echo
detection by the transducer (a: Ag0Geqo and c: GegoGeyp); variation in time of flight for the Eq, E;, and E, echoes during a test, obtained from the analysis of the M-

mode image and the corresponding rf signals (b: AgsoGeso and d: GexpGeyo).
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the Hilbert transform of the signals was used (as in Fig. 2a and c). As
mentioned above, such plots allow all the echoes from an experimental
trial to be clearly visualized. Next, a set of points in the profiles of E; and
E; was manually selected. Due to the duration of the ultrasound pulse,
the yellow traces corresponding to each echo had a specific width in the
M-mode image (see Fig. 2a and c). When selecting the points, the idea
was to follow the changes in each echo over time, moving from the blue
zone (before the echo occurred) to the yellow zone (at the beginning of
the echo). This method allowed ToF values to be selected in relation to
the first zero-crossing event. Then, a MATLAB program employing an
interpolation function (Spline method: cubic interpolation of values at
neighboring points) was utilized to generate the full profiles of changes
in ToF for each echo over the course of the experimental trial (ToF_E; [t]
and ToF_E; [t] for E; and E,, respectively; Fig. 2b and d).

2.5. Data processing

Signal processing yielded ToF data for the echoes originating from
the three interfaces: ToF_E(t), ToF_E;(t), and ToF_E(t). During a given
test, there were three time points of interest—tg, t;, and ty—that cor-
responded to the moment before compression, the end of compression
step, and the end of 2.5 s holding step, respectively. During each test, the
change in ToF for each echo depended on two main parameters. The first
parameter was the propagation speed of the ultrasound waves, which
was similar for the ATM, agar gel, and gelatin gel (~1500 m/s). It varied
a negligible amount during compression, as it is governed above all by
media compressibility and density (which were highly similar in this
study). The second parameter was the path length of the ultrasound
wave. The greater the length, the longer the flight time. In the experi-
mental tests, the path length of the wave within one of the layers (ATM,
agar gel, or gelatin gel) was twice as long as layer thickness. The
deformation of each system component can thus be estimated as follows:

ATM deformation in millimeters (Alr):

500
Alr(r) = IT (TOFg(t) — TOF_Ey(to)) (€Y

Layer 1 deformation in millimeters (Aly;):

Al (1) :@ (TOFg,(t) — TOF_E\(ty)) — Aler (1) (2)

Layer 2 deformation in millimeters (Aly5):

Al (1) :@ (TOFes (1) = TOF Es (1)) — Al (1 3)

This should be noted that the radius of the ultrasound beam (around
10 mm) is less than that of the gel layer. Hence the obtained values by
above equations only indicates deformations observed at very central
part of ATM-gel interface.

The resulting values of Alr, Aly;, and Alp, thus convey the real-time
changes in thickness for each component. Another approach is to express
these values relative to the global deformation applied to the system
(which also corresponds to the amplitude of probe displacement). These
percentages can be used to analyze the relative deformation experienced
by each system component:

Alr (1)

er(l) = 00 e T A (1) Al () ?
o Al (1)

e (1) = 100 e AL (1) + B0 v

e (1) = 100% Alia(0) ©

"Alr(t) + Al (1) + Al (1)

It is important to note that these indicators do not correspond to the
deformation endured by the layers in relation to their initial thickness. It
is important to note that these indicators do not correspond to the
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deformation endured by the layers in relation to their initial thickness.

In this study, the obtained results of deformations (for a set of at least
seven repetitions) are presented and analyzed in different ways. Some
parameters (force and ATM deformation) are studied by a temporal
evolution throughout a test. For those, a graphical representation in the
form of an average curve and an envelope corresponding to the standard
deviation was chosen. This type of representation allows discussion of
several conditions on the same graph. And, to conclude on the signifi-
cance of differences, the envelopes around the curves were taken into
account.

The second type of data (distribution of deformation in the individ-
ual layers) representation and analysis is done at given time spots (to, t;
and tp) during a test. For this, a representation in the form of histograms
was used where each bar corresponds to a mean value, and the error bar
to a standard deviation. Here, an ANOVA test was performed using
XLSTAT (Addinsoft, Paris, France) with a complimentary post hoc
analysis (Tukey HSD) test.

3. Results and discussion

The different stacked gels considered in the present study are sum-
marized in Table 1 along with information on the observation of the
fracture within each monolayer layer during the tests. The mechanical
properties of all the monolayer gels used in this study (to build different
combinations) had been previously characterized by Santagiuliana et al.
(2018) — these values of Young’s modulus and fracture stress are
republished here in Table 2. [The formulation of the gels were done
strictly as in aforesaid study to obtain the same mechanical values.]
However, for fracture strain of each monolayer, the values reported in
the aforesaid publication have here been converted to be expressed as a
percentage of total displacement of the probe during our acoustical
experiments, where a total deformation of 8 mm was applied on the
system comprising three components (30 mm thick): a ATM (20 mm
thick) and two layers of food gels (each 5 mm thick). The values of
fracture strain described in the table thus correspond to the proportion
of the total displacement of the plate from which the fracture of a 5 mm
thick gel is expected. This was done to facilitate easier discussion with
the parameters e;; and €. It can be noted that the agar and gelatin
monolayer gels have distinctly different fracture strains but within
themselves they didn’t vary greatly (agar: 21.0-23.4% and gelatin:
39.3-46.9%). The differences in the obtained fracture strain between
gelatin and agar gels is primarily due to the polymer type and resulting
gel microstructure. Tkeda, Sangu and Nishinari (2003) have shown that
agar gels show lower fracture strain values when compared to gelatin.
Also the study further reports that with increase in polymer concentra-
tion gelatin based gels have shown increments in fracture strain while a
slight decrease was seen for agar based gels. Finally, with regard to
Young’s modulus, it can be seen that agar monolayer gels had much
varied values than gelatin gels (agar: 11.3-125.8 kPa and gelatin:
8.0-40.7 kPa).

In this section, first we discuss the impact of the overall mechanical
properties of the gels on the ultrasound-assisted measurement of ATM

Table 1

Tabular representation of the different combinations of gel layers selected to
form the stacked gels considered in the present study (in white). The presence
of the letter “F" in a box indicates that the corresponding layer fractured during
the experiments (confirmed both by visual inspection of the gels after the tests
and by the presence of sudden drops in the ultrasound traces).

Agao | ABas | AB3o | ABao | ABso | ABso [AB100| G20 | Geys | Gesg | Gegg | Gego | Geg | Geo)
F F
g FNJFNI PN F F FNLEN PN F
Gego F F
Fractured DNot fractured . Not tested
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Table 2

Mechanical characteristics—Young’s modulus, fracture stress, and fracture
strain values—of different individual gels (reproduced from Santagiuliana et al.,
2018). The means and standard deviations (SD) are indicated. Threshold frac-
ture strain (%) was calculated with respect to the total deformation of the
food-tongue system (percentage of the total amplitude of probe displacement [8

Current Research in Food Science 4 (2021) 449-459

impact of different parameters on the mechanical behavior of stacked
gels subjected to compression and then to relaxation, between a
deformable ATM and a hard plate. These behaviors will be studied by
considering several factors: impact of the type of polymer association,
the polymer content of the gels, or the orientation of the gels (surface in

mm] at which a 5-mm-thick gel is expected to fracture).

Gel Polymer concentration Young’s Fracture Fracture
(w/w in water) modulus stress (kPa) strain (%)

(kPa)

Mean SD Mean SD Mean SD
Ag2o 0.81 11.3 1.7 19.7 1.2 21.0 1.2
Agos 0.94 14.2 3.3 24.7 1 21.4 1.2
Agso 1.06 18.7 2.7 30.6 1 22.6 1.2
Agao 1.31 24.7 6 39.8 2 23.4 1.2
Agco 1.81 48.3 8 62.1 2.7 234 1.2
Agso 2.31 67.1 20.5 79.6 35 234 1.8
Agio0  2.80 125.8 12 102.1 32 23.0 0.6
Geyg 4.03 8 1.6 20.5 25 393 4.8
Gegs 4.54 10.3 2.1 25.2 1.3 395 3.0
Gesg 5.05 11.7 2 31.3 2.7 408 5.4
Geyo 6.07 185 4.3 40.9 27 421 4.8
Gego 8.11 24 3.2 60.7 3.5 437 5.4
Gegg 10.15 33.3 5.2 78.8 3.3 44.6 4.2
Gejgo 12,19 40.7 4.3 103.4 3.7 469 7.1

deformations. Then, the focus is placed on characterization of the in-
dividual behaviors of the different layers composing the stacked gels. In
each of these two parts, we will thus be able to better understand the

contact with the ATM). It is important to recall that, in the study’s
experimental set-up, the diameter of the ultrasound beam (less than 10
mm) was smaller than the diameter of the gels (26 mm prior to
compression).

3.1. Impact of gel properties on the deformation of the artificial tongue
model

First, the effect of gels properties on ATM deformation was exam-
ined. The ultrasound measurements made it possible to correlate the
degree of deformation with the force measured by the texture analyzer.
This relationship is important because, in real life, tongue deformation
during food oral processing could directly impact mechanoreceptor
stimulation. In particular, two experimental situations were considered:
tests in which a Geyg layer was coupled with a variety of gelatin layers
(Gegs, Gesg, Gesp, and Gegp; Fig. 3a and b) and tests in which an Agag
layer was coupled with a variety of agar layers (Agas, Agso, Ag40, and
Ageo; Fig. 3c and d). Fig. 3a presents the variation of force exerted during
the compression of stacked gels both composed of gelatin, with top layer
as Geyy, combined with bottom layers with varied fracture stresses
(Gegs, Gesp, Gesp, Gegp). The envelopes around bold colored lines
represent standard deviation obtained over seven repetitions. Fig. 3b
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represents, for the same gels, the evolution of the ATM deformation over
the course of compression. It can be observed from the figures that the
variation of estimated ATM deformation was in accordance with that of
force, which is congruent with the observation from our previous results
(Srivastava et al., 2021). However, varying the fracture stress of the
lower gelatin layers paired with Geyo had no significant impact (over-
lapping standard deviation envelopes), neither at the end of compres-
sion step or during relaxation.

In the second situation, where Agyg served as the upper layer and the
second agar layer was on bottom (Fig. 3¢ and d), varied responses were
obtained. During compression (between 0 and 1 s), the sudden drop in
force signaled that at least one of the gel layers had fractured. The results
also indicate that ATM deformation varied markedly during the relax-
ation. In real life, such phenomena could contribute to perceived het-
erogeneity and should hence be studied further. At the end of 2.5 s
holding step, different stacked gels displayed greatly contrasting force
and deformation profiles. The higher the agar concentration in the lower
layer (i.e., the higher the fracture stress), the smaller the decrease in the
force and deformation experienced by the ATM. In all cases, the upper
Agog layer fractured (Table 1); however, lower layers when composed of
Ag4o and Aggo did not. Consequently, comparing the results for the
gelatin and agar gels, the brittle nature of agar might explain the drastic
variation in force and deformation that was observed. Furthermore, the
sudden appearance of variation in deformation was consistent with the
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visual signs of fracture in the samples at the end of the tests (Table 1).

For all the gel combinations used in the study, an analysis was per-
formed of force patterns at the end of compression step (t;) and holding
step (tp) (Fig. 4a); ATM deformation at these two time points was also
examined (Fig. 4b). Measurements were organized into four different
groups based on the four biopolymer combinations studied. In both
figures, a dotted line indicates where force and deformation were
identical at times t; and ty. Thus, when a point is closer to this line (i.e.,
“no relaxation”), it indicates that there was less change in the force and
deformation experienced by the ATM during relaxation. Conversely,
when a point is closer to the x-axis (i.e., “high relaxation”), it indicates
that the force and deformation experienced by the ATM decreased
during relaxation. The results highlight the similarities in the distribu-
tion of points within the different groups (Fig. 4a and b).

When Agy or Gegg were paired with different gelatin layers, profiles
of force and deformation for the ATM were fairly similar across gels
combinations (especially when both layers were gelatin based) (Fig. 4a
and b; orange and purple points). This finding can be explained by the
fact that gelatin gels are more elastic. When the stacked gels were
entirely composed of gelatin, the measurement points clustered
together, suggesting a consistent response despite the differences in
Young’s modulus values. They displayed a low degree of relaxation
behavior, given that they remained close to the “no relaxation” line. The
reason behind the low relaxation in gelatin based gels could be due its
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prominent strain hardening behavior at higher deformation.

However, when a layer composed of Agyo or Geyy was paired with
different layers of agar, there was greater variability in these profiles at
the end of compression step, and, comparatively, a higher degree of
relaxation was observed (Fig. 4a and b; blue and yellow points). The
measurement points were more scattered because of the higher fracture
behaviors reported in the agar-agar combinations due to higher stress
concentration. Moreover, few of the agar layers also fractured even
when paired with a gelatin layer (Table 1).

Although the force and deformation experienced by the ATM was
generally consistent across groups (Fig. 4a and b), slight differences
were observed. For example, the two point clusters (blue and yellow)
corresponding to stacked gels with an Agyy or Geyg layer paired with
agar layers displayed distinct force values (Fig. 4a); there was some
overlap, however, in deformation values (Fig. 4b). Moreover, when Geyg
was paired with agar, some of the data points in the high range of
deformation at time t; (between 3.5 and 5 mm) exhibited low relaxation
behavior in terms of ATM deformation (remaining close to the dotted
line) which could not be confirmed on the force plots.

The next step was to compare the force and deformation experienced
by the ATM at the end of compression step (t;) and holding step (tz)
(Fig. 4c and d, respectively). Two distinct clusters of points can be seen;
each seems to form a straight line. It appears that the clusters correspond
to, respectively, the stacked gels in which compression caused at least
partial fracturing (r? = 0.83) versus no fracturing (r® = 0.83) (Fig. 4c).
Cluster composition however differed at time ty (Fig. 4d). One cluster
consisted of the 100% gelatin stacked gels (r? = 0.86), while the other
consisted of all the other combinations, meaning gels with at least one
agar layer (r* = 0.97).

In Fig. 4c, for the same level of deformation, it can be seen that, at the
end of compression step, higher levels of force were associated with gels
that had not fractured. One possible explanation for the observed dif-
ferences is that the surface upon which the force was exerted was not the
same. Consequently, for a given level of deformation, the higher force
values could have been associated with larger contact surfaces. The
differences in surface characteristics between the ATM and the gel could
explain these different behaviors. During compression, adhesion and
friction between the bottom-layer gel and the ATM may have acted in an
opposing manner to the increase in contact area (i.e., a barreling effect;
Brennan and Bourne, 1994; Pons and Fiszman, 1996). Under conditions
of compression, a barreling effect can arise due to friction between a
cylindrical sample and the plate below (in this study, an ATM), leading
to triaxial instead of uniaxial stress. Experiencing deformation, the gel
may thus have tended to bend even as the area in contact with the ATM
remained the same. A similar pattern emerged at the end of holding step
for the 100% gelatin stacked gels, as compared to the other gel combi-
nations (Fig. 4d). The non-linear response of gelatin gels under high
deformations (i.e. strain hardening) when compared to more linear
response of agar gels until fracture (due to higher brittleness) could
explain the higher force for gelatin only gels at relaxation step.

It is important to recall that, in the study’s experimental set-up, the
diameter of the ultrasound beam (less than 10 mm) was smaller than the
diameter of the gels (26 mm prior to compression). Thus, the deforma-
tion measured by ultrasound only reflected what was happening in the
central part of the ATM. To obtain information about radial ATM
deformation, it would be necessary to use a multiple-element transducer
(an array-type transducer, as employed in imaging). It would then be
easier to observe any barreling effects.

The results discussed in this section underscore the utility of ultra-
sound methods, highlighting their complementarity with force mea-
surement methods. The latter make it possible to study the mechanical
responses of multi-layer heterogeneous materials, such as an ATM in
contact with stacked gels differing in mechanical properties. However,
the results also made it clear that a comprehensive mechanistic inter-
pretation of our findings requires characterizing the phenomena that
occurred within the stacked gels. The second part of the discussion
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focuses on this subject.
3.2. Distribution of deformation: the tongue-food system

This study makes a contribution to the field by describing an ultra-
sound method for investigating how the different components of a
model tongue-food system experience deformation over time. Thanks to
this methodology, it was clear that deformation dynamics varied across
experimental situations (Fig. 5). First, results were analyzed for the
stacked gels in which the upper layer was Agso and the lower layer was
also an agar gel (Agas, Agso, Ag40, O Ageo); the deformation of the ATM
(er), lower layer (1), and upper layer (e ) were examined relative to
the total deformation experienced by the system. For example, under
conditions of compression, 17% of the total deformation was shared by
the ATM, 36% by the Agss gel, and 46% by the Agag gel (first bar in
Fig. 5a).

Two other factors affected the results: layer position and the time at
which the measurement was made (compression vs. relaxation) (Fig. 5).
In one situation, Agy( served as the upper layer (Fig. 5a and b), while in
another situation, the sample was flipped, and Agy, served as the lower
layer (Fig. 5¢ and d). When Agyp was on top, the system underwent
compression (Fig. 5a: measurements at t;) and relaxation (Fig. 5b:
measurements at tp). The same was true when Agyy was on the bottom
(Fig. 5¢: measurements at t; and Fig. 5d: measurements at tp).

When Agyo served as the upper layer, it experienced high and
consistent levels of deformation that were independent of the compo-
sition of the lower agar layer (Fig. 5a). These levels (46-48%) were
much greater than the fracture threshold (21.0% on average; Table 2);
this result was consistent with observed fracturing at the end of the tests
and or when tracing the ToF profiles. As the concentration of agar in the
lower layer climbed (Agas, Ag30, Ag40, and Agg), there was a clear trend
in which the increase in Young’s modulus values led to the decreased
deformation of the lower agar layers and the increased deformation of
the ATM (i.e., in compensation). The deformation levels of Agss and
Agso were consistent with the visual signs of fracturing. Under condi-
tions of relaxation (Fig. 5b), the Agso gel on top continued to undergo
deformation, while the ATM returned to its initial state. A degree of
compensation was provided by the fractured lower agar layer. Such was
also true when Agys and Agsp were used in the bottom layer—they
continued to experience deformation during the relaxation stage. The
same general trends were seen when the stacked gels were flipped and
the Agyo layer was found on bottom (Fig. 5c and d). Although the dif-
ferences were not significant (based on the overlap in the standard de-
viations), the Ags layer tended to experience less deformation when it
was on bottom. In contrast, the deformation of the upper layer became
more pronounced. When the upper layer was composed of Agy, the
level of deformation (40%) was much higher (Fig. 5d) than in all the
other cases; it was also higher than the fracture threshold (23.4%;
Table 2), suggesting that fracture was very likely to occur. These dif-
ferences resulting from layer position could be explained by changes in
surface interactions, namely whether gel layers were in contact with the
ATM (composed of soft PVA) or with the palate-mimicking probe
(composed of rigid aluminum). These interactions may promote or
mitigate gel spreading over the course of compression or relaxation. In
summary, the results demonstrate that the ultrasound method did a
good job of describing the deformation dynamics of the system’s indi-
vidual parts. The fact that slight differences were also observed when the
stacked gels were flipped upside down is encouraging because it reflects
the method’s ability to independently distinguish deformation in the
independent layers.

An analysis was then performed of the deformation dynamics in
situations where a Gey layer was coupled with different types of agar
layers (Fig. 6). The experimental approach was the same as that
described above. In one situation, the upper layer was composed of Gegg
(Fig. 6a and b), while in another situation, the sample was flipped, and
the lower layer was composed of Geyg (Fig. 6¢ and d). When Gegg was on



R. Srivastava et al.

After compression

Current Research in Food Science 4 (2021) 449-459

After relaxation

£ 100 £ 100
e =
2 S
® 80 ® 80
E E
O O
‘® 60 ‘s 60
© ©
k) G
‘5 40 '5 40
3 3
H 20T T 20
L 0
a a

0 0

Adys Ady Agy Adgy
Bottom layer

After compression

100

80

60

40

20t

Distribution of deformation (%)
Distribution of deformation (%)

Ag

Adys

0 Ay Adg

Top layer

100

Ady Ady Agy I Tongue

Bottom layer

Aggo

e

After relaxation

80

60

40

20

AGys

Ady  Agy
Top layer

Ag'50
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top, the system experienced compression (Fig. 6a: measurements at t;)
and relaxation (Fig. 6b: measurements at tp). The same was true when
Gey was on the bottom (Fig. 6¢: measurements at t; and Fig. 6d: mea-
surements at tp). The average deformation values for the Geyy layer
ranged between 26 and 40%, remaining, in the vast majority of cases,
below the fracture threshold (39.3%; Table 2). These measurements are
thus consistent with the observation that the Geyy layer was never
fractured at the end of a test. Layer position generally had no effect on
how the stacked gels responded to compression (Fig. 6a and c). How-
ever, the case in which a Geyg layer was paired with an Agyg layer was
distinct. As noted above, the Agy( layer experienced significant defor-
mation (43-48%, above the fracture threshold). Conversely, when a
Gegp layer was paired with an agar layer composed of Agso, Ags0, Ags0,
or Agigo, the deformation of the agar gels was less pronounced and
remained below the fracture threshold. Interestingly, even though these
agar gels represented a wide range of Young’s modulus values
(24.7-125.8 kPa), they differed little in their deformation distributions.
However, more marked differences appeared during relaxation (Fig. 6b
and d). It should also be noted that these pronounced differences in the
deformation of agar layer at t; and t, reflects the possibility of fracture to
take place after the compression step. In particular, the deformation of
the Ag40 layer exceeded the fracture threshold. Similarly, the defor-
mation of the Aggg layer tended to increase as well. As agar concentra-
tion climbed, moving from Agyg to Agigo, it was observed also that the
deformation profile of the ATM changed significantly in the seconds
following compression. Therefore, when the palate-mimicking probe
was held in compression position, prominent mechanical phenomena
(including fractures) occurred and could be monitored with ultrasound
over response times longer than the duration of compression.

(d).
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4. Conclusions

The ultrasound method described here was used to investigate how
polymer type (agar or gelatin) affected the mechanical responses of
stacked gels uniaxially compressed upon a biomimetic tongue. More
specifically, the method made it possible to quantify the relative de-
formations of the individual components of the whole system: the arti-
ficial tongue model and the two gels layers. The degree of deformation
was affected by polymer type (gelatin vs. agar), gel mechanical prop-
erties (degree of elasticity vs. brittleness), the specific combination of
the two layers, and layer position (bottom vs. top). Changes in the
gelatin concentration of the layers had no impact on their mechanical
responses, while the opposite was true in the case of changes in agar
concentration. This result most probably stems from the fact that gelatin
is more elastic, while agar is more brittle.

In a real food oral processing context, the contribution of the ATM to
the mechanical breakdown of this type of food is probably minor when
compared to mastication. In this study, the compression of the gels by a
flat probe (mimicking palate) also led to fracture of only a minority of
gel types. The results, however, show that manipulation between the
tongue and the palate can reveal a wide range of mechanical properties
through the gels and may still greatly allow the texture to be assessed.

In summary, ultrasound methods show great promise for research
seeking to investigate the mechanical behaviors of heterogeneous foods
in contact with the tongue during oral processing. Beyond providing
information about changes in the tongue’s mechanical status over time,
the methodology described here could be used to explore the mechanical
phenomena that occur inside foods, which is impossible using tradi-
tional texture assessment techniques. Our future work will focus on



R. Srivastava et al.

After compression

£ 100 £ 100
c c
2 H=’
o 80 T 80f
£ E
] =]
HO_.) 60 ”CI_.) 60 +
© ©
k) k)
.5 40 1 .5 40 1
2 2
T 207 T 207
i) 1)
a a

0 0

AgZO AgAO AgBO AgBO Ag100
Bottom layer
After compression

£ 100 £ 100
(o =
x=] S
o 80f T 80f
£ E
O O
‘c 60 ‘@ 60
= ©
N Y
o o
c 40 c 40 ¢
.0 9
2 2
T 2 T 20
L w
a a

0 0

Adyy Adyy Adgy Adgy Adyng
Top layer

Current Research in Food Science 4 (2021) 449-459

After relaxation

-Tongue

A9y Adyy Adgy Adgy Adygg
Bottom layer

[hoar

After relaxation

Ta b b

Ta

Adyo Adyy Adgy Adgy Ay
Top layer

Fig. 6. Stacked bar graphs of the mean values and standard deviations of the relative deformation (%) undergone by the ATM (er), lower gel layer (e11), and upper
gel layer (e12), compared to total system deformation. Depicted here are the values for stacked gels in which a Geyg layer was paired with an agar layer (Agso, Ag40,
Ageo, Agso, Or Ag100). Gezo was on top (layer Ly) in (a) and (b) and on bottom (layer L) in (c) and (d). Deformation at the end of compression step (t;) is depicted in
(a) and (c), and deformation at the end of holding step (t5) is depicted in (b) and (d).

more complex foods with more local heterogeneities. Multi-element
ultrasound probes and 2-D imaging could also help to trace volume
changes in such artificial tongue models and foods, and to take us further
towards monitoring more complex heterogeneities, as well as for
detecting and localizing cracks that occur within the gels during
fracture.
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