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Abstract: Food products often consist of several phases. Comminuted meat products, for example,
are multiphase systems consisting of structured meat particles and unstructured batter-like substance.
To develop and understand the processing of these products, it is important to understand the
sensory and mechanical perception principles. To this end, two-phase food prototypes consisting of
mixtures of ground beef and beef batter were prepared and subjected to sensory, texture, and oral
processing analysis. The oral processing analysis focused on the biomechanical data of the chewing
process, namely the kinematics of jaw movement and electromyographic activity. The ground meat
served as the anisotropic phase and the meat dough as the isotropic phase. A significant increase in
muscle activity, duration per bite, and occlusion time with increasing proportion of fibrous particles
was demonstrated (p < 0.05). In contrast, a higher proportion of isotropic substance resulted in
significantly higher amplitudes of jaw movement and faster jaw kinetics (p < 0.05). In mixed regimes,
the system responded mainly according to the dominant phase, with sensory or mechanical response
changing at a critical point. In combination with texture and sensory data, a holistic characterization
of the food models could be performed.

Keywords: kinematics of jaw movement; anisotropy; meat texture; electromyography; superstructure
studies; mastication physics

1. Introduction

Processed meat products such as ground beef, burgers, sausages, or meatloaf are well
accepted food products with complex structure and texture. The structure of meat is highly
directional, ranging from the orientation of actin and myosin filaments on the molecular
scale to the elongated structure of muscle fiber bundles on the macroscale [1]. In general,
oriented or direction dependent structures can be described as anisotropic, meaning that
the direction of observation changes, opposed to isotropy, the properties of the material [2].
Processing of meat products often involves shearing or shredding followed by dissolution
of the myofibrillar protein [3]. This can be either intentional, as in the production of meat
batter for cooked sausage production, or unintentional due to sub-optimal processing
conditions or malfunction worn processing equipment [4]. In either case, there is lysis of
muscle fiber cells, leakage of sarcoplasmic and fibrillar protein, and loss of the anisotropic
structure. The resulting structures can be described by the model of a multiphase system
consisting of a gel-like phase and an anisotropically structured phase.

To establish analytical methods that correlate with the gel-like structure, also referred to
as amount of non-intact cells (ANIC) in minced meat products, Berger, et al. [5] developed
a model system consisting of meat batter and ground meat, representing a two-phase
system of anisotropic and isotropic structured matter. In their work, the histological
ANIC significantly (p < 0.01) correlated with metmyoglobin content (r = 0.924), drip loss
(r = —0.834), and firmness (r = —0.499) on samples with 0-100% replacement of minced
meat by meat batter consisting of finely comminuted beef. This is a big accomplishment
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for analyzing the ANIC in raw minced meat samples with more rapid methods. The effect
of ANIC in the end-product on human perception was not an issue of this work. From a
quality control and economic perspective, the impact of ANIC on consumer perception is
of great importance. The more precisely the threshold for the acceptable ANIC is defined,
the closer the process can be steered in that direction, improving throughput and blade life,
and potentially reduce waste streams by optimizing reprocessing rates. Texture studies are
used to predict mechanical perception and determine this detection limit. However, due to
the complexity of multiphase anisotropic systems, studying the texture of anisotropic foods
can be challenging. When material is mechanically anisotropic at the macroscopic level,
the anisotropic index (AI) calculated from deformation tests parallel and perpendicular to
the direction of anisotropy showed great potential as a meaningful feature [6,7]. Moreover,
macroscopic mechanical differences often do not accurately reflect sensory impression.
Current methods are a good tool to characterize materials in a macroscopic materials
science approach, but do not capture the time-dependent change that a product undergoes
during chewing. As an example, mastication changes foods due to cutting, shearing, and
grinding between the teeth, wetting by saliva, softening by compression between the teeth
or tongue and palate, or even chemical changes due to processes catalyzed by salivary
enzymes [8,9].

In this study, we characterize anisotropic structures in complex multi-phase food
systems through an oral processing approach combined with sensory- and texture analysis.
We focus on biomechanical characteristics of mastication in terms of kinematics of jaw
movement and muscle activity. For this work, the ANIC was not determined histologically
and therefore is substituted by the amount of “batter-like substance” (BLS) throughout the
whole article. The BLS is simulated by finely comminuted beef, and not to be confused
with conventional meat batter. It is hypothesized that the increase in BLS is reflected in
reduced movement kinetics of the jaw, decreased consumption time, and less muscle activity
required to break down the food. This change might be caused by the microstructure of
meat particles, which is more robust compared to a meat batter system and is not as easily
transferred to a bound paste like and swallowable state.

2. Materials and Methods
2.1. Preparation of Food Model Matrices

Food prototypes were prepared as described by Berger, Gibis, Witte, Terjung, and
Weiss [5]. Cuts from flank of two heifers were visually standardized to a fat content of
approx. 20% according to the GEHA meat processing system (class: R IV [10]) and cut
into cubes of 5 x 5 x 5 cm prior to mincing. The standardized meat cubes were mixed
in a paddle mixer (RC-40, Equipamientos Carnicos, S.L. (Mainca), Barcelona, Spain) for
1 min at 32 rpm and subsequently stored over night at 1 °C. Following, the cubes were
first minced to 13 mm particle size, mixed with a paddle mixer for 30 s at 32 rpm and then
minced to 2.4 mm particle size with a grinder (Forschungsautomatenwolf Typ AE 130,
Maschinenfabrik Seydelmann KG, Aalen, Germany) set to a speed of 20 rpm at the feeding
screw and 187 rpm at the grinder screw.

For production of the isotropic meat batter, which was to simulate the BLS (batter-like
substance), a part of the minced meat was chopped for 2 min at 3000 rpm using a bowl
chopper (K20, Maschinenfabrik Seydelmann KG, Aalen, Germany).

Batches containing 0%, 10%, 40%, and 100% meat batter were produced by carefully
mixing minced meat of 2.4 mm particle size with the respective amount of meat batter by hand
until homogeneously distributed. The masses were then formed into patties of approximately
70 g, using a patty-press (Burgerpresse, Hela Gewtiirzwerk Hermann Laue GmbH, Ahrensburg,
Germany). The patties were then steam cooked in a processing chamber (Unigar 1800, Ness
GmbH, Remshalden, Germany) to a core temperature of 70 °C. In a subsequent process step,
the patties were showered for 5 min with cold water (10 °C). As the finished patties (Figure 1)
were dry and cold they were put in 90 um thick Polyamid /Polyethylen bags (allfo GmbH,

cm? (75% rh) and water

Waltenhofen, Germany) with an oxygen permeability of <80 ——""—
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vapor permeability of <3 m (85% rh). Bags were vacuum sealed with a packaging

machine (C500, Multivac, Wolfertschwenden, Germany) at 50 mbar and stored at 1 °C until
further examination.

0% batter 10% batter 40% batter 100% batter

Figure 1. Example pictures of the cooked patty-style samples with increasing amount of BLS shown
from the outside (upper row) and inside (lower row); from left to right: 0, 10, 40, 100% BLS.

2.2. Characterization of the Produced Food Model Matrices
2.2.1. Mechanical Properties

To estimate the mechanical properties of the samples, a two-cycle compression test
was conducted. Cylindrical shapes of the four samples with different amount of meat batter
were punched out to a diameter of 2 cm and cut to an equal length of 1.5 cm. Punching
out was conducted by carefully screwing a pipe geometry with sharpened edges into the
sample. Samples were then stored at ambient temperature (20 °C) wrapped in plastic foil
until temperature had equilibrated to 20 & 1 °C (ca. 1 h).

Texture analysis was carried out with a texture analyzer model 3365 (Instron Corp.,
Norwood, MA, USA) equipped with a plate-plate geometry (steel/aluminum). The two-
cycle compression test was set to a compression of 75% with a traversal speed of 1.5 mm/s.
Typical mechanical properties were calculated as described by Breene [11]. Since none of the
samples showed a clear breaking point, it is focused on maximal force at first compression,
area under the curve of first compression, and the ratio of peak area of second to first
compression. The latter is used to express the internal cohesion of the sample and is
referred to as cohesiveness.

2.2.2. Sensory

Samples with different amounts of BLS (1 = 4) were presented to the panelists (n = 19
panelists) in cubes of (1.5 x 1.5 x 2 cm). The samples temperature was adjusted to room
temperature (20 °C) prior to consumption. The sensory study was conducted in a sensory
lab with separated cabins for each panelist, non-distracting environment, and controlled
light conditions (clear white). The panelists were asked after each sample to subjectively rate
it based on the hardness, fibrousness, juiciness, and subjective energy requirement for the
process of mastication on a scale from 0 (non-detectable) to 10 (very intense). The method
was conducted as described for the conventional profiling (DIN 10967-1, L 00.90-11/1-4) [12].
Additionally, the overall acceptance was rated from 0 (unpleasant) to 10 (most favorable).
Panelists were instructed to rate the hardness based on the first bite of every sample, and
the required energy as a total impression of the whole mastication process expressed as the
subjective mechanical work and time needed to form a swallowable bolus. Juiciness was
rated according to the moisture feeling in the mouth, taking into account salivary flow, water
binding of the sample and lubrication by juice release. Fibrousness and overall acceptance
should be rated subjectively with reference to the typically expected sensory impression of
minced meat products.
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2.2.3. Electromyography and Kinematics of Jaw Movement

Subjects. This study was approved by the Ethics Committee of the University of Ho-
henheim, and all participants gave informed consent after receiving a detailed introduction
into the purpose of research, the measuring principle, collected data, and the overall aim of
this study. In total, 8 subjects voluntarily participated (4 females, 4 males, age 25-56 years).
The subjects did not receive any monetary compensation for participation. All subjects
stated that they are in good state of dental health, free of pain and did not recently receive
a dental treatment.

Measuring procedure. The subjects were equipped with five reflective tracer points
(Qualisys, Illinois, USA). Four on the cranium and one on the mandibula for recording of the
masticatory movement. Additionally, surface electrodes were applied, as they had already
in earlier studies shown great potential as research tool in food texture sciences [13,14].
The EMG surface electrodes (Noraxon, Scottsdale, AZ, USA) were placed on the left and
right masseter. Electrodes were positioned centered over the muscle and in direction of
the muscle fiber orientation, as determined by palpation [15]. Before application of the
electrodes, facial hair was removed, and the skin was wiped with disinfectant (Antisept 77,
Ernst GmbH & Co., KG, Kamen, Germany).

The samples were presented to the panelists cut to equal size (1.5 x 1.5 x 2 cm).
Temperature of the samples was adjusted to room temperature (20 °C) prior to consumption.
Samples were consumed four times, however the first run served as adaption run, according
to preventing recording any effect coming from the sensory discovery of the product [16],
resulting in n = 3 evaluated mastication sequences per sample and panelist. Panelists were
instructed to consume the whole sample at once and swallow and chew as they would
habitually do. Therefore, the sample was placed in the oral cavity before starting the
measurement. As soon as the panelist was ready, the sequence was started by a trigger
input of the panelist. As all the sample was swallowed terminally and the mouth was clear,
the sequence was manually stopped by another trigger input. Panelists were instructed to
rinse their mouth with tap water (20 °C) after consumption of each sample.

Data acquisition. To track the 3D movement of the jaw, three Miqus M3 cameras
equipped with infrared light sources (Qualisys, Goteborg, Sweden) were placed in front
of the panelist, ensuring that each tracer is always seen by at least two cameras. Cameras
were operated at 100 Hz. Calibration of the camera system was evaluated as good, if the
precision was better than 0.35 mm.

Acquisition of the EMG signal was carried out by a surface EMG system (ultium EMG,
Noraxon, Scottsdale, AZ, USA), consisting of signal transmitters and a receiver station.
Data were acquired at a sampling rate of 2000 Hz, amplified (x500) and directly low- and
high pass filtered (10-500 Hz) by the system. The camera system and EMG-system were
connected over a camera sync unit (Qualisys, Goteborg, Sweden) equipped with a trigger
input signal.

3. Data Preparation and Modelling
3.1. Feature Extraction

Automated processing of the acquired raw data was performed in MATLAB (Math-
Works, Natick, MA, USA). In a first step, head movement was subtracted from the coor-
dinates of the mandibula. The so calculated coordinates directly correspond to the three
movement directions of the mandibula (x = forth/back, y = left/right, z = open/close).

Calculation of jaw movement velocities was performed by numerically deriving the
vertical distance over time. Opening and closing velocities were defined as minimal and
maximal numerical derivatives of the travelled distance over time between two opening
positions. The occlusal duration was calculated as the sum of points with an absolute
velocity of less than 15 mm/s during one cycle, excluding the first and last ten values of
one cycle, to account idle points at the maximum opening position.

To enable numerical integration of the EMG signal, a root-mean-square filter (step
width: 100) was applied to the high- and low pass filtered, rectified EMG signal. To simplify
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the further calculations and analysis of the EMG signal, the mean value of both masseter
muscles was calculated. A standardization among subjects, as typically carried out [17-21],
was not necessary since the applied statistical model calculates error terms for each subject.

Features provided in Table 1 were calculated during the constant chewing sequence.
The location of the constant chewing sequence was indicated manually. For the constant
sequence, initial food arrangement movements with the jaw or tongue were excluded
and the sequence was terminated as soon as irregularities such as: (i) a long closing time
between two opening positions, (ii) two opening positions without an occlusion (<3 mm)
in between, or (iii) transition to an irregular opening distance were noticed.

Table 1. Features calculated from 3D- and EMG-data with brief description of calculation and
explanation of each feature.

15 mm s~ ! (s)

Feature Description (Unit) Illustration
EMG auc Numerical mtegratlgn qf Fectlﬁeq, fllterfd EMG signal of each E
individual bite (1V*s)
time
<]
EMG yax Max value of rectified, filtered EMG signal of each individual bite (uV) &
time
EMG™/au1c Relation between peak height and peak area (s7hH
£
2 e /\
EMG Numerical integration of rectified, filtered EMG signal during the
powerstroke power stroke phase of each individual bite (uV*s) % /‘\ /
time
EMGpower/AUC Ratio of EMGpowerstroke to EMGAUC
g/ |
‘" |
Time Time passed between two maximal vertical values (s) = | i
q/ |
> | :
time
g
Duration between downstroke and upstroke with a velocity of less than E
Powerstroke =
2

time
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Table 1. Cont.

Feature Description (Unit) Illustration
5
g
v Min value of the numerical derivative of vertical movement between 2
close two opening positions (mm s~ 1) i
5
>
time
g
2
v Max value of the numerical derivative of vertical movement between 2
opert two opening positions (mm s~ 1) 3
B
>
time
% AT
3
Vertical g
ertica . . g
. Maximal vertical value before downstroke (mm) =
Amplitude g
5
>
time
} 1
g |
5 |
Lateral g |
a . =] A A N S S
. Maximal lateral movement of one cycle (mm) = |
Amplitude = |
= |
|

time

Features from Table 1 were calculated from one maximal opening position to the
subsequent one. Features that were calculated for the whole breakdown sequence initiate at
the first opening position, and end right after the last point of swallow (manual indication).
For the entire sequence, only the convex hull provided additional information, which is
why other features are not shown in this study. The convex hull describes the volume that
all 3D coordinates of one sequence enclosed. The point of swallow is typically located right
after the oral rearrangement stage during which food residues are collected from the whole
oral cavity and brought to the back of the tongue where a swallowable bolus is formed.

3.2. Statistical Model

Derived features from the raw data (as explained in Table 1) were statistically analyzed
using the software SAS 9.4 (SAS, Cary, NC, USA). The data were evaluated according to
Piepho and Edmondson [22], using the procedure “GLIMMIX” which fits linear mixed
models, applying the method of restricted maximum likelihood. The model was designed
so that each chewing sequence represents one unit of observation and each chew-event of
one sequence was indicated as a repetitive measurement. The four samples with increasing
amounts of BLS were assigned corresponding fractions of BLS as a continuous variable.
To normalize the chewing progress, uniformly distributed numbers between 0 and 1 were
assigned to each chewing sequence, where 0 was assigned to the first chew event, and 1 to
the last chew-event in each sequence. The model-dependent variable y representing any of
the chew-associated features from Table 1 was then fit with factors (¢; and ;) according
to Equation (1) with amount of batter B and the relative time indicator C as continuous
variables. Main effects (B, C), the interaction of each factor (C x B), and quadratic terms
(C?, B?) were computed.
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y(BC) = ag + «1C + BoB + B1 CB + ayC? + BoB> + 1 (1)

For data that were calculated over one complete chewing cycle, each panelist was
treated as a subject with every single chewing sequence as a repeated measurement. Specif-
ically, the random residual ¥ was modelled by fitting random effects for the panelist, and
the sample nested within the panelist. Serial correlation was accounted for by modelling
the errors for the series of measurements on each sample and repetition of one sequence
according to a first-order autoregressive model [AR(1)]. The model statement is the same
as described in Equation (1), but all terms including C are eliminated.

Sensory- and texture analysis data were evaluated calculating a one-way ANOVA
(p <0.05). Variances were tested for homogeneity with a Levene’s test (p < 0.05). Sub-
sequently, a Tukey test (p < 0.05) was performed, comparing the mean values between
samples of different amounts of BLS.

4. Results and Discussion

The produced samples with different ratios of BLS are evaluated based on their
mechanical, sensorial, and oral processing properties. The amount of simulated BLS is
to be understood as finely comminuted meat, and not to be confused with a typical meat
batter in which ice, fat, and spices are incorporated. The following section presents data
from tests performed on the four samples with 0-100% simulated BLS.

4.1. Determination of Mechanical Properties

The two-cycle compression test provide information about the macroscopic mechanical
resilience and breaking behavior. The obtained data (Figure 2) suggest that at 10% BLS,
the hardness and work for first compression is with 146.1 N and 0.53 J, the highest of all
samples. At higher amounts of BLS, the hardness decreases further down to 122.8-128.8 N,
significantly lower than the sample with 10% BLS. A similar behavior was found for the
work of first compression, but in this case, the only significant difference was between
samples with 0-10% batter-like substance with values between 0.52 and 0.53 ] and the
sample with 100% BLS at 0.43 J. As hypothesized, the BLS might have a binding effect,
compensating for the lower amount of meat pieces, resulting in no significant (p < 0.05)
change in hardness from 0 to 10% BLS, with a slight but insignificant increase toward
10% BLS. Globally, the hardness and work decrease, supposedly due to the lack of structured
and solid meat particles and standard deviation decreases, which can be drawn as an
indicator for a more homogenous sample. The here-conducted effect goes in accordance
with the work by Berger, Gibis, Witte, Terjung, and Weiss [5], who investigated the raw
meat sample. In their work, an increase in firmness was described up to 25% BLS, dropping
toward the sample consisting of 100% BLS. The authors came up with a mechanistic model
describing the dependencies and mixing effects, concluding that the properties of the
sample are defined by the predominant component with 25% of BLS as critical amount
above which properties change from dispersed to emulsified [5].

The cohesiveness steadily increased with increasing amount of BLS from 0.21 to 0.28,
whereas the sample with 0% BLS showed the significantly lowest cohesiveness. This
figuratively demonstrates the transition from a particulate system over to a gel-filled with
particles to a pure gel and demonstrates the binding effect of the BLS as mechanistically
shown in Figure 3. The binding effect of solubilized meat proteins was already described in-
depth in a study by Tornberg [23]. Upon cell lysis, solubilized meat proteins go into solution
with available water and ions, forming a cohesive mass which can form an irreversible gel
when heated. Even though no salt was added to the system of the present study, the lysis
of muscle cells sets free entrapped ions, thereby increasing the solubility of the salt soluble
myofibrillar proteins.
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Figure 2. Hardness (N) and total work (J) of the first compression cycle from samples containing
0-100% BLS as determined by a two-cycle compression test to 75% deformation. Superscript letters
(a,b) next to datapoints indicate significant differences according to a Tukey test (p < 0.05).

100 % BLS

Figure 3. Mechanistic illustration of the meat fibers (brown elongated structures) interacting with the
binding BLS (purple matter). Captions in the upper left corner correspond to the amount of BLS.

4.2. Sensory

To get insights on how different amounts of BLS are sensorially perceived, 19 panelists
were asked to rate the samples according to the attributes of hardness, fibrousness, juiciness,
energy for breakdown, and overall acceptance on a scale from 0 to 10 (Table 2).

Table 2. Sensory scores for selected attributes on a scale from 0 to 10, with 5 as reference value.

0 = worst, 10 = best.

0% 10% 40% 100%
Batter Like Substance

Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Hardness 4.242 2.05 4292 1.57 4.622 1.40 3352 241
Fibrousness 5.894 1.26 5904 2.10 5.142 1.55 251P 1.67
Juiciness 5212 1.60 4652 1.67 4332 1.53 290P 1.61
Energy 5462 1.93 5.232 1.74 4552 1.85 2.89P 1.53
Overall 5712 1.75 5.17 2 1.50 4,53 b 1.90 3.23b 1.78

mean = mean value (1 = 19); S.D. = standard deviation; Superscript letters indicate significant differences according

to a Tukey test (p < 0.05).
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Four of the five tested sensory attributes are negatively responding to an increase
of BLS. This goes along the previous found results (Figures 2 and 3) and was as before
mentioned already described in the literature as effect of decreasing structured particles [5].
Only the hardness showed a different tendency, which was similar to the effect seen in the
two-cycle compression test. Samples with 0-40% provoked the same perception with a
slight tendency of higher hardness scores toward 40%. Plain batter was subjectively rated
to be softer than the 40% sample; however not significantly on a level of p < 0.05. Subjective
energy for mastication, juiciness, and fibrousness of the sample with 100% BLS showed
significantly lower values (p < 0.05) compared to samples containing a structured phase.

4.3. Food Oral Processing
4.3.1. General Trends of Oral Processing

Before discussing in depth influences of the amount of BLS on mastication behavior,
general trends for the mastication process can be read from the calculated model, which is
depicted in Figure 4:

e Initial structure breakdown appears to take place in the very first bites (Figure 4A,B). In
this section, bites take long with an indistinct grinding stage. Muscle activity peaks are
low, indicating low effort cutting movements. EMGayc is comparably high because
of long cycle times. Velocities are, despite long cycle times, rather fast to enable quick
cutting of the samples. Other work also demonstrated that hardness increased the
movement area of the jaw [24]. This supports the high velocity at long cycle times,
assuming that the initial sample is harder than the swallowable bolus [25].

e Cycle time drops immediately as mastication progresses. As figuratively shown
in Figure 4B,C, BLS is mixed with saliva and a transition to a paste-like state is
hypothesized [26]. However, power stroke phase steadily gets longer, indicating more
grinding activity. Kog, et al. [27] already described this stage and refer to it as power
stroke. During the power stroke, structures which do not exhibit a breaking behavior
at cutting movements are ground to smaller particle sizes or to soften the structure
and thereby enhance the swallowability [27]. This is also reflected in higher muscle
activity peaks, while the EMGayc first experiences a descent due to the rapid drop in
cycle time. The velocity slowly decreases.

e Toward the end of the mastication process, cycle time increases again, now simulta-
neously with the increase of the power stroke duration. This is reflected in increased
peak- and AUC values of the muscle activity. The velocity of the jaw further falls
rapidly, indicating that mastication is mainly short movement, high power grinding of
food material [28]. This is applied to soften remaining structured particles and enable
swallowing of the bolus (Figure 4C,D).

4.3.2. Influence of Batter-Like Substance (BLS)

It was observed that the muscle activity was initially on one level (~34-35 uVs), de-
creasing across all sample compositions to about 33 1Vs in the first quarter of mastication
(Figure 5A). From there on, samples with high amounts of BLS phase lead to a further
decrease below 31 uVs with a slight increase toward the end, while samples composed
of structured material show a strong increase to >37uVs in the last quarter. Hence, it is
hypothesized that all samples need similar initial work for being broken down. Further
processing of the individual particles then strongly depends on their microstructure. Fi-
brous meat particles require more work for softening and bolus formation as opposed
to isotropic gel-like particles [27]. The impact of structured particles is also reflected in
an increased maximal EMG value at the late stages of mastication (Figure 5B). Again, all
measured samples initially are in a similar region of EMGy14x values (130-150 V), increas-
ing until half of the mastication sequence has passed. From there on the increase flattens,
however, structured material reaches higher ultimate peak muscle activities (>200 uV)
than batter-like material (~180 1V); an effect, that is most likely based on further necessary
softening of structured particles to enable the formation of a swallowable bolus. It appears
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that below 40% of structured phase, the characteristics of the batter-like phase dominate,
and structured particles are not frequently selected for further softening. This might be due
to the already sufficient binding and lubrication by the batter-like phase.

Intensity

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
chew progress

A B C D

Figure 4. Schematic illustration of the food transition from a solid cube to a swallowable bolus during

oral processing. Cycle time, maximal muscle activity-, and the integral of muscle activity per bite are
shown for fully anisotropic (-) and isotropic samples (- -). (A-D) show a hypothesized structure of
the matter during oral processing. Dark brown particles and fibrils illustrate structured- and softened
meat particles, light brown matter displays meat batter.

The vertical velocity of jaw movement is decreasing over the term of mastication, with
a steeper slope toward the last quarter of mastication (Figure 5C,D). Samples with low
amount of structured particles seem to induce faster jaw movements. We hypothesize that
as the amount of fibrous or anisotropic substance increases, grinding the food between the
molars requires higher levels of energy and therefore takes longer. We hypothesize that un-
like the structured phase, the batter-like phase is efficiently transferred to a paste-like state
and can act as a lubricating and binding phase early in the chewing phase, reducing friction
between the structured particles and facilitating the formation of a bolus as described by
Devezeaux de Lavergne, van de Velde and Stieger [8]. The structured particles must be
softened before they are selectable for bolus formation to be eventually swallowed [29].
The time required per bite is initially higher, decreases throughout mastication, and then
rises again (Figure 5E). For sample with more structured particles, the effect is shifted
toward longer cycle times but follows the same path. Lillford [30] described the mastication
pathway of dry tough steak similar to the observed one: first, the meat’s macrostructure has
to be broken down, requiring predominantly cutting action. Then, the sample is transferred
to a paste-like state which can form a cohesive bolus by further processing. The duration of
the power stroke significantly increased over time and with decreasing amount of batter. In
theory, the system is first roughly comminuted and cut, with almost no grinding action. The
further the system is broken down, the more likely hard particles are entrapped between
the teeth, inducing a more extensive power stroke phase to soften and grind the remaining
hard particles. The effect on occlusal duration is strongest between 0 and 50% of BLS.



Appl. Sci. 2022,12,11076 11 0f 16

Further increase leads to no further noteworthy change in cycle time (Figure 5F). The longer
occlusal durations can be called in as an explanation for the increased EMG4yc toward the
end of mastication in systems with low amounts of batter. Additionally, calculated model
expressions of the features can be found in Table 3.
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Figure 5. Illustration of the linear mixed model (Equation (1)) for integral of muscle activity (A),
maximal muscle activity (B), opening- (C) and closing velocity, (D), cycle time (E) and duration of
power stroke (F) as calculated in SAS for the variable of relative time over the sequence of mastication
and amount of BLS in percent.



Appl. Sci. 2022,12,11076 12 of 16

Table 3. Model terms of the oral processing parameters fit in SAS (Equation (1)) for the samples with
0-100% BLS. The intercept corresponds to the sample with 0% BLS, effects of chew and batter are
given over the duration of one sequence (relative time 0-1) and amount of BLS (0-100%), respectively.

Effect Intercept Batter (B) Chew (C) B xC C? B?
EMG AUC (nV s)
Mean 35.1677 —5.1507 —10.0779 —4.3475 11.7803 4.5331
S.E. 3.7159 4.3206 3.2128 2.0079 2.8922 3.9388
p-value <0.0001 0.2333 0.0017 0.0305 <0.0001 0.2499
EMG max (uV)
Mean 148.87 —62.1281 124.03 —22.9231 —65.1853  54.4199
S.E. 22.1501 23.3565 22.5704 14.4537 20.2446 20.6982
p-value 0.0003 0.0079 <0.0001 0.1129 0.0013 0.0086
EMG™*/5y;¢ (s71)
Mean 4.4959 —0.927 4.2066 0.01616 —2.9356 0.8039
S.E. 0.3963 0.385 0.3532 0.2165 0.3188 0.3452
p-value <0.0001 0.0161 <0.0001 0.9405 <0.0001 0.02
EMGpowerstroke (LV's)
Mean 9.0186 —5.0797 4.8353 —2.302 5.7366 3.9511
S.E. 2.7509 3.0799 2.5177 1.5537 2.2707 2.7902
p-value 0.0135 0.0992 0.0549 0.1386 0.0116 0.1569
EMGF™ /auc ()
Mean 0.2307 —0.1615 0.271 0.01255  —0.00373 0.1089
S.E. 0.0393 0.06479 0.04204 0.02575 0.03795 0.05962
p-value 0.0006 0.0128 <0.0001 0.6259 0.9218 0.068
Time (s)
Mean 0.6976 —0.09119 —0.1699 0.03911 0.1542 0.04917
S.E. 0.03035 0.04465 0.02866 0.01741 0.0259 0.04113
p-value <0.0001 0.0412 <0.0001 0.0248 <0.0001 0.232
Powerstroke (s)
Mean 0.1757 —0.06258 0.03678 0.007568  0.02076 0.03995
S.E. 0.01769 0.02572 0.01471 0.008854 0.01331 0.02381
p-value <0.0001 0.015 0.0125 0.3927 0.1191 0.0935
Vielose (mm 571)
Mean 104.71 14.5181 37284  —47666 —15811 —8.4393
S.E. 7.2857 7.2072 7.2348 4.3848 6.5414 6.4043
p-value <0.0001 0.0441 0.6064 0.2771 0.0157 0.1877
Vopen (mm S_l)
Mean 117.58 31.6309 14.2279 —4.7241 —26.6539 —20.9138
S.E. 8.9877 9.9257 8.6794 5.2932 7.8408 8.9484
p-value <0.0001 0.0015 0.1013 0.3722 0.0007 0.0195
Vertical Amplitude (mm)
Mean 16.8625 2.6603 —9.5732 0.01555 5.4739 —1.7459
S.E. 0.5776 0.9818 0.7773 0.4746 0.7021 0.8926
p-value <0.0001 0.0068 <0.0001 0.9739 <0.0001 0.0506
Lateral Amplitude (mm)
Mean 2.5051 0.6925 —0.1812 —0.07421  0.09174 —0.5124
S.E. 0.1624 0.3948 0.2706 0.1625 0.245 0.3626
p-value <0.0001 0.0795 0.5033 0.648 0.7081 0.1577

Intercept: y-axis interception of the dependent variable; B: effect of batter; C: effect of time; Mean: estimated
model parameter; S.E.: standard error.

The convex hull V calculated for the entire chewing sequence provides additional
information about the mastication process. As the amount of BLS (B) increased from
0-100%, the model describes an increase in the convex hull V of the jaw by the equation:
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V = 1563.68 mm?> + 1017.71 mm?>.B — 762.66 mm?>- B> 2)

describing a strong increase from 0 to 50% BLS and a flattening of the curve for higher
amounts. While fibrous meat pieces are less likely to fall apart under mechanical loading,
but rather remain in the composite of structured sarcomeres and fiber bundles, gel-like
structures fail under the load of masticatory forces [30]. This could result in many small food
particles being dispersed throughout the oral cavity, which eventually need to be reunited
at the back of the tongue to form a swallowable bolus, promoting greater movement of the
tongue and thus the jaw.

4.4. Comparison of Methods

The macroscopic mechanical observations could be used to reveal the dominating
composite structure, as also proposed by Berger, Gibis, Witte, Terjung, and Weiss [5] for
similar samples in raw state: at low amounts of batter, the systems mechanical behavior
follows the one of dispersed particle systems, high amounts of batter lead to elastic proper-
ties as in emulsified systems [31]. In between a mixed system comparable with a filled gel
describes the material best [32]. The characteristics of oral processing of food were not in
accordance with mechanical analysis: while oral processing data suggest a strong effect
of BLS between 0 and 40% in this study, leveling upon further increase, texture analysis
determined a maximum of hardness and work at 10% batter added.

As a supplement to the work of Berger, Gibis, Witte, Terjung, and Weiss [5], this work
could determine the direct influences of the amount of BLS, and the linear related ANIC,
on the mastication pattern. Although the transversion point of 40-60% of meat batter
addition for oral processing characteristics is above their proposed point of transition (25%
BLS), the general principle of how the system reacts in mixed regimes compared to the
plain substances is in accordance. Both studies suggest a non-linear mixing behavior of
structural, mechanical, sensorial, or chemical properties where the dominant phase dictates
the behavior of the material with little impact on the secondary phase.

A figurative comparison of the here applied methods can be found in Table 4. The
discrepancy between texture analysis and food oral processing could be due to different
length scales and kinetics of deformation. The two-cycle compression test was operated at
a compression level of 75% while the compression between the teeth is higher and operated
at higher traversal speed. Typical particle sizes, expressed as dsp, achieved by human
mastication after a completed mastication process are in the range of 0.82-3.04 mm [33].
Jalabert-Malbos et al. [34] studied the particle size distribution of different food products,
including meat products such as ham and chicken breast, measuring particle sizes of
1.28 mm and 1.60 mm, respectively. Considering that the two-cycle compression test was
performed with samples of 15 mm height and a compression of 75%, the length scales of
compression are likely to agree only for the first few bites until the macroscopic structure
of the sample is broken down into smaller fragments. In addition, teeth, due to their 3D
surface structure, allow the food to be crushed, cut, and compressed, while the texture
analyzer only compresses the food between two smooth surfaces [35]. Therefore, the texture
analyzer has to be understood as an approximation to the mastication process, but not as a
direct measure for sensory attributes.

Phenomena not investigated in this experimental approach were, for example, tri-
bological, rheological, and flavor-chemical effects. The strong sensory deviation of the
100% BLS sample could in theory be explained by strong differences in a property that
was not revealed by the applied methods. The absence of any structured meat particles
could also make this food prototype—in terms of perception—a completely different type
of food. A reasonable cause for this difference could be found, for example, in tribological
properties. Tribology generally studies the surface interaction between food and human
skin by measuring the surface friction. The 100% batter-like sample could have strongly
deviating tribological properties from the 40% sample, which still contains many rough
particles protruding from the smooth surface of the gel [36]. As Sarkar and Krop [37]
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already elaborated in their review, tribology and sensory properties can be linked to one
another, especially for attributes such as creaminess and smoothness. The wetting behavior
of meat particles and gel-like substances most likely differ from each other. The mechanical
disintegration properties of the prototypes could be the same, resulting in similar me-
chanical properties, but the tactile sensation on the oral mucosa and during swallowing is
completely different [37]. However, it has to be noted that the number of panelists for this
experiment was with n = 19 rather low, hand results have to be treated with caution.

Table 4. Significant differences between the samples with increasing amount of BLS visualized for
each of the three applied measurement methods.

batter-like

0% 10% 40% 100%
substance
Sensory
system A system B
Texture medium hard soft
Oral processing
EMG “ ) )
decrease with batter-like substance
>
Velocity

increase with batter-like substance

5. Conclusions

Multiphase food prototypes were studied in terms of texture, sensory, and dynamic
biomechanical data of the chewing process. Several fundamental insights into the food
models were obtained from each examination of two-phase systems with different partitions
of anisotropic and isotropic material. In particular, sensory studies (n = 19) revealed that the
sample without fibrous material was perceived as significantly different from the samples
containing structured particles. The presence of structured material seems to improve the
sensory properties and overall acceptability of the samples. The texture studies suggest the
presence of three different classes of food models: cohesive gel-like systems, particle-filled
gels, and particulate systems with almost no binding between the individual subunits,
depending on the share of batter-like substance (BLS). In tracking the dynamic process
of mastication, the study showed that significant correlations exist between the amount
of batter or the combined effect of amount of batter and relative progress of mastication
with certain established masticatory properties. An increase in structured material induced
greater muscle activity and longer durations per chew, while an increase in BLS induced
greater jaw movement volumes, amplitudes, and velocities. In the range of ~50% BLS, a
critical point was determined. Mastication physics responded differently to an increase
in BLS above that point. For example, peak muscle activity did not steadily increase
as for predominantly structured samples but flattened toward the end of mastication.
Further, cycle time responded to the critical point with longer initial cycle times below
~50% BLS. Interestingly, the most pronounced effects in oral processing were found between
the samples from 0-40% BLS. With this being the relevant range of batter for practical
applications, the importance of oral processing as a tool in food science is underlined.
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