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We illustrate how scientific understanding of Food Oral Processing enables food product

development with specific benefits for several target populations. in vivo, in vitro, and in

silico approaches are discussed in the context of their ability to quantify oral processing

from the molecular to the macroscopic scale. Based on this understanding, food

structures with enhanced performance in terms of hedonic and nutritional properties

as well as appropriateness for age and certain medical conditions can be developed.

We also discuss current gaps and highlight development opportunities from an

industry perspective.
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INTRODUCTION

Food Oral Processing as the initial phase of food breakdown in the human body is critical
from both nutritional and sensorial points of view. The central part of sensory perception is
formed dynamically during oral processing (1–3). Understanding this breakdown process provides
opportunities for food innovators to offer new sensory experiences to consumers (4). Furthermore,
this is also the phase where the food is transformed into a swallowable and digestible bolus. The
ability to break down food is a skill acquired in early childhood (5) which can be compromised
under certain medical conditions such as dysphagia (6) at a later stage in life (Figure 1).

From an industry perspective, it is thus of utmost importance to understand food oral processing
along several dimensions: consumer group (across the life span), foodmatrices (liquid, solid, degree
of structure), and targets (sensory, behavioral, nutritional etc.).

In agreement with other studies in the field, those examples reveal great potential but also
limitations of this emerging discipline. One important limitation for further translation into
food industry applications are constraints related to experimentation in humans (sensory tasting,
sampling of saliva, bolus, clinical trials) often requiring considerable recruitment, training, and
scheduling effort/cost.

Given the complexity of physical processes and kinematics in oral processing, the need for a
clear purpose when designing in vitro or computational (in-silico) models should be emphasized:
what is the key output (target), e.g., residence time in the mouth, maximum bolus deformation?
What are key control variables (e.g., speed of jaw movement)? Which influencing factors (e.g.,
dimensions of oral cavity) are assumed constant and with what justification? Mere “imitation” of
biological processes guided by convenience of implementation can result in non-representative or
even misleading results and should be avoided.
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FIGURE 1 | Food oral processing lifespan.

FOOD ORAL PROCESSING TO STIMULATE
AGE-APPROPRIATE EATING HABITS

At birth, food oral processing starts with the suck-swallow-
breathe reflex as the only mean for nutrition at the breast or
the bottle. Infant oral movements during breastfeeding have
been related to weight gain and self-regulation (7, 8), better
oral-facial development (9, 10) and better acceptance of food
textures (11) when compared to bottle-feeding. Milk flow is one
of the parameters that differs between breastfeeding and bottle-
feeding, and this flow can be modeled (12). It was found that,
apart from suction force, the opening size at the tip of the
bottle was the main parameter impacting milk flow in the bottle.
However, not much congruence between manufacturers exists in
labeling of baby bottle flow (13), thus we believe regulations on
nipple flow would support development of bottle feeding closer
to nature.

As a child grows, the tongue protrusion reflex fades and solid
foods can be introduced. The mastication process matures as
the muscles, bones, teeth, lips, and tongue develop (14). It has
been reported that soft solids (purées, gelatin) can be efficiently
masticated from 8 months of age, while harder solids (e.g.,
extruded cereals) are suitable from 24 months of age (5). Simione
et al. (15) studied the chewing patterns of children between 9 and
36 months of age. They found coordination and motor control
improved with increasing infant age. They hypothesized that
chewing developed following two broad phases: the premolar
(between 9 and 18-months) and molar (between 24 and 36-
months) phases. Moreover, by studying the impact of food
structures on infant eating patterns, they generated data that
could inform science-based recommendations regarding the
safety and appropriateness of foods. Designing textures for infant
food products is key to achieving successful weaning and for

establishing a solid basis for healthy nutritional habits, i.e.,
avoiding picky eating in toddlerhood (16).

FOOD ORAL PROCESSING TO PROVIDE
HEALTHY PLEASURE

Consumers demand enjoyable tastes and textures. However,
hedonic appreciation is often driven by health-sensitive nutrients
(including sugars, salt, saturated fats) whose intake should
generally be limited. Studying Food Oral Processing helps to
understand physico-chemical and physiological parameters of
sensory perception of such nutrients and leads to the design of
food structures that deliver high sensorial quality with minimal
use of undesired ingredients.

Food structure impacts in vivo aroma release. For example,
modulating fluid viscosity impacts the release of retro-nasal
aroma (17). In addition, modulating aroma release leverages
sensory cross-modal interactions and enables reductions in
public-health sensitive nutrients (e.g., salt) (18). However, oral
processing parameters can outweigh the impact of mechanical
properties of food, i.e., during in vivo aroma release from cheeses
(19). Macroscopic structural characteristics can also impact
aroma release. For example, the compatibility of the geometry
of a piece of chocolate with the oral cavity imparts distinctive
in-mouth melting patterns and enhanced flavor release (4).

In parallel to aroma release, oral food breakdown impacts
the release, dissolution and diffusion of tastants before they
reach taste receptors. Concerning beverages, a first strategy is
to impact nutrient-sensing by modulating liquid microstructure
and physical properties, such as low shear viscosity modulation
(20) or use of emulsion droplets as a filler (21). A second strategy
to lower nutrient concentration is heterogeneous distribution.
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In liquids, taste enhancement by pulsatile stimulation of taste
receptors has been evidenced using gustometers (22, 23) and can
be applied to products through smart packaging design (24). In
solid products, macroscopic spatial distribution allowed salt and
sugar reduction (25, 26).

Designing mechanical texture of foods or beverages can be
as complex as designing taste and aroma since relating product
mouthfeel to microstructural and rheological properties is
a considerable challenge. The flows during oral sensing are
complex, products evolve in the mouth, e.g., by mixing with
saliva. Different sensorial pathways (gustatory, trigeminal,
mechanical and even visual) all play a role in the perception of
attributes like “body,” “smoothness” or “creaminess” (27).
In addition to refinement and extension of rheological
characterization into the non-linear domain, there has been an
increasing focus on behavior of thin films and “tribological”
approaches (28–38). This approach has in some cases shown
new correlations between in vitro lubrication and sensorial
attributes. One should note, however, that classical tribometry
yields primarily “friction factors,” i.e., energy dissipation between
solid surfaces lubricated by a liquid whereas “oral tribology”
is also concerned with perceived “roughness,” which is more
related to local force fluctuations than total dissipated energy
(39). Such fluctuations across oral surfaces should be considered
in “oral tribology.” In this context, biological roughness and
compliance of specific structures (papillae) on oral surfaces play
an important role in mechano-reception (40).

FOOD ORAL PROCESSING TO SUPPORT
HEALTHY AGING

Above ∼45 years, nutritional needs and abilities to sense and
orally process food and beverages typically evolve again (41,
42). Eating habits developed during earlier life stages should
continue to be favorable for health and well-being. However,
decreasing basal metabolic rates (43, 44) require lower energy
intake and adaptation of eating habits (portion size, meal
frequency, diet caloric density) does not occur “automatically.”
Specific morbidities, e.g., reduced sensation (higher perception
thresholds, e.g., for sweetness), may create further challenges.
Lack of specific nutrients due to lower food intake can negatively
impact health and create a “vicious cycle” of lower appetite
and malnutrition.

The ability to safely and efficiently prepare food for swallowing
and swallow can also decline with age. Such challenges are
referred to as “dysphagia.” Estimates of its prevalence in specific
age groups vary, but can be as high as 50% in elderly care facilities
(45–47)1. This leads to nutritional, psychological and social
burdens (48). Swallowing dysfunctions are frequently caused
by neurodegenerative diseases (Alzheimer, Parkison) or severe
health events such as cerebrovascular accidents (“stroke”) that are
more prevalent at older age. Loss of dentition also reduces the
ability to masticate food and swallow effectively.

1Prevalence in the general population is difficult to assess due to lack of systematic

screening and unified terminology.

The impact of dysphagia on dietary intake ranges from
gradual (avoidance of specific foods) to severe (inability to
swallow safely). In extreme cases this leaves surgical interventions
or tube feeding as the sole remaining options. In less
extreme cases, therapeutic interventions (training “swallowing
maneuvers”) and modification of food (softening, particle size
reduction) and beverages (viscosity increase) enable subjects
to enjoy a wide diversity of diets in terms of nutrient intake
and sensorial quality. Such modifications require mechanistic
understanding of oral processing and swallowing to optimally
design rheological characteristics (31, 49, 50).

DISCUSSION

From this analysis it becomes obvious that thorough
understanding of food oral processing leads to better products
with improved benefits for consumers. However, the number
and quality of studies in this area suggest that fast transfer into
industry application is hard to achieve, especially given the fact
that R&D capacities are very heterogeneously distributed in the
food industry.

Investigation of food oral processing in vivo will remain
crucial, as inter- and intra-individual aspects are very important
for advancing understanding of food oral processing and its
impact on sensory, liking, food choice, and eating habits (51, 52).

However, from an industry perspective, product design builds
on food oral processing insights based on averages across a
consumer group until a paradigm shift toward personalized
nutrition becomes reality. Hence, we first review in vivo
methodologies, then move on to discussing in vitro and in silico
alternatives as enablers of translation into industrial practice.

Monitoring in vivo
Eating patterns can be measured using electromyography
(EMG) and kinematics of jaw movements (KJM). For EMG,
non-invasive surface electrodes can monitor the activity of
superficial muscles involved in oral processing. The use of EMG
for eating studies has been extensively reviewed (53–56). Of
particular note is the review by Vinyard and Fiszman (57)
which states that physiological research indicates EMG provides
information regarding muscle activity and relative recruitment
levels but cannot provide reliable estimates of absolute force and
mechanical work. KJM methods consist of either a marker or
transducer that is physically attached to the teeth (58, 59), or skin
surface markers (or features) that track movement of the chin or
other facial features (60, 61). Markers attached to the teeth have
been found to significantly influence natural chewing behavior
(62). The use of skin markers are less intrusive and set-up can
be faster making this approach attractive for studies targeting
specific consumer groups such as children or consumers with
dysphagia. Simple 2D video jaw tracking of a sticker has been
shown to provide similar oral processing parameter values to a
3D electromagnetic system for consumption of solid gels (61).
Video recordings can generate a heavy data load that requires
tedious analyses by researchers or semi-automated analyses
using software but recent developments in AI are expected to
alleviate this burden. Mathis et al. (63) for example, demonstrate
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how pose estimation from simple markerless videography,
based on transfer learning with deep neural networks, can be
achieved for various body parts in multiple species across a
broad collection of behaviors. Overall, using video recordings
exclusively may sacrifice accuracy but due to the speed and ease
of implementation (61), 2D video recordings are becoming more
widely used (52).

In parallel to mastication studies, the food bolus (spit-out)
can be collected allowing ex vivo observation of the properties of
foods that have been manipulated in the mouth. A wide range of
physical and chemical characterization of the food bolus can be
performed, such as particle size, and mechanical properties (64).
Bolus properties have been successfully linked to taste and texture
perception (65–67). However, there is still a lack of alignment in
methods used to characterize boluses in literature. In addition
to the analysis method, oral status of participants, number of
chews and food propertiesmust be controlled to allow inter-study
comparison (68).

Clinical investigation of dysphagia often uses time-resolved X-
ray imaging (“videofluoroscopy”) for objective and categorical
characterization of swallowing (69, 70). Boluses need to
contain contrast material (e.g., BaSO4) to distinguish bolus and
physiological structures and follow their movements. As such
techniques present some exposure to ionizing radiation, they are
generally restricted to subjects clinically indicated for diagnosis
and are not used with healthy subjects. Recruiting sufficient
eligible subjects to derive robust conclusions is hence both costly
and time consuming. To avoid exposure to radiation, ultrasound
can be used as a safe, non-invasive method to investigate
swallowing in vivo (71), for instance with infants (72). Ultrasound
can be used with a variety of foods (73) with minimal impact
on eating patterns. However, image analysis from ultrasound
measurements is laborious and there is a lack of alignment in
methodology across oral behavior studies. Moreover, the low
image resolution and the limited field of view does not allow a
full analysis of all oral and bolus movements.

Compared to sensory, additional barriers for industry
use of human food oral processing studies include: few
standardized methodologies; some methodologies only allow for
data collection one participant at a time; expectorated samples
require immediate analysis or protocols to limit degradation
during storage; separate expectorated samples are often required
for each analysis type and oral processing stage of interest; more-
involved data processing and analysis.

Biomimetic Devices
Major benefits of alternative approaches include product
development acceleration by rapid testing of food prototypes,
the obsolescence of ethical approvals, the possibility to iteratively
and specifically tune experimentation toward certain aspects of
investigation or to mimic different consumer groups.

Simple “oral de-structuration” steps have been carried out
in literature; e.g., controlled mixing with saliva for liquids,
mincing/grinding for solids (74, 75). To lubricate these in vitro
boluses, adding sampled human saliva is the most representative
solution, but a variety of artificial salivas have also been used.
Enzymatic digestion of starches can be mimicked using artificial

saliva containing minerals and human salivary alpha-amylase, as
proposed in the international consensus for in-vitro digestion
(76). In addition, mucins from the porcine digestive system or
submaxillary bovine mucins have been used to reproduce the
lubrication properties of human saliva (77). However, complex
chemical interactions cannot be reproduced using artificial saliva
with simplified compositions. For example, complexation with
astringent compounds involves a variety of small and large
salivary proteins, and these mechanisms are still yet to be
fully described (78). In order to study the interaction of food
compounds with the oral mucosa in vitro models of the salivary
pellicle have been developed using human saliva (79, 80).

Artificial masticators and swallowing robots have been
developed to more closely mimic Food Oral Processing (74,
81–83). Of the masticators reviewed the two most advanced
devices with regards to studying oral processing are the Artificial
Masticatory Advanced Machine (AM2) and the Chewing
Simulator. The AM2 has been validated for a wider range of
food types through comparisons with in vivo bolus particle
size distribution (84–86). Whereas, the main advantage of the
Chewing Simulator over the AM2 is the on-line monitoring of
volatile aromatic compound release (87–89). Currently missing
from these systems are the simulation of the more complex
roles of the tongue in oral processing including its interactions
with products being consumed. Recent advances that could
be incorporated into future systems include the development
of a soft robotic tongue for studying in vitro swallowing
systems (90) and 3D-printed soft biomimetic surfaces designed
to replicate tongue topography, wettability, and tribological
performance (91).

In addition to masticatory robots, swallowing robots are an
emerging field of research. Reviews on such swallowing robots
(92, 93) noted that despite the development of a range of
devices, there is not yet one device capable of mimicking the
entire deglutition process throughout the oral, pharyngeal and
esophageal phases. It is important to note that these artificial
masticators cannot replace human studies which are still required
for: (1) system validation using particle size distribution (82, 87);
and (2) identification of masticator inputs such as forces, salivary
flow rate, and chewing time and frequency (89).

We expect though, that with increasing amount of data
from human studies, the parametrization of such robots will be
more practicable and therefore a dramatic gain in flexibility for
future experiments is expected. It will thus become possible to
design structures for a broader range of products with lower
experimental effort and by leveraging learnings between studies
more easily.

Numerical Simulation
Experimental approaches to understand food oral processing
have been complemented by mathematical modeling and
simulation. These approaches usually focus on an isolated aspect
of food oral processing, e.g., resolution limits for detection of
solid objects (94, 95), fracture mechanics [e.g., (96)], effects of
friction and wear [e.g., (97)], heat transfer and melting [e.g., (4)]
or swallowing (50).

Frontiers in Nutrition | www.frontiersin.org 4 February 2021 | Volume 8 | Article 634410

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Devezeaux De Lavergne et al. FOP—An Industry Perspective

Integration of numerical simulation methodologies across
scales (from supra-molecular to the continuum scale) and
across governing physical principles and equations (molecular
dynamics, fluid dynamics, heat and mass transfer, solid
mechanics) has not yet been attempted. Recent work employing
Lagangrian (particle-based) models bear the potential to
integrate across multiple physical phenomena (98, 99). However,
further integration of multi-scale approaches is required to
produce predictive in silico approaches that ultimately could
support the food product design process.

In future research, deep learning methods may help to
integrate experimental techniques, data from biomimetic devices,
in vivo approaches and computational approaches.

Similarly to our insights on biomimetic devices, we believe
that in-silico approaches, validated thoroughly with in-vivo
data, and in combination with in vitro tools, will allow
inherently coupled processes to be addressed in a single study
simultaneously; for example, the quantification of structure
breakdown, tastant and aroma release, mixing with saliva.
This would be impossible for in vivo studies because of the
invasiveness of the quantification methods.

WAY FORWARD

We consider the increasing demand for plant-based products
(100) in various consumer groups (young adults, adults, parents,
patients, seniors) as one key driver of research in the area of food
oral processing as chewing abilities vary across the life span.

For plant-based meat alternatives, for example, scientific
understanding for the creation of meat-like textures will
determine market penetration. Yet, an additional challenge is
the creation of authentic meat-like taste and aroma experiences.
Scientific understanding of tastant and aroma release during the
oral process is crucial, as it depends inherently on food structure,
mastication performance, and thus on the trajectory of oral food
breakdown from initial structure to swallowable bolus.

Many plant-based dairy alternatives exhibit dry-mouthfeel,
chalkiness and astringency induced by low-molecular weight

compounds but also by proteins (101). In many products these
defects are currently masked through flavorings, sweeteners, fats
and hydrocolloids. Nutritionally more responsible products will
gain consumer acceptance only if these defects can be solved
through proper understanding of food oral processing.

In this manuscript, we focus on individual products. However,
we would also like to highlight recent contributions addressing
food oral processing across a whole meal or even diet (102,
103). Just like heterogeneous structures in an individual product,
the spatio-temporal arrangement of different meal components
modulates oral processing and thus impacts hedonic (e.g., liking)
or health related (e.g., intake) outcomes. As these considerations
require even more complex experimental arrangements with
increasing permutations of food items (products in a meal) and
their textures, we expect a strong demand for more flexible and
robust methods also arising from this research.

We therefore pledge for an increased research intensity toward
integration of currently co-existing scientific disciplines (food
science, physiology, engineering). In the short to mid-term, a
portfolio of biomimetic laboratory methods mimicking food-
oral-processing from micro- to macro-scale, from comminution
to swallowing and from solid to liquid matrices is required to
develop new food solutions. This should be backed by faster
experimentation methods on humans, and complemented with
further developed in silico approaches.
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