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With a growing global population and ageing demographics, the food industry stands at a pivotal 
crossroads, necessitating bespoke solutions and groundbreaking innovations. In vitro experiments 
can help understanding food oral processing and formulating products meeting the specific needs of 
different populations. However, current in vitro models do not reproduce well human oral anatomy 
and tongue biomechanics, essential for assessing the behaviour of novel and texturized foods under 
physiologically relevant oral conditions. In response, we unveil a novel 3D biomimetic artificial mouth, 
showcasing a pneumatic multi-degree-of-freedom artificial tongue meticulously crafted to mirror the 
mechanical properties and wettability of the human tongue. This cutting-edge technology, featuring 
tongue surface papillae, is capable of performing lifelike movements. The comparison with in vivo 
data demonstrates that it accurately reproduces oral processing of three, vastly different, soft foods. 
Textural characteristics (firmness, adhesive and cohesive properties) and shear viscosities—measured 
at oral and oropharyngeal-relevant shear rates—of in vitro food boli closely mirrored those observed 
in vivo. This in vitro device presents unprecedented opportunities for studying the dynamics of food 
transformation in the mouth, to adapt texture towards food that can be swallowed with ease and to 
improve food palatability, accommodating specific health needs critical for older adults (e.g., reduced 
salivary secretion, tongue weakness or poor coordination).
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The global population is expected to grow by nearly 2 billion in the next three decades1, along with a significant 
demographic transition. In developed economies, where one in six people will be over 65 years old2, food 
industry challenges become notably heightened. Addressing these challenges requires developing healthier, 
more sustainable, and convenient food options. These alternatives are essential for promoting healthy ageing by 
facilitating the maintenance of healthy dietary patterns3.

Presently, there is a stark scarcity of food products tailored for older adults4, especially in mainstream 
supermarkets, where the majority (up to 97%) of them do their shopping5. This gap is evident when compared to 
the variety of food products available for other age groups like infants and children4. Developing food products 
for older consumers is challenging due to the multitude of factors influencing their eating experience, including 
diminished appetite6, reduced taste and aroma perception7,8, compromised oral motor functions9, changes in 
texture perception10,11, and swallowing difficulties12,13. Factors like reduced saliva production14, tooth loss15 
and sarcopenia (progressive loss of muscle mass, strength, and function with ageing)16 can also contribute to 
prolonged oral processing time, affecting appetite regulation17–19. This emphasises the unique dietary needs of 
older adults, often prioritising ease of consumption over nutritional content4, for which food must be designed 
with specific nutritional compositions and physical properties to support their health and well-being.

During eating, liquids quickly undergo changes before swallowing, including heating, dilution, dissolution 
of water-soluble materials, and chemical breakdown facilitated by salivary enzymes20–22. In contrast, solid foods 

1Université Paris-Saclay, INRAE, AgroParisTech, UMR SayFood, 91120 Palaiseau, France. 2INRAE, Institut 
Agro, STLO, 35042 Rennes, France. 3Department of Dentistry and Oral-Maxillofacial Surgery, School of 
Medicine, Fujita Health University, Toyoake, Aichi 470-1192, Japan. email: alejandro.avila-sierra@inrae.fr;  
marco.ramaioli@inrae.fr

OPEN

Scientific Reports |        (2024) 14:22908 1| https://doi.org/10.1038/s41598-024-73629-9

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


also require chewing to break down their structure23. Saliva, along with other fluid components like moisture 
and fats, helps lubricate this process24. Changes in food structure and lubrication persist throughout chewing 
until the food bolus is ready for swallowing25,26.

Tailored feeding strategies for older adults or individuals with specific health conditions may involve 
thickening liquids or altering solid food textures, impacting eating habits and oral processing dynamics27. These 
changes can lead to prolonged processing times for thickened liquids and a shift from teeth-driven chewing 
to tongue-driven mechanical processing for textured foods28,29. Many elderly individuals, particularly those 
lacking natural teeth, may rely on tongue-based methods for breaking down and managing food30, limiting their 
food choices due to reduced oral capabilities. The tongue, a soft skeletal muscle, typically exerts a maximum 
compressive force of up to 70 kPa against the palate31. However, age-related factors like sarcopenia can reduce 
tongue pressure32, complicating oral processing further.

Recent progress in developing bio-inspired and biomimetic in vitro systems has advanced our understanding 
of food oral processing, especially when chewing hard solid foods33,34. These systems replicate the human 
masticatory system to analyse the effects of occlusal forces, movements, and salivary lubrication on food bolus 
characteristics35,36. However, they lack integration of the tongue, essential for breaking down and mixing food, 
particularly when consuming textured or very soft food. Most studies on semi-solid or soft foods use uniaxial 
compression experiments to simulate the compression action akin to that of the tongue against the palate28,37. 
While more advanced bio-inspired systems have emerged recently, featuring biomimetic tongue-like surfaces 
and user-customisable trajectories, these primarily serve tribological studies aimed at correlating interfacial 
friction with food mouthfeel rather than delving into the bolus formation process38,39. Consequently, none of 
the existing systems effectively capture the intricacies of oral anatomy and the physiological biomechanics of the 
human tongue, falling short of realistically simulating the dynamic changes occurring in the human oral cavity 
during food ingestion. In this dynamic process, tongue movements such as compression, smooth side-to-side 
motions, rolling actions, and anterior-posterior movements are known to play a pivotal role in breaking down 
food particles and homogenising them with saliva to form a suitable food bolus before swallowing.

In this study, we introduce a novel 3D biomimetic artificial mouth, showcasing a pneumatic multi-degree-of-
freedom artificial tongue meticulously crafted to mirror the mechanical properties and wettability of the human 
tongue. This cutting-edge technology accurately mimics lifelike movements and reproduces the structures of tongue 
surface papillae, faithfully imitating the primary tongue motions observed in vivo during oral processing of soft 
foods of various consistencies. Through comprehensive characterisation of the model foods, including textural and 
rheological assessments, we systematically compared these attributes between in vivo and in vitro food boli ready for 
swallowing. This innovative in vitro device provides unparalleled insights into the dynamics of food transformation 
in the mouth and holds significant promise in enhancing food palatability and functionality, offering valuable 
contributions to research and practical applications in human nutrition and health.

Results
Characterisation of model foods
Three commercial products, denoted as Viscous Liquid (VL), Aerated Soft Solid (ASS), and Soft Solid (SS), were 
chosen as model foods due to their diverse textural consistencies—cream, mousse, and gel-like respectively. 
A comprehensive characterisation of the model foods is included in Fig.  1a. ANOVA analysis is detailed in 
Supplementary Table SI.1.

The moisture content analysis revealed distinct water levels (p < 0.05) among them, with ASS exhibiting the 
lowest (64.7 ± 0.2%) and SS the highest (75.2 ± 0.2%). The textural characteristics of these products, including 
firmness, compression work, adhesion work, and maximum adhesion force, were explored due to their potential 
to impact on food oral processing and their interactions with pertinent oral surfaces. As expected, VL was the 
most easily spreadable food (firmness 44.9 ± 1.8 N.s), requiring less compression work for initial deformation 
(2.8 ± 0.2 N). In contrast, ASS exhibited the greatest resistance to initial deformation (firmness 99.3 ± 7.9 N.s), 
necessitating more than double the compression work compared to VL (7.9 ± 0.5  N). In terms of adhesive 
properties, VL and SS displayed similar levels (p = 0.90 and p = 0.08 for WAdhesion and FAdh. Max, respectively). 
Notably, ASS exhibited over twice the adhesion work (− 49.4 ± 6.8 N.s) and force (− 7.3 ± 0.6 N) compared to 
other products, indicating a markedly stickier nature.

Rheological properties were also evaluated to analyse the flow resistance of the model foods. The shear 
viscosity profiles, depicting the relationship between shear rates (ranging from 1 to 1000  s− 1), are provided 
in Supplementary Fig. SI.1. All model foods exhibited shear thinning behaviours. At orally relevant shear rate 
(50 s− 1)40, both VL and ASS showed comparable flow abilities (1.1 ± 0.0 Pa.s and 1.4 ± 0.4 Pa.s, respectively; 
p = 0.58). In contrast, SS demonstrated significantly higher resistance to flow (2.1 ± 0.1  Pa.s), although not 
statistically different from ASS (p < 0.06) due to the higher variability between measurements observed for the 
sticky and aerated food. For SS, two similar shear thinning phases were observed, with a less pronounced shear 
thinning phase occurring between 50 and 100 s− 1.

Characterisation of ready-to-swallow food boli
Oral processing induces structural changes in ingested foods through the coordinated movements of the tongue, 
teeth, and cheeks, along with temperature fluctuations, dilution, and other chemical transformations facilitated 
by the salivary fluid22. This process aims to achieve a harmonious balance between the adhesive and cohesive 
properties of the resulting food bolus, ensuring its suitability for swallowing25,26.

The model foods, previously characterised, were employed in in vivo sensory studies, wherein healthy adult 
panellists (n = 3) were instructed to perform oral processing—unrestricted oral conditions—until the moment 
of swallowing. At this juncture, the resultant food boli were expectorated and collected for characterisation 
(Fig. 1b). ANOVA analysis is detailed in Supplementary Table SI.1.
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Fig. 1. Characterisation of (a) model foods and (b) ready-to-swallow in vivo food boli. The parameters 
analysed include water content, textural attributes (i.e., firmness, cohesion work, adhesion work, and 
maximum adhesive force), and shear viscosity at the relevant oral shear rate (50s− 1). Additional parameters 
such as insalivation ratio (Hw), food oral processing (FOP) time derived from US recordings (n = 10), and 
the stimulated salivary flow rate are reported for in vivo food boli. Averaged data along with corresponding 
standard deviations are shown. Model foods were subjected to three repetitions (n = 3), while food boli were 
analysed through three repetitions across three different panellists (n = 3 × 3). Statistical significance (p < 0.05) 
between datasets is denoted by letters. Water content varied between foods, with ASS at the lowest and SS the 
highest. VL was the most spreadable, requiring less compression work (similar to SS), while ASS resisted the 
most, needing double the compression work compared to VL. Adhesion varied, having both VL and SS similar 
adhesive properties while ASS had over twice the adhesion work and force. At relevant oral conditions, VL 
and ASS showed similar flow abilities (1.1 and 1.4 Pa.s, respectively). SS exhibited higher resistance (2.1 Pa.s), 
featuring distinct shear thinning phases between 50–100 s− 1 (shear viscosity profiles of both foods and boli 
are included in Supplementary Information). After oral processing, food boli spreadability improved, with 
over 80% firmness decrease for VL and ASS, and around 60% for SS. Compression effort reduced over 85% 
for VL and ASS, and approximately 50% for SS. Adhesion forces decreased by over 90% for VL and ASS, and 
approximately 60% for SS. This reduction contributed to a notable decrease in adhesion work, exceeding 90% 
for VL and ASS, and around 40% for SS. Flow resistance varied, with VL showing the most significant decrease 
to 0.1 Pa.s, followed by ASS with a 60% reduction and SS with a 36% decrease. Food-to-saliva ratio, FOP time, 
and estimated salivary flow rate showed no significant differences among food boli.
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As anticipated, the textural properties of the formed food boli underwent substantial modifications compared 
to their original characteristics. The spreadability of the food boli demonstrated noteworthy improvements, with 
a firmness decrease exceeding 80% for VL and ASS, and approximately 60% for SS. This enhancement resulted in 
a significant reduction in the effort required for food compression, surpassing 85% for VL and ASS, and around 
50% for SS. Moreover, a favourable decline in the adhesion forces initially associated with the food products 
was observed, exceeding 90% for VL and ASS, and approximately 60% for SS. This reduction significantly 
contributed to a notable decrease in the work of adhesion for the processed food, exceeding 90% for VL and 
ASS, and ~ 40% for SS.

The resistance to flow of the shear thinning food boli at the orally relevant shear rate (50 s− 1) also showed 
notable differences, being the most pronounced one the decrease observed for VL, with a shear viscosity 
plummeting from 1.2 ± 0.0 Pa.s to 0.1 ± 0.0 Pa.s (91% reduction). This was followed by ASS with a 60% reduction 
and SS with a comparatively lower decrease of 36%. In the case of SS, the shear viscosity decreased from 
2.1 ± 0.1 Pa.s to 1.4 ± 0.1 Pa.s, indicating the least pronounced reduction among the samples.

Additional factors such as the insalivation ratio of food boli (Hw) and oral processing time (FOP time) were 
analysed to determine the extent of food product dilution, along with the potential impact that salivary enzymes 
may also have on food oral transformation. In terms of the food-to-saliva ratio, all boli exhibited a ratio of 
~ 0.2 (20%), with no significant differences among them (p = 0.98), being consistent with the ratios reported for 
thickened liquids41. While FOP time varied based on the type of food (6.8 ± 3.0, 13.1 ± 5.1, and 10.9 ± 1.7 s for 
VL, ASS, and SS, respectively), the variability between individuals resulted in no statistical significance (p = 0.26). 
Both Hw and FOP time were used to estimate the stimulated salivary flow rate during oral processing. Despite 
a slightly higher saliva flow rate for VL (10.0 ± 4.2 mL/min) compared to ASS and SS (8.9 ± 4.1 mL/min and 
8.8 ± 4.9 mL/min, respectively), no statistical differences were identified (p = 0.84). It is important to note that 
due to the short duration of FOP, the estimated stimulated flow rate might be influenced by the initial amount 
of saliva present in the mouth before introducing the food product, which could lead to a slight overestimation.

Deconstruction process of food intra-oral transformation
The act of consuming food is a dynamic process that evolves continuously until the moment of swallowing. To 
evaluate the predominant activities—compression, shearing, mixing, collection, mastication, and deglutition—
and their timing in the mouth during food oral processing, Temporal Dominance of Motions (TDM) analysis42 
was employed during consumption of the three model foods. At a panel level (n = 16), Fig. 2 presents averaged 
TDM curves, illustrating the percentage of the citation rate of each activity being dominant as a function of the 
standardised time, along with representative Ultrasounds (US) images of a healthy panellist. These US images 
were used for qualitative analysis of the tongue movements performed during food consumption. Representative 
US recordings for each model food are included as Supplementary Material.

According to the results obtained with VL (Fig.  2a), up to approx. 55% of the participants initiated oral 
processing with a compressional tongue action. In this context, and according to US recordings, the action 
would be associated with transporting the liquid from the frontal to the mid part of the oral cavity to facilitate 
further food transformation (i–ii). This stage, involving the rising of the tongue tip and a depression of the tongue 
body, remained above the significance level for approximately 22% of the total duration of oral processing. 
Subsequently, most individuals (~ 35%) engaged in mixing (iii), occupying approximately 15% of the time. 
During mixing, the tongue moves the food product within the oral cavity to aid its mixing with saliva. This was 
followed by a stage dedicated to bolus collection. During this final stage, irrespective of the food tested, and prior 
to swallowing, food boli seem to be gathered at the back of the tongue through a squeezing-like motion of the 
tongue tip against the hard palate, transporting the food towards the posterior section of the tongue (iv)—as 
noted in clinical studies when consuming foods with varying consistencies43.

During oral processing of ASS (Fig. 2b), an initial period of multiple compressions for altering the initial 
structure of the food product between the tongue and the hard palate (i–ii) takes precedence (40% of the time), 
being the dominant action for over 80% of the participants. This is succeeded by shearing (~ 15% of the time) 
generated between the tongue and the hard palate (iii), experienced by approximately 30% of individuals. 
Subsequently, participants execute a partial swallow of the food bolus, taking up 15% of the total time. Upon 
analysing US recordings, an initial partial swallow has been observed in 50% of the panellists (n = 5 out of 
10). After a swift bolus collection action (iv), consuming about 5% of the time, the final swallow event is 
predominantly initiated.

Lastly, oral processing of SS (Fig. 2c) necessitated an initial compression period executed by over 80% of 
the participants, followed by a second compression period performed by approximately 50% of individuals 
(i–ii). Both periods of multiple compressions appear to account for about 34% of the total processing time. 
Subsequently, shearing (iii), lasting for ~ 7% of the time, was experienced by around 30% of the panellists during 
the second compression period, just before the collection of the food bolus (iv), which consumed 8% of the total 
time, leading to the initiation of the swallowing process.

In vitro simulation of food oral processing
To ensure an accurate replication of food oral processing in vitro, the primary actions identified in the preceding 
section, along with their respective time allocations throughout the process of food transformation, served as the 
basis for determining the timing (“Estimated in vivo time” and “Time per motion”) of the in vitro sequence (see 
Table 1). This approach also helped in discerning the primary movements of the tongue (US images), considering 
the high variability of tongue actions between subjects during food oral processing. Consequently, a qualitative 
framework for designing the actuation pattern of the 3D biomimetic artificial tongue was established (Fig. 3). 
This framework incorporates a total of five tongue actions (Sect. 2.3): initial food displacement (a), compression 
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of food and bolus (b), mixing of food bolus (c), shearing (d), and collection of the food bolus (e). For the in vitro 
simulation, the artificial tongue executes the following actions:

• Initial food displacement. The artificial tongue emulates this movement by adopting a depression-like shape, 
wherein the frontal air chamber remains unaffected while the lateral chambers deflate under vacuum (Fig. 3a, 
ii–iii).

• Food and bolus compression. The artificial tongue replicates this action by adopting a dome-like shape. In 
this configuration, the frontal air chamber remains inactive to ensure the product stays in the mid-frontal 
section of the oral cavity. Meanwhile, both lateral chambers inflate symmetrically (Fig. 3b, ii–iv), exerting 
the necessary compression force tailored to each type of product. The sagittal view (Fig. 3b, iv) illustrates the 
symmetrical inflation of the lateral chambers.

Fig. 2. Temporal dominance of motions (TDM) profiles illustrate the progression of actions during food oral 
processing over time, accompanied by representative Coronal plane US images depicting the predominant 
actions of the human tongue (tongue tip on the right) for various model foods, including (a) Viscous Liquid 
(VL), (b) Aerated Soft Solid (ASS), and (c) Soft Solid (SS). Actions above the dashed baseline indicate statistical 
significance (> 27.5%)42,61, while actions within the shaded area signify no dominant significance. During VL 
oral processing (a), approximately 55% of participants initiated a compression-like phase associated with food 
displacement from the frontal to the mid part of the oral cavity (i–ii), accounting for about 22% of the total 
time. Subsequently, participants engaged in mixing the food with saliva (15% of time) (iii) before collecting 
and positioning the bolus within the oral cavity (iv) in preparation for the final swallow. For ASS (b), an initial 
phase of compressions of the food product between the tongue and hard palate prevailed (40% of time) (i–ii), 
followed by dominant shearing action (~ 15% of time) against the hard palate (iii). Approximately 30% of 
participants executed a partial swallow (15% of time), followed by swift bolus collection (5% of time) (iv), 
leading to the predominant initiation of the final swallow. In the case of SS (c), two initial compression periods 
accounted for about 34% of the total time (i–ii). During the second period, there was a representative shearing 
action (7% of time) (iii) just before food bolus collection (8% of time) (iv) to trigger the final swallow event.
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• Food bolus mixing. The artificial tongue mirrors this action using an asymmetrical dome-like shape, alter-
nating inflation and deflation in the lateral chambers to guide the movement of food from one side of the 
artificial oral cavity to the other (Fig. 3c, ii–iv). The sagittal view (Fig. 3c, iv) illustrates symmetrical inflation 
in both lateral chambers.

• Food bolus shearing. The artificial tongue replicates this phenomenon using an asymmetrical dome-like 
shape, similar to the shape employed for mixing but with increased pressure. This adjustment ensures proper 
contact between the tongue and hard palate, inducing complex shear within the food product (Fig. 3d, ii–iv). 
The sagittal view (Fig. 3d, iv) demonstrates symmetrical inflation in both lateral chambers.

• Final bolus collection. At the end of the in vitro sequence, the artificial tongue replicates Collection by inflat-
ing the frontal air chamber slightly to gently squeeze the food bolus, ensuring that any dispersed bolus in the 
frontal part of the oral cavity is displaced to the posterior part. Simultaneously, both lateral chambers deflate, 
creating a depression-like shape to contain the ready-to-swallow in vitro food bolus for final collection and 
further characterisation (Fig. 3e, ii–iii).

As detailed in “Materials and Methods”, meticulous attention was given to crafting the pneumatic artificial tongue 
to emulate the mechanical properties, wettability, and surface papillae of the human tongue. To simulate the oral 
salivary coating initially present in the human mouth, 0.28 mL of water was used before each experimental run. 
In this initial phase, water is chosen to prevent any transformation of the food product by salivary enzymes prior 
to initiating the in vitro sequence (food products are allowed to rest inside the closed artificial oral cavity for 30 s 
to temper the system at 37 °C). The temperature of the food products was also adjusted before commencing the 
in vitro sequence. Freshly collected human saliva, with collection details outlined in “Materials and methods”, 
is employed for in vitro simulation at a flow rate of 10 mL/min for all products, based on the in vivo data 
depicted in Fig.  1. The stages involved in the in vitro transformation of the model foods, including timing, 
actions performed, and applied pressure, are meticulously tailored to suit each type of food. This is achieved 
through a successive iterative comparison process between the in vitro and in vivo boli until their properties 
align accurately. All applied pressures are documented in Table 1, encompassing pressures exerted by the tongue 
against the hard palate to compress and shear the food bolus (“Palatal pressures”). It is intriguing to observe that 

Dominant motion Sequence order
Estimated in vivo 
time (s)

Number of 
motions

Time per motion/Total 
in vitro time (s) Tongue pressure (kPa)

Palatal 
pressure 
(kPa)

Viscous liquid

Food displacement 1st 2.6 1 2.6/2.6 NA*/− 3.4 ± 0.1** –

Mixing 2nd 1.8 5 0.25/1.8 NA*/8.5 ± 0.2** –

Collection 3rd 4.7 1 4.7/4.8 9.5 ± 0.2*/− 3.4 ± 0.1** –

Aerated soft solid

Compression 1st 9.1 5 0.9/10.0 NA*/23.4 ± 1.3** 11.0 ± 1.5

Bolus displacement 2nd - 1 1.0/1.1 23.3 ± 0.1*/− 3.3 ± 0.1** –

Shearing 3rd 3.3 7 0.4/3.6 NA*/28.9 ± 2.9** 17.1 ± 5.1

Collection 4th 1.1 1 1.1/1.2 23.3 ± 0.1*/− 3.3 ± 0.1** –

Soft solid

Compression 1st 5.8 3 1.0 / 6.2 NA*/22.7 ± 0.6** 9.8 ± 1.7

Bolus displacement 2nd – 1 1.0 / 1.1 22.8 ± 0.2*/− 3.7 ± 0.1** –

Shearing 3rd 1.2 5 0.2 / 1.7 NA*/25.7 ± 2.4** 12.1 ± 4.4

Collection 4th 1.3 1 1.3 / 1.4 22.8 ± 0.2**/− 3.7 ± 0.1** –

Table 1. In vitro simulation of food oral processing. The parameters defined for in vitro food oral processing 
include the sequence of motions, the number of motions required to replicate the dominant action, the 
time allocated per motion and the total duration of the dominant action (based on TDM data and US 
recordings), the pressures exerted on the tongue (including both frontal (*) and lateral values (**)), and the 
palatal pressure recorded during the stages of multiple compressions or shear against the hard palate. Average 
data are presented alongside their respective standard deviations. To ensure reliability, a minimum of three 
experiments were conducted per food type. In instances denoted as “NA” (No Action), no specific motion is 
performed. The pressures applied by the tongue and against palate are in line with those observed in previous 
clinical studies, particularly in the context of consuming jellies with varying levels of hardness, spanning 
from soft (~ 5 kPa) to hard (< 40 kPa)43. The “time per motion” refers to the duration specified in the User 
LabView interface, which is based on the TDM profiles and FOP times extracted from US recordings. On the 
other hand, the “total time” encompasses not only the time required for inflation and deflation of the artificial 
tongue but also the cumulative duration of all motions applied. It is important to note the distinction between 
“Food displacement” and “Bolus displacement”. In the former, the frontal air chamber remains uninflated, 
whereas in the latter, the frontal air chamber is fully inflated, akin to the “Collection” action. This ensures 
complete transportation of the food bolus from the frontal to the mid part of the oral cavity, facilitating further 
transformation during subsequent shearing actions.
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ASS, which displays the highest food resistance to initial deformation (firmness 99.3 ± 7.9 N.s, Fig. 1), resulted 
in elevated compression and shearing palatal pressures compared to SS, particularly noticeable during shearing. 
These pressures are consistent with those observed in vivo in previous clinical studies involving the consumption 
of jellies of varying hardness levels, ranging from soft (~ 5 kPa) to hard (< 40 kPa)44. The in vitro FOP times align 
with those outlined in Sect. 2.1, derived from US recordings (n = 10). A representative video of the motions of 
the artificial tongue is included as Supplementary Material.

Comparison between ready-to-swallow in vivo and in vitro food boli
Following the in vitro simulation sequences detailed in Sect. 2.4 and Table 1, in vitro boli of the model foods 
were collected at the “in vitro swallowing point” to evaluate their textural and rheological properties (Fig. 4), 
including firmness, cohesion work, adhesion work, maximum adhesive force, and shear viscosity data at specific 

Fig. 3. Primary tongue actions mimicked during food oral processing. Coronal plane US images (i) along with 
their corresponding image-based 3D reconstructions (ii–iv) of the artificial tongue for each dominant motion. 
Initial isometric views (ii) aid in visualising tongue movements, followed by coronal (iii) and, if necessary, 
sagittal views (iv) to elucidate the shape of the artificial tongue. White arrows and X symbol denote the 
inflation/deflation or no-actioned states of tongue air chambers. Dashed lines, highlighted in red (US images) 
and green (3D reconstructions), qualitatively illustrate the mimicked shape. In the simulated oral environment, 
tongue mobility is constrained. In the initial phase of VL oral processing (a), the tongue transports the liquid 
from the frontal to the mid part of the oral cavity by slightly elevating the tip and depressing the tongue body 
(i). The artificial tongue replicates this action with a depression-like shape (ii–iii), maintaining the frontal 
air chamber with no action while the lateral chambers deflate. For both ASS and SS, oral processing begins 
with the tongue compressing the food against the hard palate (b.i). The artificial tongue mimics this action 
with a dome-like shape (ii), maintaining the frontal air chamber with no action while symmetrically inflating 
both lateral chambers (iii–iv). During mixing (c.i), the tongue moves the food product within the oral cavity 
to facilitate its mixing with saliva. The artificial tongue replicates this action with an asymmetrical dome-
like shape (ii), alternating inflation and deflation in both lateral chambers (iii–iv). During shearing, evident 
tongue and hard palate contact produce a complex shear state (d.i). The artificial tongue mimics this with an 
asymmetrical dome-like shape (ii–iv), like the shape used for mixing, but with the tongue contacting against 
the hard palate to produce shear. At the end of oral processing, just before swallowing, food boli are collected 
in the back of the tongue (e.i). The artificial tongue mimics this action by inflating the frontal air chamber to 
squeeze slightly the food bolus while deflating both lateral chambers (ii–iii), producing a depression-like shape 
to contain the ready-to-swallow food bolus.
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shear rates relevant to texture perception (10  s− 1), oral (50  s− 1) and oropharyngeal phases of swallowing 
(300–1000 s− 1)40. Additionally, parameters such as the food-to-saliva ratio (Hw) were analysed yet no statistical 
differences were observed between in vivo and in vitro data. ANOVA analysis is included in Table SI.2.

Similarly to what occurred during in vivo food oral processing, all textural and rheological properties of 
the formed food boli in vitro underwent significant modifications compared to the original characteristics of 

Fig. 4. Comparative analysis between ready-to-swallow food boli formed in vivo and those created in vitro. 
The parameters examined encompassed textural attributes (a), including firmness, cohesion work, adhesion 
work, and maximum adhesive force, along with shear viscosity data (b) at relevant shear rates, specifically 
those associated with sensory perception (10 s− 1), oral (50 s− 1) and oropharyngeal phases of swallowing 
(300–1000 s− 1). Additional parameters such as the food-to-saliva ratio (Hw), representing the ratio of saliva 
to the wet food sample, are provided in the Supplementary Information; no statistically significant differences 
between Hw values of in vivo and in vitro boli (refer to Supplementary Table SI.2). In vivo food boli underwent 
three repetitions across three different panellists (n = 3 × 3), while in vitro food boli were subjected to at least 
three repetitions. The textural attributes and shear viscosities of the in vitro food boli closely mirrored those 
observed in ready-to-swallow in vivo boli for the model foods (Viscous Liquid (VL), Aerated Soft Aolid 
(ASS), Soft Solid (SS)). However, slight significant differences were noted for the work of cohesion and shear 
viscosities at low shear rates for in vitro ASS boli, as well as the viscosities of SS boli at oropharyngeal-relevant 
shear rates. Letters are used to represent statistical disparities among datasets.
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the model foods. In fact, the textural attributes and shear viscosities of the in vitro food boli closely mirrored 
those observed in vivo. For VL, no significant differences were observed for any of the parameters analysed, 
indicating the successful creation of in vitro boli of the viscous liquid. All adhesive and cohesive properties were 
closely mimicked, suggesting its suitability for swallowing. Moreover, shear viscosities at oral and pharyngeal 
relevant shear rates were faithfully reproduced. Regarding ASS, all textural characteristics of in vivo boli were 
closely reproduced, except for cohesion work, which exhibited minimal statistical differences (p = 0.049). Some 
differences between in vivo and in vitro boli were also observed in viscosity data: while ASS bolus viscosities 
were accurately mimicked at oropharyngeal-like shear rate conditions, viscosities at lower shear rates, relevant to 
oral conditions, showed significant differences (p ≤ 0.001). Finally, for SS, all textural properties of in vivo food 
boli were closely mimicked. Regarding viscosity data, viscosities at low shear rates were faithfully reproduced, yet 
some statistical differences were observed at higher shear rates (p = 0.037 and p = 0.046 at 300 s− 1 and 1000 s− 1).

Discussion
During food consumption, oral processing involves mechanical and chemical actions essential for efficient 
swallowing, digestion, and nutrient absorption, and sensory experiences like taste, texture, and aroma 
perception45. Given that oral processing varies significantly based on the characteristics of the ingested food27, 
this study examined three model foods: a viscous liquid, an aerated soft solid, and a soft solid.

In vivo, food is initially compressed by the tongue against the hard palate for texture recognition and 
determining further oral strategies46. Soft foods use tongue-palate actions for bolus formation, while harder 
foods require mastication. Sensory evaluations show tongue-palate compression for foods with a fracture 
force ≤ 15 N and mastication for those > 20 N28. Our model foods, with firmness below 10 N (Fig. 1), likely 
rely only on tongue dynamics for oral processing. This assumption is supported by the TDM profiles (Fig. 2), 
where mastication was not required among the panellists. A quasi-linear correlation between textural factors 
and compression duration (“Estimated in vivo time,” Table 1) is also observed (Supplementary Fig. SI.2).

ASS, the hardest with the lowest water content—as observed for other type of foods47 required the longest 
compression, followed by SS. Both VL and ASS showed smooth TDM compression profiles, while the SS had a 
two-stage compression period with significant shearing in the second stage, possibly indicative of the need to 
break down gel pieces to facilitate bolus formation. Shearing periods for ASS occurred post-compression, unlike 
the simultaneous shearing for SS.

The initial mechanical characteristics of food are crucial for determining the path of oral processing and bolus 
formation, but other textural properties, like adhesion, may also play a significant role in shaping the dynamics 
of food processing48. For instance, ASS, distinguished by its stickiness, exhibited over twice the adhesion work 
and force compared to other model foods. Notably, ASS uniquely displayed two marked swallowing stages, 
separated by a bolus collection phase, a phenomenon corroborated by the US recordings, where 5 out of 10 
panellists engaged in a partial swallow. This behaviour may be attributed to its stickiness and complex aerated 
texture49.

Achieving a harmonious balance between the adhesive and cohesive properties of the food bolus is crucial 
for swallowing25,26. All foods underwent substantial modifications in both textural and rheological properties 
during oral processing, as discussed in Sect. 2.1 and 2.2. In vivo boli of VL and ASS exhibited drastic reductions 
in their textural parameters: more than 80% of reduction for firmness and cohesion work, and 90% for adhesive 
properties. The resistance to flow of the in vivo boli at the orally relevant shear rate (50  s− 1) also displayed 
notable differences, with the most significant decrease observed for VL (91% reduction). Starch content and the 
salivary dilution effect (ratio of ~ 0.2) likely contributed to these changes. Salivary enzymes could further affect 
food transformation, particularly for semi-solid products where liquid characteristics may facilitate starch-
enzyme interactions, drastically reducing viscosity. In contrast, solid foods with complex structures have limited 
interactions until they break down into smaller pieces.

Similarly to in vivo oral processing, in vitro food boli underwent significant modifications compared to 
the original model foods. The textural and rheological properties of the in vitro boli closely mirrored those of 
observed in ready-to-swallow in vivo boli (Fig. 4), achieving a similar adhesive/cohesive balance suitable for 
swallowing. The only exception was the in vitro ASS bolus, which showed minimal statistical differences in 
cohesion work. This may be attributed to its lactic esters of mono- and diglycerides of fatty acids emulsifier, 
which could be more temperature-sensitive than the soy lecithin and carrageenan in the other foods. Although 
the in vitro system incorporates a heating stage at the bottom part, the lack of temperature control around the 
translucid artificial cavity, unlike the human mouth, could account for these slight differences observed between 
in vivo and in vitro boli.

Replicating the rheological properties of in vitro boli is also important, as these can influence oral lubrication 
and sensory perception50, as well as the later stage of swallowing51. The swallowing process encompasses a wide 
range of shear rates, ranging from 50 s− 1, associated with the oral phase, up to 1000 s− 1, associated with the 
oropharyngeal phase of swallowing40. The artificial mouth introduced in this study successfully reproduces the 
shear viscosity of in vivo boli of the VL across the full range of oral perception and swallowing (10–1000 s− 1), as 
well as the shear viscosity of ASS boli at oropharyngeal shear rates (300–1000 s− 1). However, the shear viscosity 
of in vitro ASS boli is slightly higher under orally relevant conditions, likely due to incomplete melting of the 
fatty compounds because of temperature control limitations. On the other hand, in vitro SS boli replicate in vivo 
viscosities at low shear rates (10–50 s− 1), with minimal differences at higher shear rates (1000 s− 1).

This pioneering artificial mouth marks a breakthrough in the field of food oral processing research, offering 
unprecedented realism in replicating the intra-oral transformation of foods. This extraordinary capability opens 
exciting new avenues for investigating food oral perception, lubrication, and swallowing in vitro, promising 
substantial advancements in our comprehension of these intricate processes.
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Limitations
The limitations of this study are discussed in this paragraph. Water was used instead of saliva to replicate the 
initial oral cavity lubrication and prevent any alterations of the rheological properties of the model foods before 
in vitro processing. Additionally, the lack of temperature control around the translucent oral cavity of the in 
vitro system, unlike the human mouth, may affect food processing, especially for temperature-sensitive foods.

Conclusions
In this work, we introduce a pioneering 3D biomimetic artificial mouth featuring a pneumatic multi-degree-of-
freedom artificial tongue. Designed to emulate the mechanical characteristics, wettability, surface papillae, and 
lifelike motions of the human tongue, this artificial mouth faithfully replicates the oral processing of different 
foods, including viscous liquids, aerated and soft solid foods. This device successfully produces in vitro food 
boli with a delicate balance between adhesive and cohesive properties like those observed in vivo, while also 
accurately mirroring rheological properties across a wide range of shear rates relevant for oral perception and 
swallowing. The artificial mouth presents unprecedented opportunities for studying the dynamics of food 
transformation in the oral cavity, promising enhancements in palatability and functionality of custom foods 
tailored to individual health needs, particularly for older populations.

Experimental section
Model foods
Three dairy chocolate-based foods of differing textural attributes were chosen, including a viscous liquid (Crème 
dessert, Danette, France), an aerated soft solid (Mousse Chocolat, Danette, France) and a soft solid (gel-like 
consistency) (Fondant Cacao, Les 2 Vaches, France). Their compositional details are included in Supplementary 
Table SI.3. According to manufacturer information, starch is present in all products.

Determination of water and food insalivation ratio
The amount of saliva secreted during oral processing were assessed using a reduced group of healthy adult 
volunteers (n = 3, aged 30 ± 2 years). The volunteers took a teaspoon of the specific product and engaged in 
their usual oral processing routine. Prior to conducting the tests, these products were allowed to reach room 
temperature for tempering. Upon completing oral processing and reaching the point of swallowing, the formed 
boli were spat into a container. To recover any oral residues left by the product, 5 mL of mineral water (Vittel, 
France) were used. After oral rinsing, this water alongside food residues were spat into a separate container. 
During food oral processing, time was recorded, to estimate the stimulated salivary flow rate of each volunteer. 
Tests were performed at least three times per volunteer (n = 3 × 3). The ratio of saliva added in the bolus was 
determined respect to wet food sample (Hw)52. Dry matter content was determined after dehydration in an oven 
at 105 °C for 24 h.

Textural and rheological characterization
A texture analyzer TAXT Plus (Stable Micro Systems Ltd., Surrey, United Kingdom) with a Back Extrusion Test 
(BET) rig (details provided in Supplementary Fig. SI.3a) was used to determine from the force–time graph textural 
properties of the food samples and boli, including firmness, cohesion work, adhesion work, and maximum 
adhesion force (Supplementary Fig. SI.3b). Approximately 15 mL of the food sample/bolus were placed in a 
standard sample container with a capacity of 40 mL (28 mm inner diameter), in a way to avoid air entering and 
providing a smooth upper surface. The samples were compressed by a Plexi piston of 25 mm diameter, providing 
an extrusion of the product upward between the walls and edges of the piston. For measuring the force produced 
by the samples, the 5 g load cell was used. The parameters of the study were a speed rate of 1 mm/s and a depth 
of insertion of 20 mm. Three replicate analyses were carried out at a room temperature (20 °C) for each sample, 
providing the same conditions for each measurement and per each volunteer.

Shear viscosity of food samples and boli (right after collection) were assessed with a Modular Compact 
Rheometer 702 (Anton Paar GmbH, Graz, Austria) at 20  °C, using a parallel-plate geometry (PP25) with a 
rough surface for the model foods, and a geometry CC25 for in vivo and in vitro food boli. Shear viscosity was 
evaluated by steady shear tests in a range of shear rates between 1 and 1000 reciprocal seconds.

Temporal dominance of motions (TDM) and ultrasounds recordings
The study was carried out in accordance with the regulations of the Ethics Committee for Research (CER) of 
the Université Paris-Saclay (reference CER-Paris-Saclay-2022-085). All methods were performed in accordance 
with the relevant guidelines and regulations of the Université Paris-Saclay. For conducting sensory perception 
tests of oral motions, model food samples were transferred and presented on plastic trays with teaspoons with 
sampling so that the teaspoon was filled before testing. Due to their differing composition (water content, 
physical state, aeration grade), the amount of food on each teaspoon was not standardised by either volume 
or weight but represented a standardised scoop of the product that would likely be made in free consumption. 
This resulted in the mass of product contained in the spoons of approximately 10 g for poorly aerated products 
and 6 g for aerated products. The spoons were labelled with random 3-digit numbers that were predetermined. 
Commercial mineral water (Evian, France) and flavourless crackers (Lu biscuit, France) were used for mouth 
rinsing and offsetting texture cues during consumption respectively. Foods were stored at 3 °C in a fridge cold 
room, being later tempered at room temperature before testing.

A total of sixteen panellists (n = 16) were recruited for 6 testing sessions of 30 min. Written informed consent 
was obtained from each subject after explanation of the aim and methodology of the study. Sensory tests were 
done on touch tablets where the testing procedures were programmed using FIZZ software (Biosystemes, 
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France). The procedure involves presenting the panellists with a list of six oral motions: compression, shearing, 
mixing, and bolus collection for the tongue, mastication for the teeth, and swallowing (detailed in Table 2). 
Panellists are then prompted to select the dominant attribute throughout food oral processing. The data obtained 
are normalised over time, ranging from 0% (when the product is introduced into the mouth) to 100% (the 
end of oral movements after swallowing). Temporal Dominance of Motions (TDM) analysis42, based on the 
well-known Temporal Dominance of Sensations (TDS) method, was employed during consumption of the 
three model foods. Each product undergoes two repetitions. The normalised data are plotted as curves showing 
the temporal variations in the citation rate for the different attributes, expressed as a percentage of the 2 × 16 
experiments conducted for each product. A curve smoothing function is applied to the data using software to 
facilitate visualisation.

In addition to sensory evaluations, US imaging measurements were conducted on a total of 10 out of the 16 
panellists. The objective of these proof-of-concept acquisitions was evaluating the potential of US imaging for 
monitoring the motions of the tongue all along the oral processing of the different food products. Acquisitions 
were conducted with the ultrasound platform Aixplorer (Supersonic Imagine, France), equipped with a convex 
probe (XC6-1, Supersonic Imagine, France) composed of 192 elements and operating on a bandwidth equal to 
1–6 MHz. This probe was mounted on a dedicated headset (UltraFit, Articulate Instruments, U.K.) designed 
to allow a reproducible positioning of the US probe under the chin of the volunteers. Once the probe was in 
place on the volunteer, an automatic time gain compensation function was applied to optimise the quality of the 
images obtained, in particular to adapt to the variability of the attenuation of the ultrasound waves, influenced 
by inter individual variations of anatomy. Ultrasound acquisitions were conducted all along food oral processing 
for the three food products, and recorded under the form of videos, with a resolution of 1296 by 972 pixels and 
a frame rate of 32 Hz. Representative US recordings demonstrating each sequence performed are included as 
Supplementary Material.

Human saliva collection
Saliva was obtained from two healthy adult individuals (32 ± 2 years old) who abstained from consuming any 
foods or drinks (except water) for a minimum of 2 h prior to collection. Right after collecting the saliva sample, it 
was heated at 37 °C and used for simulating in vitro oral processing without undergoing centrifugation. Despite 
centrifugation does not affect the lubricating characteristics of saliva53, it does effectively remove high molecular 
weight proteins like mucins that are frequently associated with the distinctive rheological properties of saliva, 
including viscosity, elasticity, stickiness, and its ability to retain water under relevant oral conditions54.

3D biomimetic oral cavity
The artificial oral cavity is meticulously crafted, drawing upon detailed 320-row area detector computed 
tomography scans of a healthy adult oral cavity55 (Fig. 5a). The use of CT images of adult volunteers is approved 
by Fujita Health University Ethics Review Committee (reference number: HM18-431). Considering a surface 
area of the palatal area of the artificial oral cavity of ~ 2272 mm2, aligning well with data reported in other in 
vivo studies56, along with other the regions encompassing the lingual teeth area and the top surface of the non-
inflated artificial tongue, the total inner area of the artificial mouth is approximately 6394 mm2. The artificial 
oral cavity (Fig. 5b) is equipped with a pressure sensor (HDP502, HHAT, China) to monitor and record the 
palatal pressure during food oral processing, and four salivary inlets to control and distribute the salivary fluid 
across the oral cavity. The system also features a soft actuator mimicking the human tongue, a heating stage 
(50 × 25 mm) with a temperature sensor that automatically regulate the oral temperature at 37 °C, the respective 
holders for the tongue and the oral cavity, and a LED light panel that will be used for facilitating video recording.

Artificial tongue
The pneumatic soft robotic actuator (Fig.  5c.i), designed to resemble the human tongue, possesses external 
dimensions that align with the artificial oral cavity. To create the artificial tongue, a platinum-catalysed 
silicone rubber (Ecoflex 00–30, Smooth-on Inc., U.S.A)63 of hardness (77 ± 9 kPa57), comparable to that of the 
human tongue (12 kPa at rest and 122 kPa in tension state28), was employed. The silicone rubber is prepared 
following the guidelines provided by the supplier. The 3D tongue moulds were manufactured in PLA (MakerBot 
Replicator 2). Further information regarding its manufacturing process can be found in Supplementary Fig. 
SI.4a. As the mechanics of food perception and transport are significantly influenced by the interplay of oral 
friction, particularly influenced by the densely populated micropapillae58, the upper surface of the soft actuator 
was biomimetically texturized (Fig. 5c.ii) based on in vivo data59: filiform (density 160.0 ± 30.0 per 10− 4 m2, 
diameter 355.0 ± 40.0  μm, and height 195.0 ± 6.5  μm) and fungiform papillae (density 13.5 ± 1.5 per 10− 4 

Attributes Definition

Compression The food is compressed as the tongue rises and comes into contact with the hard palate

Shearing Shearing of the food occurs through the movements between the tongue and the hard palate

Mixing The tongue aids in mixing the food, promoting its dilution with saliva

Collection Collecting of fragments and remnants through various tongue movements

Mastication Employing the teeth to masticate food

Swallowing The food bolus is compressed, moving toward the rear of the oral cavity in preparation for swallowing, and then swallowed

Table 2. Attributes used for the temporal dominance of motions judgments.
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Fig. 5. 3D biomimetic artificial mouth. A 320-row area detector computed tomography scan (a) of a healthy 
adult used for the design of the artificial oral cavity. This included coronal (i) and sagittal (ii) views, along 
with a representative sectional profile (dashed lines) used for reconstructing the artificial cavity through Loft 
command of Fusion360. The 3D CAD design (b) of the in vitro system comprises an artificial oral cavity (1), 
equipped with a pressure sensor (2) to monitor palatal pressure during food oral processing, and four salivary 
inlets (3) (highlighted by blue points to facilitate visualisation) to control and distribute the salivary fluid. 
The system also features a soft actuator (4) mimicking the human tongue, a heating stage (5) (50 × 25 mm) 
with a temperature sensor, a tongue/heating stage holder (6), an oral cavity holder (7), and a LED light panel 
(8) used for video recording. The centre of the pressure sensor is positioned approximately 35 mm from 
the frontal wall and 22 mm from the side wall of the artificial oral cavity. The artificial tongue design is also 
presented62 (c), showcasing the soft actuator dimensions in top, lateral, and posterior sectional views (i). The 
top surface texturization (ii) includes the crafted 3D CAD model of artificial papillae, designed meticulously 
based on average in vivo data (details provided in “Materials and methods”). This model, with a surface area 
of 10 × 10 mm, incorporates a randomised distribution of both fungiform and filiform papillae. The resulting 
model is applied to the top surface of the soft actuator (iii), offering a captivating snapshot of the designed 
surface pattern captured by a digital camera at ×50 magnification.
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m2, diameter 878.0 ± 97.0  μm, and height 390.0 ± 72.0  μm). While fungiform papillae exhibit dome-shaped 
structures surrounded by an array of filiform papillae, the filiform papillae manifest themselves as clusters of 
slender cylinders, approximately half the width and height of individual fungiform papillae59. The biomimetic 
tongue-like surface was designed using Fusion 360 (Autodesk, Inc., France), generating a model surface pattern 
(10 × 10 mm) with a random spatial distribution of filiform and fungiform papillae, avoiding overlapping. The 
surface texturing mould was 3D printed in resin (ElegooMars 2P) to mould-cast the upper surface of the tongue.

The control algorithm responsible for orchestrating the inflation and deflation of the air chambers was 
implemented in LabVIEW (National Instruments), using an Arduino Uno board (Arduino AG, Chiasso, 
Switzerland) for precise control over the pumping sequence. Through a pneumatic system, the soft tongue 
deformation is regulated by finely adjusted solenoid valves and a rotary vane vacuum pump. To monitor and 
maintain optimal air pressure within the lines, pressure transducers are employed, with the maximum inflation 
pressures being adjusted as required using needle valves. Further information of the control system can be found 
in Supplementary Fig. SI.4b.

Initial salivary-like coating of the artificial mouth
In the human mouth, saliva is distributed across hard and soft oral tissues, forming a delicate salivary film. 
Considering the surface area of the artificial mouth and an average salivary coating thickness of ~ 43 μm, derived 
from in vivo data56, the initial amount of saliva required for an accurate reproduction of the salivary coating 
is 0.28 mL. In this case, deionised water was used to avoid chemical transformation that could happen with 
food while the system is heating up, before triggering the oral processing sequence. The amount of water was 
applicated using a spray bottle, with the precise amount being calibrated.

Wetting properties of the artificial mouth
Surface wettability was evaluated through contact angle measurements conducted on a water droplet (10 µL) at 
equilibrium, employing the sessile drop technique. The temporal evolution of the contact angle was captured 
by a high-speed camera (model ac A2040-120  μm, Basler, Germany), and data processing was conducted 
using ImageJ. To reduce Ecoflex 00–30 hydrophobicity (initially 85.2 ± 4.8°), a surfactant (Span 80, 0.5 wt%) 
was introduced57,63, resulting in a remarkable wettability improvement (34.4 ± 3.8°). The addition of Span 80 
at this concentration does not affect the tensile response of Ecoflex 00–3057. Surface texturing of the artificial 
tongue modified its wetting properties, reducing wettability by a factor of two (68.1 ± 3.8°). Comparatively, the 
wetting properties of the artificial oral cavity material (Veroclear, Sculpteo, France) exhibited contact angles of 
82.5 ± 2.9°. Notably, these data align with those reported for oral tissues, approximately 77° for pig tongues59 and 
72°–79° for human gingival surfaces60.

Image-based 3D tongue reconstruction
A Canon EOS 750D camera was employed to capture 360° images of the artificial tongue simulating the primary 
motions relevant to reproduce oral processing in vitro. One picture was taken every 10° of rotation in a ScanCube 
308 chamber (ScanCube, France). Subsequently, image-based 3D tongue reconstruction models were generated 
using AgiSoft software (Agisoft LLC, Russia).

Statistical analysis
One-way ANOVA analysis was conducted to assess statistical differences between datasets. When p-value 
corresponding to the F-statistic of one-way ANOVA was lower than 0.05, suggesting that one or more pairs of 
treatments are significantly different, post-hoc Tukey’s HSD test was applied.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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