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Introduction

Despite the oral cavity’s importance in performing duties 
that sustain life, namely chewing, swallowing and breath-
ing, few studies have focused on the mechanical modelling 
of its functions. The physics of chewing and swallowing 
of food involves the coupling of the damage mechanics of 
solids, the fluid mechanics of saliva and liquid food, the 
formation of pastes and the interactions between muscular 
contraction and the soft tissue of the mouth. Modelling of 
these coupled processes poses a significant challenge and 
motivates the development of techniques that can accu-
rately represent these phenomena.

The mechanical behaviour of food is intrinsically linked 
to our sensory experience of eating. Our experience of 
taste for liquid food is more sensitive than that for solid 
food [41], and the manner in which food breaks down in 
the mouth affects how we perceive sensory properties of 
food. The texture of food contributes to a sensory experi-
ence separate from that of taste [102]. The relationship of 
the rheological properties of food with their textural sen-
sation during consumption has been investigated using 
2D analytical models [12, 40, 62]. However, many critical 
aspects have not yet been directly modelled, such as the 
breakdown of different types of food by biting and chewing 
(which includes cutting, crushing and grinding processes), 
the interactions between the tongue, teeth and the soft tis-
sue of the oral cavity during food breakdown, the release of 
taste and aroma compounds during breakdown and trans-
port to the receptors, and the dissolution and lubrication of 
food by the saliva.

Mastication, whilst a continuous process, can be broken 
down into a number of distinct phases, with different mod-
elling requirements. Ingestion begins the process, and this 
may include biting of a large piece of food by the incisors 
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or submolars, which is subsequently placed between the 
molars for the next phase. When simulating the ingestion of 
liquid food, the transient flow of the liquid and the interac-
tions between the liquid and anatomical features must be 
considered. In the case of solid food, an ingestion model 
must consider elastic, plastic and brittle material behaviour 
and the simulation must track interactions with the oral 
cavity as well as the trajectories of food fragments.

Early-stage chewing progresses next, during which the 
molars crush and grind the food and the tongue relocates 
the food fragments for the next chewing cycle. The simu-
lation technique must again consider elastic–plastic–brittle 
material behaviour and interactions between the food, teeth 
and tongue all of which move and deform dynamically. 
Saliva is progressively mixed into the comminuted food, at 
a rate depending on the properties of the food and many 
attributes of the individual. Mixing of the saliva with the 
food causes lubrication, agglomeration and changes to 
the properties of the food (e.g. softening by wetting). As 
the food softens (or if the food was soft to begin with), 
the tongue may also crush the food between itself and the 
upper palate. Multiple phases must then be modelled as 
well as the compliance of the tongue and other soft tissues. 
Taste and aroma compounds are released from the food and 
are transported to receptors during these stages. Advection 
and diffusion models are required to track the transport of 
these flavour compounds. In later-stage mastication and 
swallowing, the food is formed into a bolus and transported 
towards the oropharynx. The pulsatory motion of the 
tongue and its interactions with other soft tissues must be 
modelled as they push the food into the oesophagus. Few 
studies present models of the individual features of masti-
cation listed above, and no model has yet been presented 
that encompasses all aspects of mastication.

Few studies have simulated liquids in the oral cavity. 
Nicosia and Robbins [79] used a 2D computational fluid 
dynamics (CFD) model to look at the effect of bolus vis-
cosity and density on the time taken during swallowing. 
Mathmann et  al. [73] used a 3D CFD model to study the 
effect of yogurt viscosity on fluid velocity induced by con-
tact between an idealised tongue and soft palate. In both 
cases, they assumed that the tongue and soft palate could 
be represented as rigid bodies and used simplified kinemat-
ics to model contraction of the tongue musculature. The 
bolus was modelled as a homogeneous viscous fluid in 
both cases. Results were intuitive, for example, Nicosia and 
Robbins found that the time taken to swallow depended on 
bolus viscosity (or bolus density if the viscosity was small), 
but the strong assumptions made in the development of 
the model limit the validity of the numerical results. The 
tongue (and, to a lesser degree, the soft palate) deforms in 
three dimensions during swallowing. Also, the bolus may 
be a heterogeneous mixture of solid and liquid food and 

saliva. More work is required to develop realistic models of 
fluid flow in the mouth for processes such as dissolution of 
solid food, sloshing of saliva and other liquids during jaw 
movement and swallowing.

Musculoskeletal modelling of constrained jaw move-
ment has elucidated the role of muscles in generating force 
at the teeth surfaces during biting, but detailed models of 
the interaction between food and the mouth (specifically 
the teeth, jaw, gums and tongue) during realistic chewing 
have not yet been reported. Some studies use control theory 
to reproduce the rigid-body kinematics of the jaw [106]. 
Some 3D finite element (FE)-based models have been 
developed to predict stresses in the jaw bones and teeth 
[63, 64, 89] from calculations of muscle force. However, 
the interaction between food and the teeth in these mod-
els was represented by simple kinematic constraints, i.e. by 
specifying either the translations of the jaw joint or local 
displacements at the surface of one tooth. An understanding 
of the loading on the teeth reasonably requires the model-
ling of food response as chewing progresses. For instance, 
it is known that jaw kinematics varies with the material 
properties of food [11, 30, 65, 83]. Therefore, it is likely 
that the kinematics and kinetics of chewing will change as 
the material properties and geometric attributes of the food 
change.

Only Dejak et al. [39], Amemiya et al. [3] and Sun and 
Xu [94] have modelled interaction between teeth and some 
form of idealised food. Dejak et  al. studied the stresses 
resulting in the teeth during chewing using a 2D FE model 
of the compression of elastic solids by the first molars. The 
teeth were represented by idealised geometries that were 
partitioned by material type into single areas of enamel, 
dentin and periodontium. Independent material properties 
were assigned to each of these regions. Food morsels were 
modelled as perfectly elastic solids of rectangular shape. 
Material properties were chosen to represent hard gum, 
tough meat, bone and a portion of hard gum with a small 
piece of embedded bone. Teeth clenching and mastication 
were modelled using a combination of prescribed displace-
ment and load. The locations of high stress in the teeth 
were found to depend on the material properties of the food 
morsel. However, damage of the food, such as by fracture 
or plastic deformation, was not included. The elastic food 
models supplied a plausible distributed load on the teeth 
contact surfaces for the prediction of internal teeth stresses 
rather than providing the rheological details of the evolu-
tion of food structure during chewing. Amemiya et al. [3] 
modelled bolus occlusion between a single top and bottom 
molar in three dimensions, using a viscoelastic material 
model, measured jaw kinematics and the FE method. The 
viscoelastic material model included parameters allowing 
variation in mechanical response due to mixing with saliva 
at an assumed rate. Whilst this model was able to simulate 
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cumulative changes in bolus shape after cycles of chewing, 
the viscoelastic material model used did not explicitly pre-
dict fracture damage or plastic strain in foodstuffs and so 
may be limited in validity.

Sun and Xu [94] proposed the use of the discrete ele-
ment method (DEM) to study the breakdown and transport 
of food during mastication and swallowing. Simple mod-
els of chewing and swallowing were presented to indicate 
the applicability of the DEM method to this application. 
The models were implemented using Particle Flow Code 
in two Dimensions (PFC2D 3.1, ITASCA) software. Break-
up of the food was studied using mathematical models of 
contact, slip and separation and particle bonding. The parti-
cle bonding model assumed constant bond strength. Swal-
lowing was modelled using idealised, rigid geometries of 
the tongue, palate and oesophagus. The palate was able to 
rotate in the sagittal plane to accommodate transport of a 
bolus through the oral cavity. In both cases, the geometries, 
kinematics and material properties were highly simplified, 
and no quantitative measures were presented. To date, there 
has been no three-dimensional modelling of chewing that 
incorporates realistic breakdown of food or deformation of 
soft tissues.

The creation of a comprehensive model of mastication is 
a task that is too large to complete in one study. We propose 
a new 3D model with coupled fluid flow, elastic and plastic 
solid deformation including the break-up of food, realistic 
jaw dynamics, tongue motion and soft tissue interactions 
based on a combination of the smoothed particle hydrody-
namics (SPH) and biomechanics models. In this paper, we 
demonstrate the applicability of such a modelling frame-
work to several key aspects of early mastication by model-
ling five key processes:

1.	 Fluid (saliva and/or liquid food) motion in the anterior 
oral cavity induced by inertia, gravity and interaction 
with the tongue, gums and teeth.

2.	 Cutting of an elastoplastic model “jelly bean” by the 
incisors.

3.	 Chewing of an elastoplastic model “jelly baby” by the 
molars performing realistic grinding motion.

4.	 Fracturing of a brittle piece of candy during biting by 
the incisors

5.	 Fracturing and break-up of a brittle piece of candy dur-
ing crushing between molars.

These examples highlight some of the knowledge that 
can be gained from 3D mechanical modelling of the oral 
cavity and possible future directions of such techniques. 
By the use of examples from the literature, we also explain 
how a coupled SPH–biomechanical model may be able to 
simulate the features of latter-stage chewing and swallow-
ing in future work.

Numerical method

SPH is a numerical method for solving partial differential 
equations (PDEs). It is a meshless Lagrangian method in 
which the governing equations are solved on a moving set 
of particles that represent discretised volumes of material. 
See Monaghan [76] and Cleary [15] for detailed explana-
tions of the method and reviews by Monaghan [78] and 
Gomez-Gesteira et al. [46]. It has been used extensively to 
simulate industrial fluid flows [24, 25] and to predict geo-
physical and extreme flow events in 2D [36] and in 3D [19, 
55]. It has also been shown to be useful for applications 
such as multi-phase flows with coarse solids and interstitial 
fluid [85, 86], explosions and impacts [70, 92, 95], high-
pressure die casting [20–22] and ingot casting [85, 86], 
metal forging and extrusion [23], liquid sloshing [49], vis-
coelastic flow [42] and the dynamics of elastoplastic solids 
[14, 16, 48] and elastic–brittle fracture [31, 32].

SPH is suited to fluid applications where complex free 
surfaces occur or for solid mechanics applications where 
large deformations and damage occur. Unlike more tradi-
tional methods such as finite-volume and finite-element 
analyses that represent material with meshes, SPH parti-
cles represent specific volumes of material and move at 
the material velocity. These particles carry information 
about physical properties of the system such as pressure, 
density, velocity and stresses. Forces between particles 
are determined using a smoothing kernel function and 
are dependent on the distance between the particles. The 
use of the kernel function allows the governing partial 
differential equations (PDEs) of the physical system to 
be converted into spatially discretised systems of ordi-
nary differential equations (ODEs), which can then be 
integrated forward in time to predict the state of the sys-
tem. The SPH equations of motion for fluids, elastic sol-
ids, elastoplastic solids and brittle solids are summarised 
below.

The SPH formulation for fluids

The SPH continuity equation for fluids given by Monaghan 
[76] in a form suitable for predicting free-surface flows is:

where ρa is the density of particle a, t is time, and mb is the 
mass of particle b, where vab = va − vb and va and vb are 
the velocities of particles a and b. W is a cubic interpolation 
kernel function that is evaluated for the distance (magni-
tude of the vector rab) between particles a and b. The ker-
nel function is given in and its properties are described in 
Monaghan [78].

(1)
dρa

dt
=

∑

b

mbvab · ∇aWab
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Conservation of momentum in the SPH formulation 
results in the following acceleration Eq. [15]:

where Pa and μa are the local pressure and dynamic vis-
cosity for particle a, respectively, η is a small number to 
mitigate singularities, ξ is a normalisation constant for the 
kernel function, and g is the gravitational acceleration.

A quasi-compressible formulation of the SPH method is 
employed. The equation of state for weakly compressible 
fluids relates the particle density, ρ, and the fluid pressure, P:

where γ is a material constant, which is equal to 7 for fluids 
with properties similar to water [5], the reference density is 
given by ρ0, and P0 prescribes the overall dynamic pressure 
scale, which is given by:

where V is the maximum fluid velocity and c is the speed 
of sound.

A second-order predictor–corrector integration scheme 
is used [76] with time step chosen so that it satisfies the 
Courant condition with a modification for the presence of 
viscosity (see [15]):

where h is the smoothing length of the kernel.

The SPH formulation for elastoplastic and brittle solids

The SPH continuity equation for solid materials is the same 
as for fluids (1). Conservation of momentum for solids 
results in the following acceleration equation [68]:

where σa and σb are the stress tensors of particles a and b, 
respectively, Πab is an artificial representation of viscos-
ity terms that result in both shear and bulk viscosity, and I 
is the identity tensor. We use a linear elastic model for the 
solid theology. This is given by the equation of state which 
relates the pressure to the density:

(2)

dva

dt
=−

∑

b

mb

[(

Pb

ρ2

b

+
Pa

ρ2
a

)

−
ξ

ρaρb

4µaµb

(µa + µb)

vab · rab

r2

ab
+ η2

]

× ∇bWab + g

(3)P = P0

[(

ρ

ρ0

)γ

− 1

]

(4)
γ P0

ρ0

= 100V2
= c2

(5)δ t = min
a

(

0.5 · h

/(

c +
2ξµa

hρa

))

(6)
dva

dt
=

∑

b

mb

(

σa

ρ2
a

+
σb

ρ2

b

+ �abI

)

· ∇aWab + g

(7)P = c2 (ρ − ρ0)

where ρ0 is the reference density. The speed of sound c in 
the solid material is given by:

where K is the bulk modulus.
The stress tensor can be partitioned into a pressure term 

and a deviatoric stress term with tensor, S:

From [48], the evolution of S is given in component form as:

where ε̇ is the strain tensor, δij is the Kronecker delta, Ω jk 
is the Jaumann rotation tensor, G is the shear modulus, and 
indices i, j and k refer to three orthogonal directions in 3D 
space.

The strain rate tensor is calculated in an SPH form as:

and the Jaumann rotation tensor is expressed as:

The SPH method, particularly for elastic solids, can dis-
play tensile instabilities [77]. The tensile instability correc-
tion proposed by Gray et al. [48] is used here with a coeffi-
cient of 0.3 to inhibit these instabilities. This choice follows 
detailed evaluation of the tensile correction for SPH model-
ling of elastic solids in uniaxial compression tests [33].

Again, a second-order predictor–corrector (explicit) 
integration scheme is used with time step chosen to satisfy 
the Courant condition:

For elastoplastic solids, the radial return plasticity model 
[101] is used to track the extent of plastic deformation. At 
the beginning of a time step, a trial deviatoric stress, Sij

Tr, 
is determined, assuming an elastic response. The resulting 
change in plastic strain, εp, is:

where σvm is the von Mises stress, σy is the yield stress, 
and H is the hardening modulus. The plastic strain is then 
incremented:

(8)c =
√

K/ρ0

(9)σ = −PI + S

(10)
dSij

dt
= 2G

(

ε̇ij
−

1

3
δij ε̇kk

)

+ SikΩ jk
+ Ω ikSkj

(11)ε̇a = −
1

2

∑

b

mb

ρb

[

(vab∇aWab)
T

+ vab∇aWab

]

(12)Ωa =
1

2

∑

b

mb

ρb

[

(vab∇aWab)
T

− vab∇aWab

]

(13)δ t =
0.5 · h

c

(14)∆εp
=

σvm − σy

3G + H

(15)εp
= εp

+ ∆εp
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The yield stress increment at the end of the time step is 
determined:

The deviatoric stress at the end of the time step, Sij, is 
calculated from the trial deviatoric stress:

where rs is the radial scale factor:

When brittle fracture is considered, a continuum dam-
age law based on the model of Grady and Kipp [47] is 
applied. Following Benz and Asphaug [6], each SPH par-
ticle is assigned a damage parameter, D, which has a value 
between zero and unity and specifies the local extent of 
fracture. If larger than zero, this parameter reduces the 
transmission of tensile stress between adjacent particles (in 
all three dimensions).

In SPH the damage evolution is given by a differential 
form of the Grady–Kipp model:

where ε is the tensile strain and α is a constant that depends 
on the flaw density, k, the Weibull modulus, m, and the 
crack growth speed, Cg, and is given by:

This model was originally applied in an SPH formula-
tion to one-dimensional problems only [6]. We use the 3D 
formulation presented by Cleary and Das [18] that uses an 
effective tensile strain from Melosh et al. [74] to give ε in 
(15):

where σmax is the maximum principal stress.
Damage only evolves when ε is larger than a threshold 

strain, εth, which, from Melosh et al. [74], is given by:

SPH solid boundary conditions

Solid boundaries are represented by triangular sur-
face meshes. The nodes of the boundary mesh are rep-
resented in the SPH method as particles with a penalty 

(16)∆σy = H ∆εp

(17)Sij
= rsS

ij
Tr

(18)rs =
σy

σym

(19)
dD1/3

dt
=

(m + 3)

3
α1/3ε1/3

(20)α =
8π C3

g k

(m + 1) (m + 2) (m + 3)

(21)ε = σmax/

(

K +
4

3
G

)

(22)εth =

(

ma

ρa

k

)−1/m

force applied in the normal direction using a Lennard-
Jones style form based on the orthogonal distance of 
the moving SPH particles from the solid surface [76]. 
The penalty force replaces the pressure force terms in 
the momentum Eqs. (2) and (6) for moving–solid parti-
cle pairs. Non-slip boundary conditions in the directions 
tangential to the solid surfaces are applied by including 
the fluid–solid SPH particle pairs in the summations for 
the viscous stress in Eqs. (2) and (6). Whilst frictional 
forces between food and teeth should have little effect on 
breakdown behaviour in the scenarios considered here, it 
is worth noting that frictional forces between elastic bod-
ies and solid surfaces have not yet been implemented, 
but may be the subject of future work. The orientation 
of normal/tangential force components is defined by the 
normal attached to each boundary particle. This is a flex-
ible boundary implementation that allows very complex 
solid boundaries [22, 23], moving boundaries [24] and 
deforming boundaries [26] to be modelled. For deform-
ing bodies, the nodal positions and the normal vectors are 
updated at each time step to reflect the current shape of 
the surface.

Validations of SPH calculations

Validations of the SPH method

SPH has been shown to produce valid predictions for a 
large range of complicated behaviours of fluids and solids 
undergoing processes similar to those considered in the 
present study. Saliva experiences complicated free-surface 
flow, which has been shown to be predicted accurately by 
detailed comparison of free-surface shape to experimental 
results [28, 50, 91]. Likewise, the accuracy of calculations 
of complicated fluid behaviour in complex geometries 
[22], liquid sloshing [90, 91], particulate motion coupled 
to fluid flow [85, 86] and fluid mixing [88] has been veri-
fied by comparison of fluid behaviour with experimental 
measurements. Other processes validated by comparison 
with experiment and/or grid methods include interfacial 
flows [27] and multiphase flows [34]. Fluid–structure 
interactions have been studied in significant detail [28, 
29, 80], and the fluid flow behaviour and calculated struc-
tural forces were found to be in excellent agreement with 
experimental measurements. Each of these physical pro-
cesses is required in a model to adequately resolve saliva 
transport and mixing in the oral cavity. Solid foods are 
compressed, cut and fractured. Validations of the SPH 
method for these processes include comparison against 
FEM solutions for uniaxial compression of elastic solids 
[33], fracturing behaviour of brittle elastic solids by com-
parison with experiment [32] and machine cutting of met-
als [69].
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Validations of our SPH code

It is not sufficient to rely on general validation of the 
SPH method. Additionally, it is necessary to validate the 
specific code implementation used. The implementation 
used in this study has been validated for simulations of 
both liquids and elastic/elastobrittle solids. Cummins 
et al. [29] compared the experimentally measured force 
experienced by a rectangular column during impact in a 
3D dam break scenario to predictions by the SPH code. 
Predictions of force and impulse on the column matched 
experimental results very closely. The model was found 
to be robust, and accuracy was found to be relatively 
independent from kernel complexity. Free-surface 
behaviour of water and interactions with complicated 
shapes have been shown to be predicted with high accu-
racy [22, 50] and with greater correlation with experi-
mental results than with grid-based methods [50]. Slosh-
ing of fluids has also been positively compared against 
experimental measurements [90]. Likewise, mixing of 
different fluids and interaction with moving geometries 
in an industrial mixer showed excellent agreement with 
experiments [88]. The results of these studies confirm 
the ability of this SPH code to predict complicated fluid 
flows, involving free surfaces and mixing as needed for 
predicting transport of saliva in the oral cavity during 
mastication.

Solid foods are compressed and broken down during 
mastication, and these processes pose difficult modelling 
challenges. During the first chewing cycle, food is com-
pressed in a manner similar in nature to uniaxial compres-
sion. Das and Cleary [33] compared stress wave attributes 
calculated by the SPH code to those calculated using a 
commercial finite-element (FE) code for uniaxial compres-
sion of an elastic object. The SPH solution was found to 
agree very well with analytical and FE model solutions. 
SPH was shown be to stable and robust for elastodynamic 
applications, predicting a smoother response than the FE 
code in the early stages of loading.

Once food is sufficiently compressed, then fracturing 
may occur, so accurate prediction of elastic–brittle frac-
ture is also needed for modelling of mastication. Das and 
Cleary [32] compared the predicted fracture behaviour of 
a dam under earthquake loading using SPH to the actual 
failure behaviour of a scale model experiment and to 
finite-element predictions. The crack initiation and prop-
agation was found to accurately match the actual failure 
conditions of the dam. Comparisons with FE simulations 
of the same scenario showed good agreement; however, 
the SPH solution did not require foreknowledge of crack 
propagation zones for mesh refinement or expensive 
remeshing iterations, which were required for the FE 
model.

Computational model of the mouth

Figure 1 shows the generic geometry of the mouth used in 
the simulations, which includes the gums, teeth, tongue and 
internal cheek walls. Each of these geometries except the 
tongue (see below) was considered to be a non-deformable 
boundary. This treatment is sufficient for primary break-
down of food, as presented in this study, but compliance 
must be included for soft tissue structures in latter-stage 
chewing and swallowing. The upper jaw was fixed in place, 
and realistic lower jaw motion was specified for each of its 
six degrees of freedom (DOF). The axis of rotation of the 
jaw (about the temporomandibular joint) was visually iden-
tified from the 3D geometries.

The boundary nodes, which are represented as SPH par-
ticles, and boundary normals are repositioned at every time 
step as a result of the rigid-body motion and deformation 
of the boundary. In the case of liquids interacting with the 
tongue, teeth, gums and mouth, it is appropriate to repre-
sent the anatomical structures as rigid surfaces, with speci-
fied motions. The deformation of the tongue (described 
below) is not significantly affected by the resistance of the 
fluid. This is because the compliance of these structures is 
much small than that of the fluid. Likewise, during biting 
and chewing of soft foods, it is reasonable to model the 
teeth as moving rigid objects as any small deformation of 
the teeth may be too small to affect the food behaviour. The 
forces and torques resulting from their mechanical interac-
tion with food were resolved at the joint centre of the jaw 
and are part of the predictive outputs of the model. Work 
done by the teeth was calculated as the dot product of the 
occlusal force and the displacement of a node on the teeth 
central to the teeth–food contact.

Realistic motion and complex deformation of the 
tongue were also modelled. When the tongue flexes, 
extends or curls, a smooth representation of its external 
surface is determined. This surface can dynamically inter-
act with fluids or solids if contact is made. The tongue’s 
external surface was generated using the linear-blending 
skinning functions of the commercial animation package 
Maya [4]. Movement of the tongue by its muscles was 
modelled using four spherical joints that were positioned 
along the length of the tongue (Fig. 1, panels c and d). The 
tongue surface geometry was rigged to the “virtual skel-
eton” made up of these joints. At any time, the position of 
each vertex on the surface mesh representing the tongue 
was determined using a weighted distribution of the rigid-
body transformation resulting from rotational displace-
ment of each joint.

Three-dimensional model representations of the food 
shapes (a jelly bean, a jelly baby and a hoop-shaped candy) 
were scaled and positioned appropriately with respect to 
the mouth anatomy for the beginning of the simulation. 
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SPH particles were fitted inside a computer-aided design 
(CAD) surface model of each food, at a uniform spacing, 
on a cubic lattice that was aligned with the global axes. 
Whilst material properties (described below) were homo-
geneous in this application, individual SPH particles can 
be specified with individual material properties (e.g. elastic 
moduli or yield stress), which will be conserved as the par-
ticle displaces under load.

The material properties of solid food and saliva/liquid 
food during oral digestion are based on literature values 
where available and estimated based on similar materi-
als where not available. Material properties are varied to 
study the effect of material properties on simulation results 
and to ensure that the modelling framework is viable for a 
large range of material parameters. Saliva/liquid food was 
represented as a Newtonian fluid with a density of 1 g/cm3 
and a viscosity of 0.01 Pa s (representing the higher shear 
rate behaviour of normal saliva, [87]). The food material 
properties were based on measured properties of similar 

foods (e.g. [61]). An isotropic, homogeneous, linear elastic 
response was assumed, which is typical in food rheologi-
cal studies [1, 103] and serves as a good approximation of 
small-strain behaviour. The model jelly bean (Fig. 1e) was 
assumed to be highly ductile and had a bulk modulus of 
3.15  MPa, a shear modulus of 1.17  MPa and yield stress 
of 55.2 kPa, with no work hardening. The model jelly baby 
(Fig.  1f) was assumed to be more elastic (though softer) 
than the jelly bean and had a bulk modulus of 700 kPa, a 
shear modulus of 260 kPa and a yield stress of 55.2 kPa, 
with no work hardening. The bulk and shear moduli of each 
foodstuff were also varied (by 50 % and 133 % for the jelly 
bean and by 50 % and 200 % for the jelly baby) to represent 
the uncertainty in the precise values and to study their influ-
ence on the final deformed shape and the occlusal forces 
during biting and chewing. The brittle candy (Fig. 1g) was 
assumed to have a purely elastobrittle response (negligible 
plastic yielding before fracture). It had a bulk modulus of 
12.5 MPa, a shear modulus of 5.8 MPa, k = 1 × 1026 m−3, 

Fig. 1   Geometry of the model 
of the human oral cavity: a 
entire model, b lower jaw 
including the tongue, c side 
view of the rigged tongue and 
its underlying “skeleton” (joints 
specified by green spheres, 
“bones” designated by pyra-
mids) rotated to the subject’s 
left, d front view of the rigged 
tongue and its underlying 
skeleton rotated to the subject’s 
left. The bones of the jaw, the 
maxilla and mandible are not 
included in the current model. 
The dimensions of the model 
foodstuffs considered: a jelly 
bean (e), a jelly baby (f) and 
a hoop-shaped candy (g) are 
shown
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m =  9 and Cg =  45 m/s. The flaw density, k, was scaled 
by factors of 10−2 and 10−4 to determine its effect on the 
nature of fracture and the loading of the teeth.

Fluid motion in the anterior oral cavity

Saliva and liquid food can interact with hard and soft fea-
tures of the oral cavity, often when the anatomical features 
are deforming and moving at high speed. Interactions with 
moving and deforming boundaries of such geometric com-
plexity are not well handled by traditional mesh methods. 
As in vivo measurements of fluid velocities during interac-
tions with these anatomical structures are not yet available, 
detailed quantitative validation is not yet possible. As a first 
step in modelling detailed saliva and liquid food flow, we 
qualitatively investigate the behaviour of fluid, as predicted 
by SPH, when interacting with the anatomy of the inferior 
oral cavity and the moving tongue.

Method

The first application of the model described involves the 
flow of saliva or liquid food that is induced by interaction 
with the moving tongue. The mouth orientation is for a per-
son in a standing position. The anterior portion was filled 
with fluid up to the base of the tongue. The mouth is that 
of a male adult with dimensions shown in Fig. 1. The fluid 
was represented by 343,800 particles with a spatial reso-
lution of 0.3 mm, resulting in a volume of approximately 
9 mL. Figure 2 shows the motion of the fluid over a period 
of 1.6 s. The deformation of the tongue that drives the fluid 
motion is identifiable by its changing pose in each frame. 
Figure 2a shows the starting position of the tongue above 
the fluid surface. The liquid was settled under gravity prior 
to modelling the action of the deforming tongue. Initially, 
the fluid is shown as a uniform colour so that structure of 
the fluid surface is visible. The conformation of the fluid 
to the shape of the gums and teeth at the front of the mouth 
can be seen. Simulations were run for 24 h (wall-clock) on 
six cores of a Xeon E5-2650 (Intel, Santa Clara, CA, USA).

Results and discussion

Figure 2b shows the tip of the tongue contacting the fluid on 
the left side of the front of the mouth. The fluid is coloured 
by fluid speed, with red being the highest speeds of 0.02 m/s. 
Substantial velocities are seen under the tongue as the fluid 
is displaced by the descending tongue surface. Large ripples 
of fluid are visible as they travel away from the descended 
tongue tip. In Fig. 2c, the tongue tip has moved half of the 
maximum prescribed distance to the right. The fluid under 
the tongue is again significantly displaced, but is now moving 

with a higher velocity due to the mediolateral movement of 
the tongue. High surface velocities are observed, especially 
between the tongue and the right front molars. In Fig. 2d the 
tongue has stopped at the extreme right position and the fluid 
velocities under the tongue have declined markedly. However, 
moderate velocities are seen to the right of the tongue as a rip-
ple of fluid continues to travel towards the teeth on the right 
side of the mouth. Figure  2e shows the tongue at the same 
position to Fig. 2b. The surface of the fluid is less disturbed 
away from the tongue tip, and velocities are much lower 
because transients from the tongue entry have dissipated. 
Again, moderate velocities are seen ahead of the tongue, 
between its tip and the left premolars. Figure 2f and g shows 
the tongue as it moves further into the fluid in the extreme 
right and left positions, respectively. In both cases, the fluid 
under the tongue and ahead of the tongue displays moderate 
velocities, but magnitudes have decreased due to further dis-
sipation of initial transients. The final action of the tongue is 
to rise out of the fluid. Figure 2h shows its position after it 
has risen above the surface of the fluid. Most of the surface 
of the fluid has flattened, but the forward action of the lifting 
tongue stirs the fluid in an anterior direction and generates a 
final large ripple with high velocities near the left incisors.

This simple application qualitatively establishes that the 
combined SPH–biomechanical model is suited to modelling 
the dynamics of fluid flow within the oral cavity. The model 
is capable of resolving the contact between the saliva/liquid 
food and the tongue, mouth and throat surfaces, even when 
these surfaces change in shape over time. Further work may 
include comparison of fluid behaviour with experimental 
data, variations in fluid rheology (from water to viscous 
foods such as yogurt) and a particle resolution study. Other 
important processes such as swallowing can be similarly 
modelled by adding appropriate biomechanical control of 
the other surfaces of the oral cavity such as the soft palate. 
Introduction of fluid particles at specific areas of the oral 
cavity surface is straightforward and can naturally model the 
secretion of saliva. Compositional change of food materials 
from solids to paste can also be modelled as finely chewed 
food is mixed with saliva or liquid food. Chemical interac-
tions between fluids and foodstuffs can also be studied. The 
inclusion of diffusion equations for chemical reaction and 
chemical digestion coupled to the fluid flow has already 
been developed for SPH [24, 25] and could be used to 
model the dissolution and transport of flavour components.

Biting of an elastoplastic foodstuff by the incisor teeth

Method

The second application demonstrates the ability of a cou-
pled SPH–elastoplastic–biomechanical model to predict 
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Fig. 2   Fluid motion in the anterior oral cavity induced by tongue 
movement and inertial forces. The tongue is made transparent to 
allow the fluid flow under the tongue to be seen. a Shows the starting 
position of the tongue, which is above the flowing fluid. Left (L) and 

right (R) directions are defined. b–f Show the tip of the tongue con-
tacting the saliva and then moving left to right and back. The fluid is 
coloured by velocity magnitude
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10 200

L

R

(a) 0.0 s  0.4 s

0.5 s  0.7 s

 0.8 s  1.0 s

 1.2 s  1.6 s

(b)

(c) (d)

(e) (f)

(g) (h)



194	 Eur Food Res Technol (2014) 238:185–215

1 3

primary cutting of a foodstuff by the incisors. Ingestion of 
solid food often requires cutting by biting to reduce food 
to a size that suits chewing. A model jelly bean is used as 
an example elastoplastic solid. It was placed between the 
top and bottom middle incisor teeth on the right side of 
the mouth. The dimensions of the mouth and jelly bean 
are shown in Fig.  1 (panels a and e). The jelly bean was 
represented by 28,000 SPH particles with a spacing of 
0.24  mm. A particle resolution study confirmed insensi-
tivity of occlusal force results at this resolution or higher 
(within an error margin of 4 %). Three variations in elastic 
moduli were considered. The bulk moduli, K, of the least 
stiff, intermediate and stiffest beans were 2.1, 3.15 and 
4.20 MPa, respectively. The shear modulus, G, was set as a 
constant proportion of K (G = 6/13 K), which corresponds 
to a Poisson’s ratio of 0.3. Whilst a jelly bean may display 
some nonlinearity in its elastic response, a linear elastic 
material model serves as a good first approximation of the 
actual material behaviour. Material isotropy was assumed 
due to the lack of fibrous structures (such as in carrots) or 
other sources of anisotropy. Biting was simulated by purely 
rotational motion of the lower jaw in the sagittal plane from 
an open position to a position when the incisors make con-
tact; specifically, the jaw was rotated 8 degrees about jaw 
joint axis in the sagittal plane over a period of 0.8 s. Simu-
lations were run for 450 h (wall-clock) on eight cores of a 
Xeon E5-2650 (Intel, Santa Clara, CA, USA).

Results and discussion

Figure  3 shows the changes in physical shape, von Mises 
stress and plastic strain of the jelly bean during the biting 
process. After 0.2  s, compressive stress has developed in 
the parts of the bean close to the top and bottom incisors. 
The teeth have already cut the bean to a small degree. How-
ever, deformation and plastic strain of the bean are negligi-
ble away from the contact areas with the teeth. At 0.45  s, 
more of the bean has been cut by direct penetration of the 
teeth surfaces. The von Mises stress in the part of the bean 
between the teeth has risen to the material yield stress. This 
leads to significant deformation and plastic strain, which 
remains localised to the volume of the bean close to, and 
directly between, the teeth contact surfaces. At 0.7  s, the 
jelly bean has been split apart by the teeth. The stresses are 
similar to those at 0.45  s, but plastic strain is now greater 
than unity over the entire cut surface. The strain levels 
around the cutting surfaces of the incisors are very high, and 
significant topological change in the structure of the food-
stuff occurs as the material between the teeth is forced plas-
tically out of the way of the approaching teeth. These fea-
tures, combined with the moving complex-shaped surfaces 
of both teeth and foodstuff, make this scenario exceedingly 
difficult to simulate with FE methods. However, with SPH 

operating in a Lagrangian frame, all the relative movements 
have no impact on the calculation and the very high defor-
mations are handled easily by the meshless formulation.

Figure 4 shows the variation in the vertical component 
of occlusal force with variations in the elastic moduli (bulk 
and shear) of the jelly bean. It also shows the shape of the 
jelly bean, coloured by von Mises stress, for each of the 
three variations in elastic moduli at three different times in 
the cutting simulation. The magnitude of force predicted is 
similar to cutting measurements for a somewhat similarly 
soft food (a raisin [103]) and within controllable movement 
by the jaw [58]. It is worth noting that the force results are 
small compared to the force generated by more than one 
pair of teeth during maximal biting [99]. Biting of a jelly 
bean requires much less than the maximal force that is typi-
cally measured experimentally.

Whilst direct comparisons with an experiment are not 
currently available for such a material, the force traces in 
Fig. 4 show characteristic features seen in experimental bit-
ing measurements of other foods [60, 61, 105], specifically

1.	A n early peak (near 0.1 s) during which initial yielding 
of the bean occurs near the teeth;

2.	A  steep rise in applied force;
3.	A  second, much higher peak at approximately 0.38 s, 

which is the maximum force of biting; and
4.	A  steady decrease in force until the foodstuff is bitten 

into discrete pieces.

Features of the deformed shape of the beans and the 
distributions of von Mises stress shown in Fig.  4 can 
be correlated with the timing of the two peaks, marked 
A and B. Before yielding occurs, the contact surfaces 
between the teeth and bean are convex and non-con-
forming so surface stresses rise quickly. Row A of Fig. 4 
shows that the deformation of the beans is not visible at 
the time of the first peak A and that high stresses have 
developed only at the points of contact between the jelly 
bean and teeth where the stress is equal to the yield 
stress. The yield stress places an upper limit on stress 
(see the maximum stress column in Table 1), and so the 
force required to compress yielded material also has an 
upper limit. Further applied load generates plastic flow 
of the material to either side of the approaching teeth 
and begins the cutting action of the incisors. As mate-
rial flows to the sides, there is less present between the 
teeth to resist their approach. This geometric softening 
(as described by [9]) of the bean reduces the load trans-
mitted to the teeth. After initial yielding, the occlusal 
force rises again. The bean material now better conforms 
to the shape of the teeth due to the cutting action. Sur-
face stresses reduce, and less geometric softening occurs 
until the timing of the second peak. Row B of Fig.  4 
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shows that the bean material between the top and bottom 
incisors experiences fairly uniform compressive stress 
equal to the yield stress at the time of the second peak 

(marked as B on the force plot in Fig.  4). Larger-scale 
plastic flow of bean material is now possible. Significant 
cutting of the jelly bean by the incisors occurs after the 

Fig. 3   Cutting of an elastoplas-
tic solid jelly bean during biting 
by the incisors. The jelly bean 
is coloured by the Von Mises 
stress in the left panels and by 
plastic strain in the right panels

0 5628

Stress (kPa)

(a) 0.0 s

(b) 0.2 s

(c) 0.45 s

(d) 0.7 s
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second peak in the occlusal force. Row C of Fig. 4 shows 
the shape of the jelly beans after the teeth have nearly 
cut the bean into two disjoint pieces. Very little material 
remains between the teeth to resist their approach and 

so the occlusal force declines from the second peak to 
approximately zero.

The loading on the teeth and the stresses in the beans 
were only modestly dependent on the elastic material prop-
erties of the bean. Whilst K varies by −50 and +33  %, 
from that of the intermediate material, the peak force var-
ies by less than 4  % (top panel of Fig.  4). Similarly, the 
final mean stress also varies by less than 5  % (as shown 
in Table 1). The stress distribution within the bean, shown 
in rows A, B and C of Fig. 4, is also very similar. Before 
yielding occurs, the beans resist penetration by the teeth, 
transmitting load in proportion to the elastic stiffness. So, 
the peak occlusal load is largest for the stiffest bean. The 
occlusal load and the stresses in the beans vary little with 
elastic moduli because:

Fig. 4   Variation in the vertical 
component of occlusal force 
and the deformed shape of 
the jelly bean for different 
bulk moduli (K) of the bean. 
Its shape coloured by the von 
Mises stress is displayed at 
three times of the biting simula-
tion, denoted by the letters A, 
B and C. The times for which 
these deformed shapes occur are 
indicated by the same letters on 
the force–time graph
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Table 1   Spatially averaged (mean) and maximum von Mises stress 
and plastic strain in the jelly beans during biting by the incisors at 
0.8 s of simulation time

Young’s 
modulus 
(MPa)

Von Mises Stress (kPa) Plastic strain

Mean Maximum Mean Maximum

2.10 24 55 0.11 6.3

3.15 23 55 0.12 7.0

4.20 25 55 0.13 8.5
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1.	 the yield stress was the same for each material, and in 
each case it was small in proportion to bulk modulus 
(i.e. jelly beans are very plastic); and

2.	 the high (knifelike) aspect ratio of the incisor–bean 
contact areas produced large local stresses, which 
quickly induced local yielding of bean material, mean-
ing that the mechanical response is predominantly 
plastic in nature.

Small differences in the timing of the two peaks of 
occlusal force were also produced by changes in the bean 
moduli. Stress rises more quickly in the stiffest bean for 
the same level of strain leading to earlier yielding. The 
von Mises stress is therefore highest for the stiffest bean 
and lowest for the least stiff bean at the timing of the first 
and second peaks (see the jelly bean shapes A and B in 
Fig.  4). The two peaks of force occur first for the stiffest 
jelly bean and last for the softest bean. The spatially aver-
aged and maximum magnitudes of stress and plastic strain 
in the bean at 0.8  s are listed in Table  1. The final von 
Mises stresses are similar for each of the three moduli (see 
row C in Fig. 4), but the spatially averaged and maximum 
plastic strain at the end of the cutting process is markedly 
higher for larger elastic moduli. Table 2 shows the peak and 
spatially averaged results of plastic strain and von Mises 
stress for the 8-mm-long central region of the jelly bean, 
where deformation by the teeth is greatest. The maximum 
von Mises stress and plastic strain values in Table  2 are 
identical to those in Table 1. The mean von Mises stress is 
again similar for each of the three elastic moduli but more 
than 40 % larger than the average over the entire sample. 
The mean plastic strain is also similar for each of the three 
elastic moduli, but more than 170 % larger than the average 
over the entire jelly bean.

The occlusal loading is more highly dependent on the 
yield stress (Y) of the bean than the elastic moduli. Figure 5 
shows the variation in the vertical component of occlusal 
force with variations in Y. It also shows the shape of the 
jelly bean, coloured by von Mises stress, for each of the 
three variations in Y at three different times in the cutting 
process. At approximately 0.05 s, the force trace rises lin-
early until initial yielding occurs at the surface of the bean. 

As in Fig.  4, the force peaks as initial yielding occurs, 
and the peak force increases with increasing Y. Row A 
of Fig. 5 shows that the shape of the jelly bean is similar 
for the three variants of Y, but the stress in the deformed 
volume (at the tooth–bean contact surface) increases with 
Y. After initial yielding, the force decreases, to a greater 
degree with increasing Y. For the largest Y case, the force 
decreases to zero, but for lower Y, it decreases to a lesser 
extent and remains positive. After 0.1 s, the force increases 
approximately linearly, with gradient increasing with Y. 
The occlusal force peaks at approximately 0.34  s for all 
cases of Y, and the magnitude of peak force increases lin-
early with Y (with a correlation coefficient, R² = 1.00). As 
described previously, the occlusal force peaks when the 
volume of jelly bean material between the teeth has yielded 
(see row B of Fig. 5). Row B of Fig. 5 shows the impres-
sion of the lower incisor in the jelly bean due to plastic flow 
after initial yielding. Larger-scale plastic flow occurs as 
the jaw closes further, and the separation of the jelly bean 
into two pieces is accompanied with a reduction in occlusal 
force (after 0.34 s, as also described for Fig. 4). As the jelly 
beans are separated into two fragments (row C of Fig. 5), 
the occlusal force drops to zero, at a faster rate with larger 
Y. When the jelly bean has nearly separated into two pieces 
(0.7  s), the bean pieces move under gravity and the force 
trace shows additional noise as contact between the food 
and teeth is lost and restored. The magnitude of stress in the 
volume of the beans between the approaching teeth, shown 
in row C of Fig. 5, increases with Y, but the final deformed 
shape is similar for each of the three material cases.

Cumulative work done by the teeth during each of the 
simulation cases is shown in Fig. 6. In each case, the work 
displays a sigmoidal shape, due to the small amounts of 
force exerted on the teeth in the early and latter stages and 
the large amount of force exerted between 0.25 and 0.60 s. 
Hence, the majority of work is done from 0.25 to 0.60  s. 
As with the plots of force (Figs.  4, 5), the work done by 
the teeth increases strongly with Y (with a 40 % difference 
between Y = 55 kPA and Y = 110 kPa behaviour as seen 
in Fig. 6b), but only varies by 13 % over a range of bulk 
modulus from 2.10 to 4.20  MPa (Fig.  6a). Ignoring any 
co-contraction in the jaw muscles, this measure of work 
is indicative of muscular effort and suggests that muscular 
effort increases only modestly with increased K and G, but 
increases significantly with increased Y.

Chewing of elastoplastic food by the molars

Method

Progressive damage due to chewing of an elastoplas-
tic foodstuff by the molars is presented as the third 

Table 2   Spatially averaged (mean) and maximum von Mises stress 
and plastic strain in the central 0.8-mm longitudinal section of the 
jelly beans during biting by the incisors at 0.8 s of simulation time

Young’s modulus 
(MPa)

Von Mises stress (kPa) Plastic strain

Mean Maximum Mean Maximum

2.10 34 55 0.31 6.3

3.15 33 55 0.34 7.0

4.20 35 55 0.35 8.6
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application of the coupled SPH–elastoplastic–biomechan-
ical model. After ingestion, chewing is the next impor-
tant process in early digestion. Chewing serves a number 
of purposes; specifically, large items of food are crushed 
and broken into smaller portions, saliva is mixed with 
solid food to enable more efficient transport, flavours are 
released, and enzymes in the saliva begin the chemical 
breakdown of the food. Only the first of these processes, 
the mechanical breakdown of food, is presented in this 
study. The example elastoplastic foodstuff, a model jelly 
baby, was represented by 35,500 particles with a spacing 
of 0.3  mm. The dimensions of the mouth and jelly baby 
are shown in Fig. 1 (panels a and f). Consistent with meas-
ured chewing jaw kinematics [7, 67], the jaw motion was 
represented by periodic translations of 4 mm amplitude in 
the vertical direction and 180° out of phase translations in 

both the anteroposterior direction (1.5 mm amplitude) and 
mediolateral directions (0.5 mm amplitude). Separate sim-
ulations were also run with the jelly baby shifted 10 mm 
posteriorly and 10  mm anteriorly to study the effect of 
starting position on occlusal force and deformed shape of 
the jelly baby after chewing. Interaction with the tongue 
was excluded in this application as its motion has not been 
characterised in sufficient detail for this type of modelling. 
However, note that repositioning of food by the tongue 
has been observed previously as an important component 
of mastication [52]. This may be considered in future 
development of this work. The period of one opening and 
closing of the jaw was 1 s, and three chewing cycles were 
modelled. Simulations were run for 360 h (wall-clock) on 
seven cores of a Xeon E5-2650 (Intel, Santa Clara, CA, 
USA).

Fig. 5   Variation in the vertical 
component of occlusal force 
and the deformed shape of the 
jelly bean for yield stress (Y) 
of the bean. Its shape coloured 
by the von Mises stress is dis-
played at three times of the bit-
ing simulation, denoted by the 
letters A, B and C. The times for 
which these deformed shapes 
occur are indicated by the same 
letters on the force–time graph
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Results and discussion

Figure 7 shows the progressive squashing of the foodstuff 
with repetitions of the chewing action. The jelly baby ini-
tially has zero stress and strain. At 0.5 s the jaw is closed, 
and significant deformation of the foodstuff has occurred. 
Portions of the head, body and legs that were situated 
between the approaching teeth at the point of contact have 
now flowed out through gaps between the molars. The 
stresses in the areas of the jelly baby compressed by the 
teeth are high and reach the yield stress in many regions. 
After 1.0 s, the jaw has reopened and the top teeth are no 
longer in contact with the jelly baby. The jelly baby clearly 
retains the impressions from the top teeth. Significant plas-
tic strain is present where the impressions of the top teeth 
are visible, but stresses have decreased markedly because 

occlusal loading has been removed. After the second cycle 
of jaw closing (ending at 1.5 s), the stresses in the portions 
of the jelly baby compressed by the teeth are nearly iden-
tical with the stresses in the first cycle of jaw closing (at 
0.5  s). Likewise, after the second and third cycles of jaw 
opening (ending at 2.0 and 3.0 s, respectively), the defor-
mation, plastic strain and von Mises stress of the jelly baby 
are almost identical with the results at 1.0  s. In the first 
cycle of jaw closing, a large amount of jelly baby mate-
rial flows plastically away from the teeth as the material 
changes to conform to the shapes of the teeth surfaces. The 
remaining material responds with little further yielding, but 
as a large amount of material no longer contacts the teeth, 
the occlusal force is diminished. This result demonstrates 
that chewing without accompanying tongue motion, which 
assists by repositioning the foodstuff, has little effect after 
the first chewing cycle. The interactions with the tongue 
may be characterised for future simulations and incorpo-
rated into the model.

Figure  8 shows the variations in the magnitude of the 
occlusal force with variations in the bulk and shear moduli 
of the jelly baby. The shape of the jelly baby, coloured by 
von Mises stress, is also shown for each of the three vari-
ations in elastic moduli at six different times in the chew-
ing process. The occlusal force is zero for the first 0.1  s 
because contact has not been made between the top teeth 
and the jelly baby. After the top teeth make contact with the 
jelly baby, the force increases to a maximum, which coin-
cides with the maximum amplitude of vertical jaw motion. 
Occlusal force then decreases to zero halfway through the 
jaw opening phase when contact is lost between the upper 
jaw and the foodstuff. The magnitude of the maximum 
force decreases in the second and third cycles of chewing. 
The von Mises stresses show a corresponding trend to the 
plots of occlusal force. They are highest at 0.5 s (see row A 
of Fig. 8), have declined at 1.5 s (see row B of Fig. 8) and 
have reduced further at 2.5 (see row C of Fig. 8). For all 
three cases, the stress in the jelly baby is significantly lower 
when contact is lost with the upper teeth (rows B, D and F 
of Fig. 8) than when it is compressed by the teeth (rows A, 
C and E of Fig. 8).

The occlusal force, the deformed shapes of the jelly 
babies and the resultant stress and plastic strain depend on 
the elastic moduli of the foodstuff. As in the biting applica-
tion, the occlusal force is larger for materials with higher 
bulk and shear moduli. Row F of Fig.  8 shows that the 
stiffer jelly baby experiences larger deformation for the 
same jaw motion. The von Mises stress and plastic strain 
of the jelly baby during jaw closure increase with increas-
ing bulk modulus (rows A, C and E of Fig. 8). Similarly, 
stresses in the jelly babies after jaw opening (at 0.75, 1.75 
and 2.75 s, respectively) also increase with increasing bulk 
modulus (rows B, D and F of Fig. 8).
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Fig. 7   Progressive squashing of 
a model jelly baby during chew-
ing by molars. The jelly baby is 
coloured by von Mises stress in 
the left panels and plastic strain 
in the right panels

(a) 0.0 s

(b) 0.5 s

(c) 1.0 s

(d) 1.5 s

(e) 2.0 s

(f) 3.0 s
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At the timing of the first peak of force, the spatially aver-
aged von Mises stress and mean and peak plastic strains 
(Table  3) all increase with increasing bulk modulus. For 
larger elastic moduli, the stresses rise more quickly for the 
same rate of applied deformation and the regions experi-
encing higher stress yield earlier, resulting in greater plastic 
flow of the material. This leads to greater deformation of 
the chewed foodstuff for the same jaw kinematics. The final 

spatially averaged von Mises stress and mean and peak 
plastic strains are listed in Table 4. After the third chewing 
cycle, the mean stress is lower than during the first peak of 
force (Table 3). This is because the occlusal loading is zero 
and only residual stresses remain. The maximum stress 
has peaked at the yield stress. Peak and spatially averaged 
plastic strain increases from the time of the first peak (at 
0.5 s, see Table 3) to the end of the third chewing cycle (at 

Fig. 8   Variation in the magni-
tude of occlusal force and the 
resultant shape during chewing 
of the jelly baby for different 
bulk and shear moduli of the 
foodstuff. The deformed shape 
of the jelly baby coloured by 
von Mises stress is displayed 
at six times, denoted by the let-
ters from A to F. The times for 
which these deformed shapes 
occur are indicated by the same 
letters on the force–time graph
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around 3.0 s, see Table 4), but the trend of larger strains for 
materials with higher elastic moduli remains.

The occlusal forces predicted for the chewing simula-
tions were approximately 10 times larger than for the biting 
simulation even though bulk modulus of the chewed jelly 
baby was 4.5 times smaller than the bitten jelly bean. This 
was due to the different pressure profiles applied to the 
foodstuffs by the knifelike surface of the incisors and the 
larger, flatter surfaces of the molars. The incisors produce 
very large contact pressures on the food because the area of 
contact is very small. These high pressures lead to localised 
yielding and plastic flow of the material close to the teeth, 
which is the only source of resistance to the approaching 
teeth. This means that the force required to yield the jelly 
bean is actually quite small. Conversely, the molars distrib-
ute contact force over a much larger area, leading to more 
of the food material yielding to the same degree. The com-
bination of more of the material responding elastically and 
a much larger teeth–foodstuff contact area (at least 10 times 
larger) results in larger occlusal forces than for biting.

The magnitude of occlusal force and the final deformed 
shape are significantly dependant on the initial position of 
the jelly baby. Figure  9 shows the variations in the mag-
nitude of the occlusal force with variations in initial loca-
tion of the jelly baby. Again, the shape of the jelly baby, 
coloured by von Mises stress, is also shown for each of the 
three variations in initial location at six different times in 
the chewing process. The force traces for the 1 cm anterior 
and 1  cm posterior cases are of similar shape but at least 
33  % and 44  % lower in magnitude than for the original 
position, respectively. These reductions in force are due 

to less jelly baby material interacting with the teeth for 
the alternative initial positions. For the original case, three 
teeth from the top jaw make contact with the jelly baby and 
indent the foodstuff through the majority of its volume. The 
impressions of the three teeth are visible in the images of 
the deformed jelly baby (column A2 to F2 of Fig. 9). For 
the 1 cm anterior case, only two teeth from the top jaw con-
tact the jelly baby (column A3 to F3 of Fig. 9). The teeth 
still indent the foodstuff through the majority of the volume 
of the jelly baby, but the contact area is smaller (two teeth 
instead of three) so the force is reduced, approximately 
by a factor of one-third. The forces in the 1  cm posterior 
case are less than for the other two cases because only two 
teeth from the top jaw contact the jelly baby and because 
the teeth only indent the foodstuff approximately halfway 
through its volume (column A1 to F1 of Fig. 9). Again, the 
contact area is smaller for the 1 cm posterior case than for 
the original case, but also the strain imposed on the jelly 
baby is lower, leading to a much smaller level of occlusal 
force.

The work done by the jaw during chewing of a jelly 
baby is shown in Fig. 10. In all cases, it increases as the 
first chewing cycle progresses, but plateaus at the start 
of the first peak of occlusal force (0.5  s). After the first 
chewing cycle, very little additional work is performed. 
This result highlights the need for relocation of the food-
stuff by movement of the tongue and mandible. As most 
of the work is done in the first chewing cycle for this 
foodstuff, the second and third cycles are relatively inef-
ficient. The work done increases with increasing elastic 
modulus (Fig. 10a) and is larger for the original position 
case than for the 1 cm anterior and 1 cm posterior cases. 
In reality, humans alter our jaw kinematics during chew-
ing to suit the texture and position of foodstuffs in the oral 
cavity [53]. Future studies using food-specific jaw kine-
matics are required to understand how different foods are 
broken down.

A number of other model features may need to be 
incorporated into the model to consider the latter stages 
of chewing. Repositioning of food by interaction with 
the tongue will need to be investigated. The cheeks and 
tongue can also both be represented in the model as 
deformable objects in the same way as the tongue was 
represented in “Fluid motion in the anterior oral cavity”. 
Ideally, these deformations would be sourced from video 
tomography of actual chewing. Simulation of the com-
pliance of these structures may become necessary when 
interacting with each other or hard foods. Occlusal force 
is sensitive to jaw kinematics. Jaw motions also change 
during chewing as the food is broken down, if muscles 
fatigue and jaw motions differ for foods with different 
breakdown behaviours [52]. Jaw motion can be measured 
using video motion capture techniques and implemented 

Table 3   Spatially averaged (mean) and maximum von Mises stress 
and plastic strain in the jelly babies during chewing by the molars 
after 0.5 s of simulation time

Young’s modulus 
(kPa)

Von Mises stress (kPa) Plastic strain

Mean Maximum Mean Maximum

350 38 51 0.3 2.6

700 43 51 0.5 3.7

1050 45 51 0.6 4.1

Table 4   Spatially averaged (mean) and maximum von Mises stress 
and plastic strain in the jelly babies during chewing by the molars 
after 3.0 s of simulation time

Young’s modulus 
(MPa)

Von Mises stress (kPa) Plastic strain

Mean Maximum Mean Maximum

350 22 55 0.4 4.6

700 31 55 0.6 5.1

1050 34 55 0.7 6.1
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for a specific food type. Results can be validated by meas-
uring occlusal force and comparing predicted food frag-
ment sizes against model predictions. As saliva is mixed 
into the food, the changes to food fragment mechani-
cal properties, lubrication and the agglomeration in a 
bolus must be modelled. Also, as flavour compounds are 
released, the transport of tastants and aromas to their 
receptors must be considered.

Fracture of brittle food from a single bite

Method

The fourth application of the model focuses on the 
fracture of a brittle material during biting. Unlike the 
foodstuffs considered in the previous two sections, 
brittle food fails by fracturing with little or no plastic 

Fig. 9   Variation in the magni-
tude of occlusal force and the 
resultant shape during chewing 
of the jelly baby for three differ-
ent initial positions of the food-
stuff (shifted: 10 mm anteriorly, 
0 mm and 10 mm posteriorly). 
The deformed shape of the jelly 
baby coloured by von Mises 
stress is displayed at six times, 
denoted by the letters from A 
to F. The times for which these 
deformed shapes occur are 
indicated by the same letters on 
the force–time graph
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deformation occurring. This failure mode can result in a 
very different response under loading to that of an elas-
toplastic material and so requires separate consideration. 
The same biting configuration from “Biting of an elasto-
plastic foodstuff by the incisor teeth” was used, but now 
with a hoop-shaped brittle candy as the demonstration 
foodstuff. The dimensions of the mouth and brittle candy 
are shown in Fig.  1 (panels a and g). Three variants of 
flaw density, k, were used. They were k = 1026 m−3 for 
the highest flawed candy, k = 1024 m−3 for the interme-
diate candy and k = 1022 m−3 for the least flawed candy. 
The jaw kinematics was identical to those described 
in “Biting of an elastoplastic foodstuff by the incisor 
teeth”. The foodstuff was represented by 33,700 parti-
cles with spacing of 0.2 mm, and the simulation period 
was 0.8  s. Simulations were run for 510  h (wall-clock) 
on seven cores of a Xeon E5-2650 (Intel, Santa Clara, 
CA, USA).

Results and discussion

Figure 11 shows the progression of fracture of the brittle, 
hoop-shaped candy. The candy is coloured by von Mises 
stress in the left panels and the damage parameter, D (see 
Eq.  19), is used to colour the candy in the right panels. 
At 0.40 s, the teeth have contacted the candy, and a small 
amount of local powdering damage has occurred proximal 
to the area contacting the teeth. The candy shows medium 
levels of stress outside the region of damage, especially in 
the volume between the approaching top and bottom inci-
sors. After 0.48 s, the damage has propagated a small way 
through the candy, but no other damage is apparent. The 
von Mises stress has increased between the approaching 
teeth, and a greater volume of material of the candy expe-
riences higher stresses. After 0.54  s, further damage has 
occurred, and the stress between the approaching teeth 
has decreased. A small time later, after 0.55  s, the candy 
fails suddenly and splits into two discrete parts. The stress 
away from the cracks has almost completely vanished as 
the loading is now negligible. Unlike for the elastoplastic 
model (see “Biting of an elastoplastic foodstuff by the inci-
sor teeth” and 6), the response of the candy is purely elas-
tic, except where damage occurs and modifies the pattern 
of stress transmission. Again, the prediction of cracking, 
local damage and separation into two discrete moving frag-
ments driven by multiple moving complex-shaped surfaces 
is relatively straightforward in the meshless Lagrangian 
framework of SPH. The movement of the jaws, teeth and 
candy in a mesh-based solution would require very high 
resolutions and adaptive remeshing. The prediction of the 
fracture of the foodstuff and the separation of the fragments 
would similarly present significant challenges in a mesh-
based system.

Figure  12 shows the variation in occlusal forces and 
shapes of the candy during loading with variations in its 
flaw density, k (see Eq. 20). The candy is loaded in its start-
ing position until about 0.25  s, when the loading causes 
it to rotate in the sagittal plane. This change in position 
relieves stress in the candy and causes the stresses in the 
candy to reduce markedly. The force drops to nearly zero 
before the candy is loaded again in its new position. All 
flaw density variants respond elastically in the early stages 
of biting (up to 0.32  s) as little damage has yet occurred. 
Thus, the occlusal forces for the three candy materials are 
very similar before 0.32 s. Microcracking initiates around 
the contact points with the teeth after 0.32 s. This damage 
reduces the capacity of the material near the microcracks 
to transmit tensile force and therefore reduces the force 
required to compress the candy. The most flawed candy 
therefore transmits a smaller occlusal force for the same 
level of compression by the teeth. Damage is minimal until 
0.4  s, where a peak in occlusal force is observed. After 
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0.4 s, significant cracking occurs and large fluctuations in 
occlusal force result in the candy cracks and shifts between 
the approaching teeth.

Occlusal forces are smaller for this case than for the pre-
vious biting one (“Biting of an elastoplastic foodstuff by 
the incisor teeth”) even though the candy is stiffer than the 

Fig. 11   Fracture of a brittle 
elastic hoop-shaped candy. The 
candy is coloured by von Mises 
stress in the left panels and by 
damage in the right panels. 
Complete cracking failure of 
the candy occurs after 0.4 s of 
biting

(a) 0.40 s

(b) 0.48 s

(c) 0.54 s

(d) 0.55 s
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Fig. 12   Variation in the vertical 
component of occlusal force 
and the resultant shape of the 
brittle, hoop-shaped candy for 
different fracture properties 
of the candy (flaw density, k). 
The candy is shown coloured 
by von Mises stress at four 
times, denoted by the letters A 
to E. The times for which these 
deformed shapes occur are 
indicated by the same letters on 
the force–time graph
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jelly bean. This result is caused by the different distribu-
tions of pressure developed on each foodstuff as the top and 
bottom rows of teeth make contact, and the different mate-
rial behaviours of each foodstuff. The jelly bean deforms 
to conform with the teeth when contact is made and local 
yielding occurs. As this deformation occurs, the contact area 
between the teeth and the food increases (to approximately 
30  mm²). Spatially averaged pressure on the jelly bean 
peaked at approximately 25 kPa. However, the brittle candy 
does not deform significantly under load, due to a high elas-
tic stiffness and a lack of plastic yielding. The contact area 
between the teeth and candy remains much smaller (approx-
imately 5 mm²), meaning that occlusal force is small, whilst 
pressures on the candy are large (120 kPa). Also, because 
the teeth are not flat and pressure is not evenly distributed, 
peak pressures are larger on the candy than on the jelly bean 
(however, note that magnitudes of peak pressure are difficult 
to estimate accurately). The higher pressures on the candy 
lead to localised fracturing, and subsequent failure, with a 
modest level of occlusal force.

Once large-scale cracking has occurred, the ability of 
the candy to transmit tensile force diminishes greatly (even 
to zero, if complete failure occurs). For the most flawed 
candy, large cracks appear at 0.52 s, and the occlusal load 
drops from 0.68 N to 0.55 N (see top of Fig. 12). At 0.55 s 
the candy then fractures in separate pieces (see row C of 
Fig. 12), and the occlusal load drops from 0.55 N to 0 N. 
The less brittle candy does not completely separate when 
the first large cracks are formed. Just after 0.55 s, the inter-
mediate candy develops large cracks that start at the top 
and span approximately two-thirds of its height (see row D 
of Fig. 12). Unlike for the most flawed candy, the occlusal 
load is non-zero after this fracture. This occurs because 
the intermediate candy has not completely separated after 
fracture and can still transmit a small amount of the tensile 
force. At 0.62  s, the least flawed candy experiences large 
cracks that start at the top and span almost half its height 
(row E of Fig. 12). The occlusal force reduces from 0.66 N 
at 0.616  s to 0.21 N  at 0.633  s. Unlike for the other two 
flaw density variants, the occlusal force is significant after 
fracture because a large portion of the least flawed candy 
can still transmit tensile stress.

Magnitudes of stress and damage at the time of fracture 
decrease with increased flaw density. Table 5 lists the spa-
tially averaged and maximum values of von Mises stress 
and damage (D) in the candy at the time of failure. The 
most flawed candy material separates into distinct pieces at 
fracture (that fall away from the teeth) and therefore can 
no longer transmit force to the teeth. Once occlusal forces 
are not transmitted, the stresses in the undamaged areas of 
the candy decline (as also seen in row C of Fig. 12). Con-
versely, the least flawed material still transmits significant 
force to the teeth at the time of fracture and develops higher 
levels of stress (see again row C of Fig. 12). The maximum 
damage is 1.0 for all three materials since there has been 
complete local failure in at least one location for each mate-
rial, but the spatially averaged damage across the candy 
decreases with increasing flaw density. The material with 
larger flaw densities experiences damage in a smaller vol-
ume than those with lower flaw densities where the damage 
is weaker but spreads over a larger volume.

Work done by the teeth during each of the simulation 
cases is shown in Fig. 13. A small amount is done as the 
candy settles in between the incisors (around 0.25 s). As it 
is steadily loaded (from 0.35 s onwards), the work increases 
approximately linearly. The work done before large-scale 
fracture occurs is invariant to material fracture properties. 
For the most flawed candy (k  =  1026 m−3), catastrophic 
fracturing occurs at 0.55 s and the work done by the teeth 
immediately stops increasing. As mentioned above, the 
intermediate candy (k = 1024 m−3) does not fail completely 
at this time so work continues to increase modestly after 
this fracture. Work increases steadily for the least flawed 
candy (k = 1022 m−3) for much longer until 0.62 s, which 
corresponds with the timing of significant crack growth. 

Table 5   Spatially averaged (mean) and maximum von Mises stress 
and damage in the brittle candy during biting by the incisors at the 
time of fracture

Time (s) Flaw density 
(m−3)

Von Mises stress (kPa) Damage

Mean Maximum Mean Maximum

0.63 1022 0.9 18 0.21 1.0

0.56 1024 0.4 12 0.11 1.0

0.55 1026 0.2 11 0.08 1.0
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Work increases at a slower rate after this because the candy 
is partially fractured and occlusal force drops by about a 
factor of 6 (see Fig.  12) to approximately 0.1 N  for the 
remainder of the simulation.

In summary, the flaw density in brittle foodstuffs affects 
the magnitude of the occlusal load during biting (for the 
same jaw kinematics), the work done by the teeth as cracks 
develop, the degree of teeth penetration required to cause 
catastrophic failure and the level of damage produced in the 
foodstuff.

Fracture of brittle food during chewing

Method

The fifth and final application of the model focuses on the 
fracture of a brittle material during chewing by the molars. 
Whilst many types of brittle food may be bitten by the inci-
sors before chewing (e.g. biscuits or raw vegetables such 
as carrots and celery), many smaller brittle foods may be 
initially crushed by the molars (e.g. nuts and confection-
ary). The same chewing configuration and kinematics (but 
only one cycle) as used in “Chewing of elastoplastic food 
by the molars” are now used with the most brittle candy 
from “Fracture of brittle food from a single bite” (k = 1026 
m−3) to study such chewing. The brittle candy was again 
represented by 33,700 particles with spacing of 0.2  mm, 
and the simulation period was 0.5 s. Simulations were run 
for 140 h (wall-clock) on seven cores of a Xeon E5-2650 
(Intel, Santa Clara, CA, USA).

Results and discussion

Figure 14 shows the vertical component of occlusal force 
and the deformed shape of the brittle candy coloured by 
both von Mises stress and the damage parameter, D. The 
occlusal force is zero until contact is made between the 
top teeth and the candy at 0.25 s. It increases as the candy 
responds elastically to loading. At 0.305  s, the occlusal 
force peaks because the von Mises stress is high in the vol-
ume of the candy directly between the contact points of the 
top and bottom molars (see candy shape A in Fig. 14) and 
because damage has not yet initiated. At 0.31  s, microc-
racking begins at the teeth contacts (see row B in Fig. 14). 
Occlusal load drops immediately as microcracking dam-
age reduces force transmission through the candy. Further 
elastic loading of the candy occurs without noticeably 
increased damage until 0.325 s. The von Mises stress has 
increased further in the volume of candy between the top 
and bottom teeth contacts (see candy shape C in Fig. 14). 
At 0.33 s, the microcracks combine into three large cracks 
and the candy fails, separating into three discrete pieces 

(see row D in Fig. 14). The occlusal load drops sharply to 
zero as the pieces of the candy move away from the teeth 
and load can no longer be transmitted from the teeth. Mean 
damage of the candy was 0.15 at failure, which was higher 
than 0.10 after biting by the incisors for the same candy 
material. This larger value of mean damage indicates that 
fracturing was more intense during crushing by the molars 
than during biting by the incisors, which was due to the 
greater contact area for the molars than for the incisors.

Work done by the molars on the candy is shown in 
Fig.  15. Reflecting the small magnitude of force (seen in 
Fig.  14) between 0.25  s and 0.28  s, the work increases 
very slowly as the top teeth make contact with the candy 
and start to compress it. After 0.28  s, the force increases 
sharply, and the work trace shows a corresponding inflec-
tion point. However, unlike the force trace, the work 
increases approximately linearly until 0.33  s. After the 
candy fails at 0.33 s, the rate of work by the teeth is much 
lower. It is larger for this case (0.6 mJ) than for the biting 
case (0.3 mJ). This is because the contact area between the 
teeth and the candy is larger between the molars than for 
the incisors.

The simulation results show that food breakdown 
depends strongly on the material behaviour of the food. 
The brittle materials are broken down without jaw closure, 
whilst the elastoplastic materials require complete jaw clo-
sure to fragment the food. Whilst these material descrip-
tions are suitable for the food types discussed in this study, 
many foods display more complicated behaviours that will 
similarly affect food breakdown. Inhomogeneous and/or 
anisotropic materials will deform and fracture differently 
if positioned differently between the teeth. Food mechani-
cal properties also change when wetted by saliva or heated 
by normal body temperature inside the mouth. SPH is 
well suited to include these additional material behav-
iours, as evidenced in uses in other fields (see [24, 25]). 
Future work with the modelling framework will include 
simulation and validation of complicated food material 
behaviours.

Future challenges

As this work is the first step in constructing a modelling 
framework for processes in the oral cavity during masti-
cation, it is important to also explore the challenges that 
remain to be addressed and how these challenges can be 
addressed.

Model representation of complex solid material behaviour

Solid foods often have complicated microstructure 
that results in complex material behaviour. Structural 
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inhomogeneity and anisotropy occurs from macro- to nano-
length scales [57, 59, 98, 100], and this presents many chal-
lenges for mechanical modelling of food. Here we outline 

the major steps required to simulate a large range of food 
structures and material behaviours in the computational 
framework.

Fig. 14   Variation in the vertical 
component of occlusal force 
and the resultant shape of the 
brittle, hoop-shaped candy dur-
ing crushing by the molars. The 
deformed shape of the candy, 
coloured by von Mises stress 
in the left panels and plastic 
strain in the right panels, is 
displayed at four times, denoted 
by the letters A, B, C and D. The 
times for which these deformed 
shapes occur are indicated by 
the same letters on the force–
time graph
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In many cases, the structural inhomogeneity and ani-
sotropy are present in the macroscale, and this may be 
resolved by specification of differing material properties 
throughout the computational domain (which in the SPH 
context means that all the particles have different and spa-
tially varying properties). For instance, a confectionary 
comprised of discrete chocolate, caramel and nut compo-
nents may be represented well by specifying the mechani-
cal properties of each component in the appropriate loca-
tions. The Lagrangian framework of a particle method 
such as SPH has specific advantages in modelling these 
variations because these material properties are attributed 
to specific particles which advect this information without 
diffusive loss during motion and breakdown in the mouth. 
However, in many other cases, the structural variation is at 
a scale that is smaller than the computational scale (which 
in SPH is the particle size). An example of this is an inho-
mogeneous distribution of voids in a food matrix that will 
contribute to macroscale plastic or brittle behaviour. In this 
case, other modelling approaches are required.

When mechanical behaviour is influenced by structural 
detail smaller than can be explicitly resolved by the model, 
one of two approaches is commonly used:

1.	 Homogenisation, where structural inhomogeneity is 
present on a small scale but large-scale structure can 
be represented with the use of a representative element 
of volume (REV). Large-scale behaviour is coupled to 
small-scale structural response through the assumption 
that the REV material behaviour is homogeneous. The 
stress–strain relationship for a specific REV is typically 

complex, direction dependent and empirically based 
(therefore requiring multiple calibration constants).

2.	A  multiscale model approach, where coupled models 
at different scales link the effects of large-scale load-
ing into micro- or nanoscale models and micro- or 
nanoscale structural response then influences the large-
scale behaviour.

A major challenge in the homogenisation approach is 
the determination of an appropriate REV specification. 
This comprises a combination of materials characterisa-
tion (see “Materials characterisation and validation”) and 
modelling challenges. The REV must accurately represent 
the periodic structure of the food, and the stress fields must 
be able to be averaged on to the boundaries of the REV. 
A benefit of the homogenisation approach is that compu-
tational expense may be small for the level of microstruc-
ture detail that is considered. However, homogenisation can 
suffer from inaccuracy when the assumptions of the con-
tinuum model are broken, for instance considering fibres or 
cell membranes of comparative size as (or larger than) the 
REV, the averaging calculations will not be adequate.

Multiscale modelling involves the use of a number of 
models applied on different length scales. An example 
of this could be the prediction of compression of a poly-
meric matrix using one or more models of deformation of 
the molecular structure to inform the distribution of elas-
tic stiffness throughout the food at a macroscale. The cou-
pling of microscale to macroscale is an emerging area of 
computational modelling research, with many choices of 
the number, type, scale and location of microscale mod-
els and how these are coupled to the larger scale. Whilst 
offering the prospect of greater model fidelity by capturing 
much more of the fine-scale structure and its consequent 
behaviour, multiscale modelling is likely to add to compu-
tational expense if large numbers of microscale models are 
to be evaluated in transient macroscale simulations. This 
is a challenging process to implement but may be required 
when material properties are not adequately represented by 
the homogenisation approach.

Model representation of tastant transport

Once breakdown can be modelled accurately, the release of 
taste compounds [96] can be considered. For non-volatile 
tastants, which are released from food and diffuse into the 
saliva, models of saliva inflow and tastant diffusion are 
required. Saliva can be introduced into the model at the 
locations of the salivary ducts at flow rates suggested by 
experiments. The flow rate can be dynamically adjusted as 
chewing progresses or to suit different food material types 
(such as those that contain saliva stimulants, e.g. capsaicin).
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The prediction of the transport of chemical species 
in a fluid such as saliva is a complicated multi-physics 
problem involving the prediction of saliva advection dur-
ing interactions with moving boundaries and the diffu-
sion of chemicals out of solid foods and within the saliva. 
In “Fluid motion in the anterior oral cavity”, we showed 
that the modelling can simulate interactions of saliva flow 
when interacting with moving and deforming tissues in 
the mouth. SPH can also be used to solve advection–diffu-
sion equations for species transport using the formulation 
proposed for heat transfer by Cleary and Monaghan [17]. 
Model parameters may be calibrated using bench-top dif-
fusion experiments such as those by De Loubens et al. [37] 
and Lauverjat et al. [66]. As the saliva fluid interacts with 
food solids, the tastant diffuses into the saliva phase. Sen-
sors acting as virtual taste buds may be used to record the 
concentration of flavour chemical species as a function of 
time during chewing simulation.

Model representation of aroma transport

Volatile aroma compounds are released from food as the 
food is broken down in the mouth. The calculation of aroma 
transport from the food to the olfactory receptors in the nose 
requires the prediction of gas-phase behaviour within the tra-
chea, oral cavity and nasal cavity. The SPH method, which is 
highly suited to modelling the solid and fluid phases of the 
processes in the oral cavity (as demonstrated in this paper), is 
not so well suited to simulating this gas-phase behaviour, so 
a one-way coupling between an SPH solid/liquid model and 
a grid-based method gas model (either finite volume or finite 
element) is likely to be a good approach.

Predicting the rate of release of aroma compounds from 
food fragments is a challenging problem. Volatiles are gen-
erally preferentially stored in fat and are released at a rate 
controlled by their lipophilicity, which is specified by their 
partitioning coefficient [51, 54]. The mechanical breakage 
of food masses controls the exposure rate and surface area 
of the fat phase to the gas phase and therefore the rate of 
volatile release. A coupled SPH-FV model would be suited 
to tracking both the exposed surface of the food and the 
transport of aroma species into and within the gas phase 
including sensors representing the olfactory receptors.

Materials characterisation and validation

The modelling challenges listed above are complicated 
by the need for accurate characterisation of the properties 
of materials when in the mouth. Food materials are often 
more complex than others more commonly characterised. 
The presence of strong inhomogeneity, anisotropy and tem-
perature dependence of mechanical and chemical proper-
ties creates a need for intensive characterisation processes.

The microstructure of food including the size and dis-
tribution of components may be determined using imaging 
methods such as light microscopy, confocal laser scanning 
microscopy [35], high-resolution electron microscopy and 
light- or X-ray-scattering techniques. Mechanical charac-
terisation such as by using uniaxial compression testing 
[104] and puncture testing [10] can be used to determine 
the mechanical response of foods during mastication. How-
ever, these techniques have not yet been applied in suffi-
cient detail for most foods. The dependence of mechanical 
properties on strain rate, temperature and saliva interactions 
(such as absorption and lubrication) needs to be under-
stood and quantified. Also, as mechanical properties vary 
between food samples, material variation may need to be 
characterised using statistical methods to accurately repre-
sent variation of behaviour in the mouth.

The rate at which tastants are released from food dur-
ing mastication and then transported in saliva to the taste 
buds also needs to be characterised. Diffusion kinetics of 
tastant chemicals need to be measured within the solid food 
and in saliva in order to represent these processes quanti-
tatively in a model [37, 66]. Viscosity and chemical com-
position of saliva vary greatly as food is comminuted and 
mixed into the liquid, but also changes significantly with 
the time of day and hormonal changes in the body [13]. 
Saliva flow rates also depend on many physiological factors 
and the perceived nature of the food in the mouth (e.g. dry 
food induces high saliva flows than a liquid food). Chemi-
cal stimuli such as capsaicin and salt affect the flow rate of 
saliva. The rates of saliva production need to be measured 
separately for each saliva duct, across a sample of the pop-
ulation, for successful representation in the model.

The rate of release of aroma and the speed of transport 
to the receptors in the nasal cavity also requires specific 
characterisation. The concentration of each volatile needs 
to be measured for each particular food, as does the statis-
tical variation between samples. Food structure and com-
position controls the release rate of aroma compounds, and 
both static and dynamic gas flow experiments are required 
to measure this release rate [38]. Partitioning coefficients 
describe the lipophilicity of a volatile aromatic compound 
and therefore affect the release rate from fat within a food 
[66]. These coefficients may be measured specifically for 
a food [66] or calculated from a database of experiments 
[97].

Establishing confidence in model results remains a sig-
nificant challenge. Food breakdown calculations may be 
evaluated against the measurements from in vitro and in 
vivo chewing experiments. Predicted occlusal force can 
be validated against forces measured with a materials test-
ing system (or texture analyser), using indentor pieces 
with geometries similar to teeth. Calculated particle size 
and surface area distributions from simulations of in vivo 
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chewing experiments can be compared to measurements of 
expectorated material, for a range of materials and numbers 
of chews [71, 84]. The concentration of tastant chemicals 
in the mouth can be evaluated using sampling of saliva 
during mastication and offline determination of chemical 
concentrations. Likewise, model predictions of aroma con-
centration in the nose may be validated by measuring con-
centrations on the exhaled breath during in vivo chewing 
experiments [43, 44, 96].

Control and response of soft and hard tissues in the oral 
cavity

The representation of jaw, tongue, cheek and palate motion 
and deformation during mastication presents many chal-
lenges. The elastic behaviour of the soft and hard tissues 
is often anisotropic and difficult to characterise [45, 56]. 
Methods must strictly not produce any ill effect on the sub-
ject, for instance methods must be non-destructive and not 
expose the subject to dangerous levels of radiation. Also, 
the motion of the jaws and tongue is observed to be compli-
cated, highly variable between subjects and linked to food 
structure [53]. These relationships need to be characterised 
over a large range of foods, and the variation between sub-
jects needs to be determined.

Three-dimensional topographical imaging (such as 
MRI) provides the richest data set of soft and hard tissue 
positions, but is limited in spatial (1  mm) and temporal 
(18  Hz) resolution [93]. Electromagnetic-based motion 
capture can provide 3D trajectories of individual points, 
which is especially useful for determining jaw motion [2, 
72]. Ultrasound can be used to determine soft tissue shape 
and position in two dimensions, which can inform the mod-
elling of the tongue, soft palate and cheeks [8, 82]. Video 
fluoroscopy has been used to determine the largest simulta-
neous data set of soft and hard tissue positions, albeit again 
in two dimensions [53, 75, 81]. However, fluoroscopy is 
difficult to use without exposing a subject to dangerous lev-
els of radiation. A combination of electromagnetic-based 
motion capture and ultrasound may be the best compromise 
between spatial and temporal resolution and safety.

Conclusions

A coupled biomechanical–SPH model was developed to 
investigate the breakdown of food in the oral cavity. Real-
istic three-dimensional geometries and motions of the jaws 
and tongue were incorporated into simulations of fluid 
flow and biting and chewing of foodstuffs. Saliva and liq-
uid food was represented as a Newtonian fluid, and solid 
foodstuffs were represented as either elastoplastic or brittle 
elastic solids. Separate components of the oral breakdown 

of food including interactions between the anatomical fea-
tures of the oral cavity and liquids, chewing and biting of 
elastoplastic solids and biting and crushing of brittle solids 
were modelled. The results of the simulations provide new 
insights into in-mouth processing of food and establish the 
viability and versatility of the SPH method for this applica-
tion. Modelling extensions required to predict the remain-
ing major aspects of oral processing have been identified 
and can form future work with this framework.

The simulation results show that occlusal forces and 
the products of biting and chewing depend on the mate-
rial properties of the foodstuffs. Foods with larger bulk 
and shear moduli generally require larger occlusal forces; 
however, plastic or brittle material properties also greatly 
affect the occlusal force required. For elastoplastic foods 
we found that:

•	 stiffer materials with the same yield stress yield ear-
lier and display a greater amount of plastic flow for the 
same jaw motion,

•	 occlusal force and work are only modestly dependent on 
elastic moduli for materials with the same yield stress,

•	 occlusal force and work increase strongly with yield 
stress,

•	 occlusal force and work decrease when the position 
of food between the teeth is such that contact area is 
reduced.

For brittle foods with the same elastic properties, we 
found that:

•	 occlusal force and work reduce modestly when the den-
sity of flaws is higher,

•	 fracture occurs earlier and cracks extend further through 
the foodstuff when the density of flaws is higher.

Food material type affects the manner in which food is 
broken down. Brittle food can fail before the teeth of the 
upper and lower jaws make contact with each other, but 
elastoplastic food must be separated into discrete pieces by 
complete closure of the jaw.

The applications presented show the potential for cou-
pled SPH–biomechanical models to predict the behaviour 
of food breakdown in the oral cavity. Measurement and 
modelling challenges have been identified. More compli-
cated solid rheologies can be considered, including multi-
scale modelling approaches, coupled elastic–plastic–brit-
tle behaviour, temperature-dependent material properties 
and softening due to absorption by liquids such as saliva. 
Introduction of saliva, saliva flow and interactions with 
solid food need to be represented in the model. Taste 
release from foods and the transport of taste chemicals to 
the receptors need to be predicted. Likewise, the release of 
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volatile aroma compounds needs to be included as does the 
delivery of aroma chemicals to the olfactory sensors. Sig-
nificant materials characterisation challenges have been 
outlined. As the modelling framework expands in breadth 
and realism, it may enhance the understanding of the com-
plex physical and chemical interactions during mastication 
processes in the mouth.
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