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A B S T R A C T

The emerging need to reduce the calorific value of foods, while simultaneously improving the consumer
perception drives the quest for developing new food structures that satisfy both criteria. Aiming to shed
light on the influence that micro-aeration has on the breakdown of chocolate during the early stages of the
oral processing, this paper summarises the development of multi scale, in silico Finite Element (FE) models
for the first bite. A micro-mechanical analysis was first employed to predict the impact on the mechanical
properties of chocolate at two microaeration levels, i.e. 𝑓 = 10vol% and 𝑓 = 15vol%. The estimated elastic,
plastic and fracture properties from the micromechanical model were subsequently fed into a macroscopic
simulation of the first bite. Both micromechanical and the macromechanical models for the 10vol% and 15vol%
porosity chocolate are compared to experimental data for validation purposes. The micromechanical models
are compared to data from literature on mechanical testing of the same two chocolate materials whereas the
first bite macromechanical model was compared to in vitro experimental data obtained in this study using a
3D printed molar teeth test rig mounted to a mechanical tester. Finally, the particle size distribution of the
fragmented chocolate during the first bite was estimated from the in silico model and compared to in vivo
literature data on the same chocolate materials and in vitro experimental data from this work. All comparisons
between the in silico models and the in vitro/in vivo data led to good agreement. Our modelling methodology
provides a cost-efficient tool for the investigation of new food structures that reduce the calorific value while
enhancing the taste perception.
1. Introduction

Aeration is a manufacturing process widely investigated by the food
industry due to efforts to achieve food structures associated with an
improved consumer perception. Minor et al. (2009) stated that this
change in structure retains or even enhances the original sensorial
characteristics of foods. In addition, the calorific value is reduced by
the decrease of the mass fraction of ingredients such as sugar and
saturated fats leading to healthier products (Kokini and van Aken,
2006). Micro-aeration which introduces micron sized pores in the food
material can reduce the calorific value of products such as chocolate
for a given product volume, whilst at the same time it can be an
important parameter for improving the sensory properties and the
consumer perception. For this reason, micro-aeration is an important
parameter that needs to be studied in detail. The aim of this study is
to quantify the effect of micro aeration on the mechanical properties
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of chocolate and its behaviour during the oral process, in order to aid
novel product development and optimisation.

Chocolate can be characterised as a suspension of solid particles,
including cocoa particles, sugar and milk particles, in a continuous fat
phase. There are different aspects that influence the oral perception
of chocolates mainly involved with composition, processing operations
and storage. The link between structure and compositional variations
to the material properties has been reported in the literature (Afoakwa
et al., 2009; Glicerina et al., 2016; Do et al., 2007; Reinke et al., 2016).
Micro-aeration, even at small porosity levels, plays an important role on
how the chocolate samples behave in the oral cavity. It has been shown
that micro-aeration has a significant effect on material properties, such
as elastic and plastic properties (Bikos et al., 2021b,a), thermal con-
ductivity (Bikos et al., 2022b, 2023b) and friction coefficient (Samaras
et al., 2020).
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The change in the mechanical behaviour of materials when pores
are introduced in the matrix and the calculation of the effective prop-
erties is performed through the theory of computational homogenisa-
tion. Computational homogenisation is often used to derive the effec-
tive properties of heterogeneous materials, by knowing the properties
of their constituents. Homogenisation can also be applied for non-
linear properties and it has been the field of research in many papers
e.g. Michel and Suquet (1992), Castañeda (1991), Castaneda (2002). In
the current paper, homogenisation will be used for porous chocolate,
where the air will be considered as the second phase of the heteroge-
neous material. The theory of computational homogenisation will be
applied to random porous microstructures, which will be developed
through a Random Sequential Adsorption (RSA) algorithm (Rintoul and
Torquato, 1997) and to geometries generated from 3D reconstruction of
X-ray Tomography (XRT) images. The study on the random microstruc-
ture aims to provide the geometric characteristics in terms of size
and number of pores, which is sufficient to represent the macroscopic
properties. This statistically homogeneous unit cell is known as the
Representative Volume Element (RVE) and it will be used for the
computational homogenisation.

Modelling of fragmentation during the first bite is highly influ-
enced by the chosen damage framework. The local Continuum Damage
Mechanics (CDM) models suffer from mesh dependent results and
the damage parameter tends to increase with increasing mesh refine-
ment (Dorgan, 2006). This is a result from the loss of ellipticity of the
governing differential equations (Aravas and Papadioti, 2021). The ab-
sence of an internal material length in the classical continuum theory,
causes the characteristic element length to become the material length.
This limitation can be overcome by using non-local models (Aifantis,
1984a). In non-local models, an additional internal material length
variable is introduced that takes into account the influence of the
surrounding neighbourhood at each material point (Aifantis, 1984b).
The non-local models have been extensively used in the context of
porous metal plasticity (Leblond et al., 1994; Enakoutsa, 2014; Reusch
et al., 2003; Jackiewicz and Kuna, 2003) but have not been applied
before when studying food fragmentation.

In the field of oral processing, Harrison and Cleary (2014), Har-
rison et al. (2014) used a coupled bio- mechanical-smoothed particle
hydrodynamics (bSPH) model that predicts the food breakdown due
to the interaction of the food with saliva and anatomical structures
of the mouth (tongue, teeth, cheeks). Although this study takes into
account a more accurate scenario where the food interacts with more
surfaces in the mouth, the constitutive model used was a simple elastic-
perfectly plastic model coupled with a simple fracture criterion. Dejak
et al. (2003) presented an FE model to analyse the stresses induced
by the molar teeth during chewing of morsels using various elastic
moduli. Skamniotis et al. (2016) demonstrated an FE model in the
ABAQUS/Explicit solver that simulates the first bite of pet food. In
this model a more sophisticated viscoplastic material model was used
coupled with a ductile damage evolution law that is driven by the
fracture toughness. The results of this study were promising although
a local damage model was used, making the simulation results mesh
dependent.

The aim of the present study is, hence, to provide a multiscale
analysis that takes into account a microstructural change (porosity)
and quantifies the effect on the fragmentation during the first bite.
More specifically, the multiscale model assumes that the solid matrix
of the two micro-aerated samples (𝑓 = 10vol% and 𝑓 = 15vol%)
has the same properties as the non aerated chocolate, and estimates
the change in the mechanical properties due to the pores. Moreover,
these properties are used as input for a macroscale in silico model
of the first bite, where a non local damage model is applied. The
in silico model is validated against an in vitro laboratory replicate of
the first bite. Finally, the fragments obtained from the in vitro and in
silico models are compared against already available in vivo mastication
2

results (Bikos et al., 2021b). Overall, the multiscale model of the
Fig. 1. Compression and tension experimental true stress versus true strain data for non
aerated chocolate. Data adopted from the study of Bikos et al. (2021b), Bikos (2022).
The experimental data correspond to three different true strain rates �̇� = 0.01, 0.1 and
s−1.

resent paper can be used in two ways; initially, the micromechanical
nalysis can be used to investigate how the change in structure affects
he mechanical properties, and the macroscale model can provide a
eliable prediction of fragmentation size that is itself related to the
onsumer perception (Di Monaco et al., 2014; Cheong et al., 2014).

. Materials and methods

.1. Materials

The chocolate samples were provided by the Nestlé- Product Tech-
ology Centre (NPTC) in York, UK and were also used in the study
f Bikos et al. (2021b) who tested the measured the mechanical proper-
ies. The chocolate samples had a typical composition of 44 wt% sugar
articles, 27 wt% cocoa fat, 10 wt% whole milk powder, 6 wt% non-
at cocoa solids, and 0.3% sunflower lecithin. Three chocolate materials
ere provided with 0 vol%, 10 vol% and 15 vol% microaeration levels.

The tensile and compressive experimental data of true stress versus
rue strain for three true strain rates are shown in Fig. 1 for the non
erated (𝑓 = 0vol%) chocolate. The data showed small variations
nd the error bars were very small (Bikos et al., 2021b; Bikos, 2022).
he compressive and tensile stress–strain behaviour of the two micro-
erated chocolate materials were also available in Bikos et al. (2023a)
nd are presented here in Figs. 8(a) and 9(a) where comparisons are
ade with the micromechanical models in Section 3.

.2. Microstructure of micro-aerated samples

The microstructure of both micro-aerated and non micro-aerated
𝑓 = 0vol%) samples was investigated though the Scanning Electron
icroscope (SEM). Figs. 2a and 2b show the microstructure of the

wo chocolate materials, 𝑓 = 0vol% and 𝑓 = 15vol% respectively.
Besides pores, which are clearly seen in Fig. 2b, sugar particles are
also visible. The sugar particles appear as crystals and their size ranges
between 10 μm to 40 μm (Bikos et al., 2021b), which is in agreement
with values reported in the literature (Reinke et al., 2016). The pore
size distribution from these SEM images is shown in Fig. 3(a).

In order to further investigate the microstructure of the micro-
aerated samples, XRT was also taken (Bikos et al., 2021b) and the
average pore size distribution was calculated (Fig. 3(a)). The 2D SEM
images led to an average pore diameter of 38 μm and the average

pore diameter calculated through the 3D XRT image was 45 μm for



European Journal of Mechanics / A Solids 104 (2024) 105221G. Samaras et al.

e

c

Fig. 2. SEM images of (a) non micro-aerated and (b) 𝑓 = 15vol% micro-aerated samples. More details about the SEM images and additional information appearing in them,
.g. sugar crystals, can found in the paper published by Bikos et al. (2021b).
Fig. 3. (a) Size distribution of pores measured from five SEM images (in the case of the 𝑓 = 10vol% and 𝑓 = 15vol% chocolate) and 3D geometry from XRT images (only 𝑓 = 15vol%
hocolate), (b) 3D representation based on XRT images showing the pores dispersed inside the 𝑓 = 15vol% micro-aerated chocolate, the blue spheres, i.e. micro-pores are randomly

dispersed into the brown cube, i.e. chocolate 3D contour plot of the pore diameters processed from the XRT images (Bikos et al., 2021b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
both micro-aerated samples with 𝑓 = 10vol% (results not shown) and
𝑓 = 15vol% micro-aeration (Bikos et al., 2021b). The latter mean value
of 45 μm was used for the generation of monodisperse and polydisperse
virtual porous geometries for the micromechanical study, as will be
described in Section 3. The actual 3D reconstructed geometry from
XRT, shown in Fig. 3(b), was also used in the micromechanical study
in addition to the generated virtual porous unit cells. This analysis will
be presented in detail in Section 3.

Fig. 3(a) reveals that a few bigger pores of diameter higher than
100 μm are present in the aerated samples. These bigger pores were also
present in the non-aerated chocolate, due to the manufacturing process.
The bigger pores were hence not included in the micro-mechanical
study.

2.3. Experimental in vitro replicate of the first bite

A pair of upper and lower molar teeth were extracted from a
digitised adult male 3D skull, generated using X-ray tomography, and
were used for both the in vitro experimental rig and the in silico FE
simulations. The two sets of molar teeth were tilted in order to become
normal to the laboratory surface and also to simplify the model. In
order to attach the molar teeth onto a screw driven mechanical tester,
adaptors were designed and were 3D printed as one continuous piece
with the teeth using a Stratasys Dimension 1200es machine and were
3

made of Acrylonitrile Butadiene Styrene (ABS). A compliance test was
also employed to eliminate any effects that a possible deformation of
the ABS has due to interaction with the chocolate and also correct
for the compliance of the machine. For a more detailed description
of the experimental rig, the reader is referred to the study of Samaras
et al. (2023). The chocolate specimens were cut using a razor blade in
lengths of 10mm. The width of 14mm and height of 8mm was fixed
from the manufacturing process of the specimens and the overall cross
sectional area was 140mm2. These dimensions correspond to a mass
of 1.5 g, which is consistent with the study of Lucas and Luke (1983)
and in the range of the mouthful size (Chen, 2009; Yven et al., 2010).
Fig. 4 depicts the 3D printed molar teeth together with the chocolate
specimen.

2.4. Particle size distribution of fragments from in vivo and in vitro models
of the first bite

The in vivo mastication tests were conducted by five volunteers,
who were asked to chew the chocolate specimens for one cycle (Bikos
et al., 2021b). The chocolate specimens were cut using a razor blade
in lengths of 10mm. The width of 14mm and height of 108mm was
provided from the manufacturing process of the specimens and overall
the cross sectional area was 140mm2. The specimens were placed in
thin plastic sealed bags of 0.02mm thickness, to avoid the contact of the
specimens with the saliva and the inner mouth surfaces. Isolating the

food specimen using sealed bags, allows for the study of fragmentation
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Fig. 4. Experimental set up consisting of the 3D printed teeth attached to a screw
driven mechanical tester. The position and the dimensions of the chocolate sample are
also shown.

due to the interaction with the teeth without considering the chemical
degradation and hydration of the chocolate due to interactions with the
saliva. The silicon bags also facilitated the collection of the fragments
after the end of each mastication test. The volunteers were asked to
place the bag with the specimen between the molar teeth and chew
naturally; no further instruction was given regarding the applied force
or the speed that they would apply to perform the bite. Afterwards,
the plastic sealed bags were collected, the fragments were removed
from the bags, dropped gently onto a flat plate and a colour image
was captured. The methodology presented by Bikos et al. (2021b)
or the estimation of the fragmentation is briefly presented here. The
orphology of the fragments was studied through image analysis tech-
iques (Yven et al., 2010) using the open source software ImageJ (v1.52
ational Institutes of Health) (Schneider et al., 2012). The colour im-
ges were imported into ImageJ, where the image contrast was changed
n order to make the edges of the fragments more visible and the
ifferent fragments more distinct. The images were then turned into 8-
it format (black and white) and the process for calculating the 2D area
overed by the fragments was enabled. The surface area covered by
he fragments was converted to an equivalent diameter corresponding
o the same area. Based on these diameters, the size distribution was
omputed and averaged across the five volunteers. The methodology
eveloped by Sahagian and Proussevitch (1998) was applied to convert
he 2D diameter distribution into a 3D size distribution. This approach
akes into account any random cut plane and any shape of particles to
onvert the 2D size distribution into a 3D distribution and therefore to
orrect any errors associated with the naturally fractured 2D surfaces.

The same procedure as above was also followed for the in vitro mas-
ication where the experiment presented in Section 2.3 was repeated
ith food specimens in silicon bags. The effect of the silicon bags on the

orce–displacement curves was investigated by comparing the force–
isplacement curves with and without the silicon bags present. It was
ound that the results were not influenced by the presence of the silicon
ag and the force–displacement measurement with the silicon bag lied
n the error bar range of the values obtained without the silicon bags.
he same methodology was followed for the estimation of the fragment
article size distribution. This enabled the comparison between the in
4

ivo and in vitro fragmentation of the chocolate due to the first bite.
. Micromechanical modelling

The micro-aerated chocolate consists of a polydisperse porous dis-
ribution in the matrix. In this section, the methodology followed to
stimate how the elastic, plastic and fracture properties are influenced
y micro-aeration is presented. Initially, the size of the unit cell that can
e considered as representative is calculated and then FE simulations
re employed to estimate the mechanical properties for the two porosity
evels, 𝑓 = 10vol% and 𝑓 = 15vol%, for both monodisperse and
olydisperse pore distributions. Finally, the analytical models used to
ompare the experimental and computational results are presented.

.1. Generation of virtual microstructures

The open source code Mote3D (Richter, 2017) is a Random Se-
uential Adsorption (RSA) algorithm capable of generating random
articulate microstructures with periodic surfaces and it was used
or the generation of both monodisperse and polydisperse porous mi-
rostructures with micro-aeration levels 𝑓 = 10vol% and 𝑓 = 15vol%.
he following parameters needed to be specified in Mote3D: the edge

ength of the cube, the number of voids (spherical particles), the mean
nd standard deviation (for polydisperse distribution) of the voids’ di-
meter distribution and the particle overlap factor that defines the min-
mum acceptable distance between adjacent particle centres (Richter,
017). Representative porous microstructures of increasing volume,
ut constant micro-aeration level of 𝑓 = 15vol%, are depicted in
ig. 5.

Mote3D gave outputs of the centre coordinates and radii of the
ores. These data were then processed by a Python script to generate
readable file by the commercial software NETGEN (Schöberl, 1997)
hich was used for meshing the microstructures. NETGEN (Schöberl,
997) is capable of creating periodic meshes, which is required in the
urrent study, by creating identical surface meshes at opposite surfaces
f the unit cell. The unit cells were meshed with three dimensional
en-node quadratic tetrahedral elements (C3D10 in ABAQUS Michael,
017).

.2. Boundary conditions and estimation of RVE size

Following the study of Zerhouni et al. (2019), the size of the RVE
as calculated by comparing the behaviour of the generated RVEs
hen Kinematic Uniform Boundary Conditions (KUBC) and Periodic
oundary Conditions (PBC) are applied. Eq. (1) describes the KUBC,
here an average strain 𝜺 is applied at any material point 𝐱 of the

boundary of the unit cell 𝜕𝑉 and the displacement field 𝐮(𝐱) is:

𝐮(𝐱) = 𝜺 ⋅ 𝐱 (1)

KUBC overconstrain the unit cell providing an overestimation of the
effective elastic properties. PBC are imposed on the opposite bound-
aries of the unit cell as described by Mbiakop et al. (2015) and the
displacement field 𝐮(𝐱) is given by:

𝐮(𝐱) = 𝜺 ⋅ 𝐱 + 𝐮∗(𝐱) (2)

here 𝐮∗(𝐱) is a periodic field. The PBC were applied in ABAQUS
Michael, 2017) through an MPC subroutine provided from the NET-
EN (Schöberl, 1997) open source software used to mesh the unit
ells.

The convergence criterion introduced by Zerhouni et al. (2019) was
sed to estimate the size of the unit cell that can be considered as
epresentative of the whole volume. This states the following:

– the difference between the effective properties calculated by ap-
plying KUBC and PBC should be less than 2% and

– further increase of the size of the unit cell does not fluctuate the
effective properties calculated by KUBC by more than 0.1%
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Fig. 5. Unit cells of 𝑓 = 15vol% micro-aeration, generated with the RSA algorithm. The increasing size of the cubes is accommodated with increased number of pores in order for
the porosity to remain constant.
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Table 1
Sizes of unit cells, for the two examined porosi-
ties, used for the computation of RVE. The sizes
correspond to both monodisperse and polydisperse
microstructure, and the radius (mean radius for the
polydisperse unit cells) is 𝑅 = 22.5 μm.

𝑓 = 10vol% 𝑓 = 15vol%

𝑁 𝐿 [mm] 𝐿 [mm]

30 0.24 0.21
50 0.28 0.25
75 0.32 0.28
100 0.36 0.31
150 0.42 0.36

The PBC is the most efficient in terms of the convergence rate with
ncreasing RVE size, whereas the KUBC provides a wrong prediction of
he effective property for small RVEs and converges to an asymptotic
alue of the averaged property for bigger volumes. The convergence
f apparent properties to the effective ones as the size of the unit
ell increases, has been investigated by Huet (1990, 1999), Ostoja-
tarzewski (1998, 1999), Pecullan et al. (1999) and Terada et al.
2000).

Four different sizes of periodic unit cells with gradually increasing
ize of edge length 𝐿 and number of pores 𝑁 (to keep the porosity
onstant) were examined for both porosities of 𝑓 = 10vol% and 𝑓 =
5vol%. Detailed information about the unit cells generated with the
SA algorithm is presented in Table 1. Micromechanical analysis is also

conducted on the 3D reconstructed geometry of Fig. 3(b) and since the
eometry is not periodic, only KUBC are applied on the boundaries.

The two types of boundary conditions presented above were im-
lemented to the generated microstructures and linear elastic FE sim-
lations were conducted, where the matrix was modelled as a linear
sotropic material with Young’s modulus 𝐸 = 100MPa and Poisson’s
atio 𝜈 = 0.49, which are properties calculated from experiments con-
ucted on the non-aerated chocolate samples. More details regarding
he experimental procedure can be found in the work of Bikos et al.
2021b). The estimation of the representative volume size was made
nder the linear elastic assumption, in order to reduce the computa-
ional time. A more accurate constitutive model was applied for the
stimation of the plastic and fracture properties.

The homogenised stiffness tensor is calculated from the volume
verage stress and volume average strain fields using the constitutive
quation:

𝝈(𝐱) = C𝑒𝑓𝑓 ∶ 𝜺(𝐱) (3)

where C𝑒𝑓𝑓 is the effective stiffness tensor.
According to Kanit et al. (2003) the homogenised stiffness tensor is

calculated by imposing six average strain fields in different directions
5

i

in order to calculate all the six columns of C𝑒𝑓𝑓 . Taking advantage
of the isotropic behaviour of the microstructures developed using the
RSA algorithm (Anoukou et al., 2018), the elastic properties can be
described by the bulk modulus, 𝑘, and the shear modulus, 𝜇. The reader
is referred to the study of Kanit et al. (2003) for a detailed description
of the methodology.

3.3. Material modelling

A modified Johnson-Cook constitutive model without the effect of
temperature was employed to model the chocolate in the RVEs of the
micromechanical models. Eq. (4) describes the constitutive equation:

𝜎𝑦 =
[

𝐴 + 𝐵
(

𝜀𝑝𝑒𝑞
)𝑛]

[

1 + 𝐶 ln

(

�̇�𝑝𝑒𝑞
�̇�0

)]

(4)

where 𝜀𝑝𝑒𝑞 is the equivalent plastic true strain, �̇�𝑝𝑒𝑞 is the equivalent
plastic true strain rate, �̇�0 is the reference strain rate (0.01 s−1 in
Fig. 1) which corresponds to the lowest strain rate the experiments
were conducted. The parameters 𝐴,𝐵 and 𝑛 control the hardening
behaviour and the terms 𝐶 and �̇�0 the rate dependent behaviour. The
Young’s modulus, 𝐸, and the Poisson’s ratio, 𝜈, was taken from the
study of Bikos et al. (2021b). It is noteworthy that the Johnson-
Cook constitutive model has demonstrated successful application to
non-metallic materials such as concrete (Wan et al., 2021), which,
ike chocolate (Bikos et al., 2023a), are granular particulate systems.
urthermore, considering that chocolate is a highly filled material
omprising crystalline particles such as sugar and fat, there exists
phenomenological resemblance to behaviours observed in metallic
aterials. The compression data in Fig. 1 were used to calibrate the

ohnson-Cook model, as this allowed calibration to higher strains. The
ensile experimental data were however employed for the definition
f the plastic strain at fracture as a function of the triaxiality factor.
uring the first bite process, the teeth apply compressive loads hence

he compression data are important. However, it is argued that fracture
ccurs due to the lateral tensile deformation, hence the fracture data
n tension are also needed. The Young’s modulus, 𝐸 was estimated
rom the compressive experimental data of Fig. 1 and was considered
he same for tension. It is worth noting that, the elastic modulus in
ompression for the strain rates used for calibration (�̇� > 0.01 s−1)
as constant (Bikos et al., 2021b) and the viscoelastic behaviour was

gnored taking into account only the rate-dependent plastic response
hrough the Johnson-Cook constitutive model. All the calibrated param-
ters are given in Table 2. The Johnson-Cook model was implemented
n ABAQUS through a VUMAT subroutine in order to be coupled with

VDFLUX subroutine as it will be discussed in Section 3.3.2. In the
urrent study, the assumption that the mouth temperature does not

nfluence the fragmentation of the food during the first bite is being
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Table 2
Material properties for non aerated chocolate for the
FE simulations.
Parameter Value

Density, 𝜌 [kgm−3] (Bikos et al., 2021b) 1300
Elastic modulus, 𝐸 [MPa] 100
Poisson’s ratio, 𝜈 [–] 0.49
𝐴 [MPa] 1.35
𝐵 [MPa] 3.5
𝐶 [–] 0.05
𝑛 [–] 0.8
�̇�0 [s−1] 0.01
Internal length, 𝑙 [mm] 0.08
𝑑𝑐𝑟 0.1

made. Furthermore, in both micromechanical and micromechanical
simulations where the non local damage model is applied, temperature
is used through a VDFLUX subroutine but has no physical meaning.
Moreover, it is important to note that the low thermal conductivity and
relatively high specific heat capacity of chocolate can act as limiting
factors that inhibit self-heating (Bikos et al., 2023b).

3.3.1. Ductile damage model
Although several damage models exist in the literature (Le et al.,

2018), a version of the modified damage model of Bai and Wierzbicki
(2008) is adopted in the current study. For a direct comparison with the
built-in ductile damage model of ABAQUS, the same linear dissipation-
energy-based damage evolution law is applied (Michael, 2017), and the
rate of evolution of the damage parameter, �̇�, is given by:

̇ =
𝜎𝑦,𝑖𝑙
2𝐺𝑓

�̇�𝑝𝑒𝑞 (5)

here 𝜎𝑦,𝑖 is the yield stress at the damage onset, 𝑙 is an internal length,
�̇�𝑝𝑒𝑞 is the equivalent plastic strain rate, and 𝐺𝑓 is the fracture energy

ith dimensions of energy per unit surface area [J∕m2]. Overall the
amage evolution law is controlled by a damage initiation equivalent
lastic strain, 𝜀𝑝𝑒𝑞,𝑖 and an energy based evolution law including the
riaxiality parameter, 𝜂:

=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0; 𝜀𝑝𝑒𝑞 ≤ 𝜀𝑝𝑒𝑞,𝑖
∫
𝜀𝑝𝑒𝑞,𝑓
𝜀𝑝𝑒𝑞,𝑖

𝜎𝑦,𝑖𝑙
2𝐺𝑓

d𝜀𝑝𝑒𝑞 ; 𝜀𝑝𝑒𝑞,𝑖 < 𝜀𝑝𝑒𝑞 < 𝜀𝑝𝑒𝑞,𝑓
𝑑𝑐𝑟 𝜀𝑝𝑒𝑞 = 𝜀𝑝𝑒𝑞,𝑓

(6)

where complete damage is achieved when the damage parameter 𝑑
reaches a critical value 𝑑𝑐𝑟. The 𝐺𝑓 value of the chocolate was reported
o be in the range 8–12 J∕m2 (Bikos et al., 2021b) for the different
peeds and an average value of 𝐺𝑓 = 10 J∕m2 is adopted for the damage
volution law of Eq. (6). The internal length and the critical damage
alue are calibrated following the methodology presented in the study
f Wu et al. (2017), were found to be 𝑙 = 0.08mm and 𝑑𝑐𝑟 = 0.1
espectively (Samaras et al., 2023). Table 2 summarises the calibrated
arameters of the constitutive and damage models.

The compressive and tensile experimental data were used for the es-
imation of the equivalent plastic strain at fracture initiation, 𝜀𝑝𝑒𝑞,𝑖(�̇�, 𝜂).
he maximum points in the compressive part of the stress–strain data

n Fig. 1 were used as the value of 𝜀𝑝𝑒𝑞,𝑖 for compression (𝜂 = −1∕3).
or tension, 𝜂 = 1∕3, the maximum points in the tensile stress–strain
ata were used. In both cases, the value of 𝜀𝑝𝑒𝑞,𝑖 was given as a function
f applied true strain rate, �̇�. The damage criterion was extended to
nclude the equivalent plastic strain in shear, 𝜀𝑝,𝑠𝑒𝑞,𝑖, for each strain rate
̇ as well. The equivalent plastic strain in shear (𝜂 = 0) is approximated
sing Eq. (7) (Skamniotis et al., 2017) derived from the von Mises
quivalent strain, with 𝜀𝑝,𝑡𝑒𝑞,𝑖 representing the equivalent plastic strain
t the damage onset in tension.

𝑝,𝑠 =

√

3
𝜀𝑝,𝑡 (7)
6

𝑒𝑞,𝑖 2 𝑒𝑞,𝑖 r
Table 3
Equivalent plastic strain at damage onset for non
aerated chocolate for different stress states and
strain rates.
𝜀𝑝𝑒𝑞,𝑖 𝜂 �̇�(s−1)

0.16 −1∕3 0.01
0.0058 0 0.01
0.006 1∕3 0.01
0.154 −1∕3 0.1
0.0069 0 0.1
0.008 1∕3 0.1
0.08 −1∕3 1
0.0078 0 1
0.009 1∕3 1

The equivalent plastic strains for non aerated chocolate at the damage
onset for different strain rates and stress triaxiality values are shown in
Table 3. It is important to acknowledge that the stress triaxiality values
in both the micromechanical and first bite models extend beyond the
calibrated range of −1/3 to +1/3. This specific range was chosen to
replicate the experimental conditions, particularly in compression and
tension tests, which served as the basis for calibrating the constitutive
model. In cases where the stress triaxiality values fall outside this cal-
ibrated range, Abaqus extrapolates to estimate these values (Michael,
2017).

3.3.2. Strain gradient enhanced damage model
Peerlings et al. (1996) formulated the implicit gradient form of

the Pijaudier-Cabot and Bažant (1987) non-local approach, which is
written as:

𝑒𝑝𝑒𝑞 − 𝑙𝑐ℎ∇(2)𝑒𝑝𝑒𝑞 = 𝜀𝑝𝑒𝑞 in 𝛺 (8)

where 𝜀𝑝𝑒𝑞 is the local equivalent plastic strain, 𝑒𝑝𝑒𝑞 is the non-local
quivalent plastic strain, 𝑙 is the internal characteristic length with
imensions of length and 𝛺 is the occupied domain. Eq. (8) is solved
ogether with the following natural boundary condition.

𝜕𝑒𝑝𝑒𝑞
𝜕𝑛

≡ 𝐧 ⋅ ∇𝑒𝑝𝑒𝑞 = 0 on 𝜕𝛺 (9)

here 𝐧 is the unit outward normal vector to the surface 𝜕𝛺. Eq. (8)
efines the non-local equivalent plastic strain implicitly in terms of the
ocal plastic strain and together with the boundary condition of Eq. (9)
ormulate the boundary value problem that needs to be solved.

Eqs. (8) and (9) were solved following the work of Papadioti et al.
2019), who took advantage of the similarities between Eq. (8) and the
ransient heat transfer equation given by:

∇(2)𝑇 + 𝑟 = 𝜌𝑐�̇� (10)

here 𝑐 is the specific heat, 𝑇 is the temperature, 𝑘 is the thermal
onductivity, 𝑟 is the heat supply per unit volume and 𝜌 is the den-
ity (Michael, 2017). Comparing Eqs. (8) and (10) there is a direct
orrelation between the non-local equivalent plastic strain, 𝑒𝑝𝑒𝑞 , and
he temperature, 𝑇 . It is, then, possible to use the already available
DFLUX subroutine in ABAQUS Explicit (Michael, 2017), to solve the
on-local problem, by replacing 𝑇 with 𝑒𝑝𝑒𝑞 , 𝑘 with 𝑙𝑐ℎ and finally 𝑟 with
𝑝
𝑒𝑞 − 𝑒𝑝𝑒𝑞 (Samaras et al., 2023).

The transient heat transfer Eq. (10) is already implemented in the
DFLUX subroutine which can be coupled with the constitutive equa-

ions in the VUMAT. The 𝑙𝑐ℎ was calculated by performing benchmark
ests similar to Seupel et al. (2018). In those benchmark tests where an
nduced shear band was formed, the 𝑙𝑐ℎ was selected so the width of
he shear remained constant for different mesh refinements. The 𝑙𝑐ℎ is a
eometrical parameter and depends on the size of the specimen. In the
urrent paper, the value selected for the micro-mechanical and macro-
echanical in silico model will be defined in Sections 4 and 5.2. The
eader is referred to the study of Papadioti et al. (2019) for a detailed
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discussion regarding the computational aspects that should be taken
into account when using the transient heat transfer equation to solve
Eq. (8). The efficacy of the strain gradient enhanced damage model
on reducing the mesh dependency of the results has been presented in
our recently published paper (Samaras et al., 2023), where different
mesh refinements of the food sample in the first bite model has been
employed. A coarse (100,000 elements) and a dense (140,000 elements)
mesh discretisation of the food specimen was applied and the force–
displacement data were compared. It was found that the non-local
damage law implemented through the VDFLUX subroutine alleviates
the model from mesh-dependent results that were present when the
local damage model was applied.

3.4. Analytical models

The Hashin–Shtrikman (HS) upper bound and Voigt bound are
used for determining the Young’s modulus for comparison with the
numerical and experimental results. The Young’s modulus, according
to the Voigt model is calculated as follows:

𝐸𝑖 = 𝑓𝐸, 𝑖 = {10 vol%, 15 vol%} (11)

here 𝐸 is the Young’s modulus of the non aerated chocolate, 𝐸𝑖 is the
oung’s modulus of the porous chocolate (10vol% or 15vol%) and 𝑓 is

the porosity.
Hashin and Shtrikman (1963) extended the Voigt and Reuss models

and provided closer upper and lower bounds for the elastic modulus.
The bulk, 𝑘𝐻𝑆 , and shear, 𝜇𝐻𝑆 , moduli according to the Hashin–
Shtrikman upper bounds are calculated as:

𝑘𝐻𝑆 =
4(1 − 𝑓 )𝜇𝑚𝑘𝑚
4𝜇𝑚 + 3𝑓𝑘𝑚

(12)

𝐻𝑆 =
(1 − 𝑓 )

(

8𝜇𝑚 + 9𝑘𝑚
)

𝜇𝑚
4𝜇𝑚(2 + 3𝑓 ) + 3𝑘𝑚(3 + 2𝑓 )

(13)

here 𝑘𝑚 and 𝜇𝑚 are the bulk and shear moduli of the matrix. The
oung’s modulus, 𝐸, and the Poisson’s ratio, 𝜈, are then calculated
sing the following equations:

𝐻𝑆 =
9𝑘𝐻𝑆𝜇𝐻𝑆
3𝑘 + 𝜇𝐻𝑆

(14)

𝑣𝐻𝑆 =
3𝑘𝐻𝑆 − 2𝜇𝐻𝑆
6𝑘 + 2𝜇𝐻𝑆

(15)

The two analytical models will be compared against the results from
the micromechanical analysis and the experimental data.

4. Micro-mechanical model results

Initially, the results for the prediction of the elastic modulus are
presented, where simulations using both the monodisperse and the
polydisperse pore distributions were conducted. The error bars, pre-
sented in the figures of this section, correspond to the maximum and
minimum values calculated using five different RVE configurations
randomly generated by Mote3D. In Figs. 6(a) and 6(b), the normalised
Young’s moduli of the 𝑓 = 10vol% chocolate for various monodisperse
and polydisperse configurations are presented respectively. The PBC
converge faster than the KUBC, as expected, and the error bars of the
calculations are smaller for the PBC. The normalised Young’s modulus
with PBC reaches a constant value for unit cell with 𝑁 = 75 pores,
whereas the KUBC converge for a larger unit cell of 𝑁 = 100 pores.
The convergence criteria are met for both KUBC and PBC for a unit
cell with 𝑁 = 100 pores, mean diameter of 𝐷 = 45 μm and edge size of
𝐿 = 0.36mm. This is in agreement with the findings of Zerhouni et al.
(2019) who suggested that a ratio of 𝐷∕𝐿 ≈ 0.1 leads to converged
RVEs. The normalised Young’s moduli of the 𝑓 = 15vol% chocolate
for monodisperse and polydisperse microstructures are presented in
Figs. 6(c) and 6(d) respectively. The results showed that a unit cell
7

with 𝑁 = 100 pores and edge size 𝐿 = 0.31mm is considered as
representative.

The elastic modulus results from the micromechanical models for
both porosities 𝑓 = 10vol% and 𝑓 = 15vol% are presented in Fig. 7.
In the same Figure, the normalised Young’s modulus from the upper
Hashin Shtrikman bound and the Voigt model is shown for compar-
ison purposes. In addition, experimental data on the same chocolate
materials taken from Bikos et al. (2021b) are also added in Fig. 7. An
excellent agreement is observed between the FE models and the exper-
imental data. The two analytical models are also close to the FE model
results and the experimental data. The XRT geometry for porosity 𝑓 =
15vol%, was also modelled in FE and the calculated Young’s modulus
lies between the error bars of both experiments and FE simulations
using the MOTE3D generated geometries. It is worth mentioning that
although KUBCs were used in the XRT, which overestimate the effective
properties, the results agree with those of the converged RVEs, where
PBC were used. This result is reasonable, since, as shown in Fig. 3(b),
the size of the XRT geometry (𝐿𝑋𝑅𝑇 > 1mm) is greater than the size
of the RVE (𝐿𝑅𝑉 𝐸 = 0.31mm), which was selected according to the
convergence criteria, and the effective properties calculated with KUBC
coincide with the PBC for large RVE sizes.

The converged RVE microstructures, as determined from the elastic
analysis, were used for the estimation of plastic and fracture properties
of the micro-aerated chocolate. The lower surface of the RVEs was
encastred whereas the tensile or compressive displacement was applied
at the top surface. This type of boundary conditions allowed the direct
comparison of the FE simulations to the experimental data. The con-
stitutive model coupled with the non-local damage evolution law was
used in compression and tension FE simulations for different strain rates
using the converged RVE geometries. Different mesh refinements were
tested for both the polydisperse and the monodisperse microstructures,
and the value of 𝑙𝑐ℎ = 0.06mm provided mesh-independent results
without making the FE simulations computationally expensive. The
stress–strain curves from the FE simulations were compared with com-
pression and tension experiments. The purpose of this analysis was to
study the effect of the pore distribution on the mechanical properties
through a comparison between monodisperse and polydisperse unit
cells.

Both monodisperse and polydisperse microstructures were modelled
for both porosities. All results exhibited a small variation, less than 5%,
in their mechanical response over the five repeats for all testing rates.
Therefore, the error bars are very small and not shown for clarity in
Figs. 8(a), 8(b), 9(a) and 9(b). The stress–strain graph for tension and
compression for porosity 𝑓 = 10vol% with polydisperse distribution is
presented in Fig. 8(a). The respective data of the monodisperse distri-
bution of the same porosity is shown in Fig. 8(b). Comparing Figs. 8(a)
and 8(b), initially, the elastic region in the compressive loading of the
FE simulations is in good agreement with the experimental data and no
difference is observed between monodisperse and polydisperse config-
urations. The FE simulations were also capable of capturing the initial
yield stress for both distributions and lie in good agreement with the
experimental data. Differences between polydisperse and monodisperse
microstructures appear in the plastic region. The fracture initiation
criterion was met at smaller strains for the monodisperse configuration
resulting in softening to occur faster leading to failure at smaller strains
than the experiments and the polydisperse pore configuration. This is
not present in the polydisperse configurations, where the stress–strain
graph of Fig. 8(a) reveals a more ductile behaviour resulting in a plastic
region and final a fracture strain that is in good agreement with the
compression experiments. A similar effect is also present in the tensile
stress–strain data. The polydisperse distribution is in better agreement
with the experiments than the monodisperse RVEs.

The same analysis was performed for the 𝑓 = 15vol% for both
monodisperse and polydisperse microstructures. A similar trend to the
𝑓 = 10vol% is also present for the 𝑓 = 15vol% as shown in Fig. 9. In

compression, the yield point is captured correctly for both polydisperse
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Fig. 6. Comparison between different sizes of unit cells for KUBC and PBC (a) 𝑓 = 10vol% monodisperse microstructure, (b) 𝑓 = 10vol% polydisperse microstructure, (c) 𝑓 = 15vol%
onodisperse microstructure and (d) 𝑓 = 15vol% polydisperse microstructure. Normalised Young’s modulus values are presented. The Young’s moduli of the solid matrix is shown

s 𝐸𝑚.
Fig. 7. Normalised Young’s modulus calculated from experiments (Bikos et al., 2021b),
micromechanical FE simulations using microstructures generated with the RSA algo-
rithm and micromechanical FE simulations with the 3D XRT geometry for porosity
𝑓 = 15vol%. The upper Hashin and Shtrikman and Voigt bounds are also shown.

(Fig. 9(a)) and monodisperse (Fig. 9(b)) distributions, whereas the
softening starts in smaller strain values for the monodisperse unit cells,
8

similar to Fig. 8. In tension, the polydisperse RVEs lie closer to the
Table 4
Material properties for 𝑓 = 10vol% and 𝑓 = 15vol% micro-aerated
chocolate for the FE simulations.
Parameter 𝑓 = 10vol% 𝑓 = 15vol%

Density, 𝜌 [kgm−3] (Bikos et al., 2021b) 1300 1300
Elastic modulus, 𝐸 [MPa] 120 130
Poisson’s ratio, 𝜈 [–] 0.49 0.49
𝐴 [MPa] 0.8 0.6
𝐵 [MPa] 2.1 1.7
𝐶 [–] 0.04 0.037
𝑛 [–] 0.7 0.63
�̇�0 [s−1] 0.01 0.01
internal length, 𝑙 [mm] 0.08 0.08
𝑑𝑐𝑟 0.1 0.1

experimental data, whereas the monodisperse distribution does not
provide a good prediction.

Table 4 summarises the calibrated parameters of the constitutive
and damage models for the two porosity levels. All the parameters were
calibrated using the compression stress–strain curves. The tensile data
were used for the estimation of the equivalent plastic strain at fracture
initiation due to tension (Table 5).

Fig. 10(a) depicts the yield stress comparing experiments with
monodisperse and polydisperse simulations for different strain rates
for micro-aeration 𝑓 = 10vol%. The yield stress is calculated as the
first point when the linearity of the elastic region ends, following
the methodology of Bikos et al. (2021b) to make possible the direct
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Fig. 8. Comparison between FE (solid lines) results and experimental results (dashed lines) for porosity 𝑓 = 10vol% for different strain rates for (a) polydisperse and (b) monodisperse
microstructure.
Fig. 9. Comparison between FE (solid lines) results and experimental results (dashed lines) for porosity 𝑓 = 15vol% for different strain rates for (a) polydisperse and (b) monodisperse
microstructure.
w
a

comparison between the FE calculations and the experimental results.
Fig. 10(c) presents the equivalent plastic strain to failure for experi-
ments and simulations in different strain rates for micro-aeration 𝑓 =
10vol%. The respective data for the 𝑓 = 15vol% porosity are presented
in Figs. 10(b) and 10(d).

Another important aspect is the estimation of the equivalent plastic
train at the initiation of fracture of the micro aerated chocolate from
he micromechanical simulations. The equivalent plastic strain at frac-
ure initiation, 𝜀𝑝𝑒𝑞,𝑖, is calculated from the strain that corresponds to
he highest stress before softening. Then, the equivalent plastic strain
s calculated through:

𝑝 = 𝜀 −
𝜎𝑒𝑞,𝑖 (16)
9

𝑒𝑞,𝑖 𝑒𝑞,𝑖 𝐸
ith the index 𝑖 indicating the damage initiation and the values of 𝜀𝑒𝑞,𝑖
nd 𝜎𝑒𝑞,𝑖 correspond to the highest stress value. Making use of Figs. 8(a)

and 9(a) the equivalent plastic strain values at fracture initiation are
calculated and the values are summarised in Table 5 for porosities
𝑓 = 10vol% and 𝑓 = 15vol% respectively. By using the relation 𝜀𝑝𝑒𝑞,𝑠 =
√

3
2 𝜀𝑝𝑒𝑞,𝑡 for the equivalent plastic strain in shear the respective values for

the equivalent plastic strain at the initiation of fracture were estimated.

5. Macro-mechanical simulation of the first bite

In this section, the in silico model for simulating the first bite will
be presented. The micro-aerated chocolate samples are simulated as
homogeneous using the material properties as those calculated from the

micromechanical analysis of Section 4. Initially, the in silico FE model
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Fig. 10. Yield stress comparison between experimental data and FE results from polydisperse and monodisperse microstructures at different strain rates for porosity (a) 𝑓 = 10vol%
nd (b) 𝑓 = 15vol%. Plastic strain at failure comparison between experimental data and FE results from polydisperse and monodisperse microstructures in compression at different
train rates for porosity (c) 𝑓 = 10vol% and (d) 𝑓 = 15vol%.
Table 5
Equivalent plastic strain at damage onset for different stress states
and strain rates for micro-aerated chocolate with porosity 𝑓 = 10vol%
and 𝑓 = 15vol%.

𝑓 = 10vol% 𝑓 = 15vol%

𝜂 𝜀𝑝𝑒𝑞,𝑖 �̇�(s−1) 𝜀𝑝𝑒𝑞,𝑖 �̇�(s−1)

−1∕3 0.065 0.01 0.023 0.01
0 0.0048 0.01 0.0025 0.01
1∕3 0.0055 0.01 0.003 0.01
−1∕3 0.04 0.1 0.025 0.1
0 0.0052 0.1 0.0052 0.1
1∕3 0.006 0.1 0.006 0.1
−1∕3 0.03 1 0.03 1
0 0.0053 1 0.0044 1
1∕3 0.0061 1 0.005 1

will be presented followed by the results and the fragmentation analysis
were the results obtained by the in vivo, in vitro and in silico studies will
be compared.

5.1. In silico model of the first bite

The geometry of the 3D printed pair of molar teeth was imported in
ABAQUS via using discrete rigid surfaces for the teeth and a deformable
part for the food specimen, according to the dimensions used in the
experimental set-up (Fig. 11). The 3D printed teeth were considered as
10

rigid, since the ABS is stiffer than the chocolate (𝐸𝐴𝐵𝑆 ≈ 1.9 − 2GPa >
𝐸𝑐ℎ ≈ 0.1GPa (Meincke et al., 2004)). The chocolate specimens had
dimensions 10×14×8mm in order to be consistent with the experiment.

The Explicit solver of ABAQUS (Michael, 2017) was used for the
FE models and the fully coupled thermal-stress analysis was run via
a conventional personal computer (Intel(R) Core(TM) i7 7700K CPU
4.2 GHz). A semi-automatic mass scaling such that a maximum target
time increment, 𝛥𝑡 = 10−5 s, is defined for the specified density, 𝜌 =
1300 kgm−3, while ensuring that the total kinetic energy is less than
2% of the total internal energy such that inertia effects are insignifi-
cant (Skamniotis et al., 2016). The upper and lower teeth were meshed
with 23 742 four-node 3D bilinear rigid quadrilateral elements. The
food specimen, with dimensions 10mm×14mm×8mm, was meshed with
140 000 eight-node thermally coupled bricks, trilinear displacement
and temperature elements (C3D8T) (Michael, 2017). A rigid surface
was placed below the lower molar teeth and a gravitational force was
applied to the food specimen after the completion of the first bite in
order for the fragments to be removed from the teeth area. The size
distribution of the fragments as they fell onto a flat plate due to gravity
was measured using an identical methodology to that used for the in
vivo mastication tests and the in vitro first bite tests in Section 2.4.

Another important aspect of the simulation is the friction coefficient
between the teeth and the food specimen. Since, there is no available
tribological experimental data between the ABS and the chocolate, a
parametric study was conducted and a friction coefficient of 𝜇 = 0.8
for the non aerated chocolate captured well the force displacement
experimental data (Samaras et al., 2023). The available tribological

experimental results between tongue and palate, presented in Samaras
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Fig. 11. The pair of molar teeth as those extracted and tilted from the full mouth geometry. The extracted molar teeth appear 180° rotated to be consistent with the experimental
set-up.
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et al. (2020), were used as a basis to estimate the decrease of the
coefficient of friction due to micro-aeration between the micro-aerated
samples and the teeth. The coefficient of friction values of 𝜇10% =
0.33 and 𝜇15% = 0.2 were measured for the 𝑓 = 10vol% and 𝑓 =
15vol% respectively, which was a 21% and 52% decrease comparing
to the non aerated samples coefficient of friction, which was 𝜇0% =
0.42. The assumption that the coefficient of friction reduces due to
micro-aeration by the same percentage as the tribological experiments
indicated was made. Following this rationale, for the 𝑓 = 10vol% micro-
aerated chocolate a coefficient of friction 𝜇10% = 0.63 was applied.
This value was selected considering the 21% decrease, compared to
the non-aerated samples, captured by the tribological experiments. The
coefficient of friction between the 3D printed teeth and the 𝑓 = 15vol%
micro-aerated chocolate was selected as 𝜇15% = 0.38, which is a 52%
reduction compared to the non aerated coefficient of friction value. All
the first bite simulations were run at a chewing speed of �̇� = 15mm s−1

which is closer to the physiological conditions in the mouth (Bikos
et al., 2021b).

5.2. Effect of micro-aeration on the first bite

The force–displacement results from the in vitro and in silico studies
for the non aerated, 𝑓 = 10vol% and 𝑓 = 15vol% micro-aerated
samples are shown in Fig. 12. The value of 𝑙𝑐ℎ = 0.1mm provided
mesh independent results for the in silico model as shown in the
study of Samaras et al. (2023). Both in vitro and in silico results are
plotted for a speed �̇� = 15mm s−1. The micro-aerated samples were
considered as homogeneous with the mechanical properties as those
calculated from the micromechanical analysis presented in Section 4
and are summarised in Tables 2 and Table 4. The error bars in Fig. 12
correspond to five different placements of the chocolate relative to the
teeth in both experiments and simulations and represent the minimum
and maximum values. There is a good agreement between in silico and
in vitro data for all micro-aeration levels.

5.3. Analysis of fragmentation results

Fig. 13(a) shows the fragments as those collected after the in vitro
experiment. Similar fragmentation images were obtained from the in
vivo and the in silico FE model. The images were then turned into
8-bit format (black and white), as shown in Fig. 13(b). Figs. 14(a)
and 14(b) depict the particle size distributions obtained from the in
vivo, in silico and in vitro non-aerated and 𝑓 = 15vol% micro-aerated
specimens respectively. The blue in vivo scatter points are acquired
from the study of Bikos et al. (2021b) and are compared with the in
vitro experimental results and the in silico model at a chewing speed
of �̇� = 15mms−1 obtained from this study, since it is closer to the
11

physiological conditions in the mouth. During the first bite, over 76% m
Fig. 12. Comparison between in vitro experimental and FE force displacement data
for the non-aerated, 𝑓 = 10vol% and 𝑓 = 15vol% micro-aerated chocolate. All values
correspond to a speed of �̇� = 15mm s−1.

of the non-aerated fragments are smaller than 1.25mm, compared to the
respective value of 88% for 𝑓 = 15vol% micro-aerated samples. At this
oint, it is worth noting that the 𝑓 = 10vol% chocolate samples were
ot included in the fragmentation study, since in vivo fragmentation

results were not available for this porosity.
The error bars of the in silico model, correspond to the maximum

and minimum value of five simulations where the relative position
between the teeth and the sample was changed randomly. The same
procedure was followed for the in vitro data were acquired from five
repeats. The FE in silico model lies in good agreement with both the in
vivo and in vitro results.

6. Discussion

Our work aims at estimating the effect that micro-aeration has
on the mechanical properties of chocolate and use these findings to
investigate the effect of micro-aeration on the mechanical breakdown
of chocolate during the first bite. In the past, a plethora of studies have
investigated the mechanical breakdown of foods during mastication in
order to provide a reliable simulation tool e.g. Harrison et al. (2014),

arrison and Cleary (2014), Skamniotis et al. (2019). A key improve-
ent of the current study is the multiscale analysis that is conducted

tarting from the microscale and applying the estimated mechanical
roperties in the macroscale first bite FE simulations. In addition, a

ore advanced non local damage model was used to reduce mesh
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Fig. 13. (a) Representative example of chocolate fragments after the in vitro tests of non-aerated samples was examined; similar fragments are obtained from the in vivo tests, (b)
inary image used to calculate the size distribution of the fragments.
Fig. 14. Comparison of fragment diameter between in vitro, in silico and in vivo mastication tests conducted for (a) non-aerated samples and (b) 𝑓 = 15vol% micro-aerated samples.
The in vivo results were obtained from the study of Bikos et al. (2021b).
m

ependency of the simulations. This work combined with our previous
ublications in the field provides a computational and experimental
ethodology that takes into account microstructural changes (micro-

eration) and provides results on the macroscale (fragmentation during
he first bite).

An assumption made in the current study is that the solid matrix of
he micro-aerated samples has the same properties as the non aerated
amples. For this reason, the 𝑙𝑐ℎ parameter remains constant, at 60 μm,
or all micro-aeration levels, since it can be related to the sugar crystal
ize, which lies in the same length scale (10–40 μm) and is present
n both micro-aerated and non aerated chocolate. This assumption
ight be the reason for the differences that are present between the

E results and the experimental data presented in Figs. 10c and 10d.
nother reason for underestimating the fracture strain in Figs. 10c and

10d is the fact that the matrix is considered as homogeneous without
taking into account other constituents that are present in the chocolate
matrix e.g. sugar crystals. This addition could provide more accurate
results but would also require properties of all the constituents and
their interfaces. In addition, the damage model parameters 𝑙 and 𝑑𝑐𝑟
remained constant across the different micro-aeration levels as it was
found to agree well with the experimental data.

The study of the fragment size distribution revealed a clear differ-
ence between the non aerated and micro-aerated chocolate. Based on
Figs. 14(a) and 14(b), it is evident that the micro-aerated chocolate
12

specimens break into more smaller pieces comparing to the non-aerated
samples, implying that the fragmentation is aided by micro-aeration.
This difference is also aligned with the findings from the microme-
chanical analysis, where a decrease of the fracture strain was ob-
served with increasing micro-aeration level, shown in Tables 3 for the

icro-aerated chocolate and Table 5 for the two porosity levels.
The degradation of the mechanical properties, due to micro-

aeration, as those measured by experiments (Bikos et al., 2021b)
and validated through the computational models, showed that micro-
aeration decreases the Young’s modulus, and the fracture strain. These
mechanical properties can be linked to the textural properties such as
softness, hardness and crumbliness which are present at the early stages
of the oral processing. The increase of fragmentation between the two
types of chocolate can potentially influence the melting time of the
fragments, since more surface is exposed to the mouth temperature and
the saliva. The reduced melting time can aid the thin film formation in
the mouth surfaces, which is related to the tribological properties and it
is in agreement with the tribological findings of Samaras et al. (2020).
A detailed analysis and link between chocolate structure, material
properties and sensory perception was presented in the study of Bikos
et al. (2022a). Although micro-aerated samples had less sugar content,
the sweetness remained at the same level according to the sensory panel
test. This was also validated from our fragmentation analysis where
the smaller-sized fragments of the 𝑓 = 15vol%, allow for more surface
to be exposed to the mouth temperature and therefore accelerate

melting. According to Bikos et al. (2022a) the faster melting time can be
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associated with increased sweetness perception. Based on the sensory
tests, structural changes can create significant changes in the sensorial
profile and the evolution of sensorial attributes during oral processing.
It is believed that there is a connection between structure and sensorial
attributes, but there is the need for conclusive statistical analysis to
validate those findings (Bikos et al., 2022a). Our work shows that it
is possible to make new food structures associated with favourable
outcomes in both consumer perception and human health.

7. Conclusions

Our study provides a multiscale framework that quantifies the ef-
fect of micro-aeration on the mechanical properties of chocolate and
subsequently how the first bite is influenced by this micromechanical
change.

We conducted a micromechanical computational study in order to
estimate the effect that micro-aeration has on the mechanical proper-
ties. A unit cell with 100 pores was considered as representative of the
entire volume and was used for the simulations. In compression, the
predicted Young’s modulus was found to agree well with the experi-
mental data for both micro-aeration levels 𝑓 = 10vol% and 𝑓 = 15vol%
for both monodisperse and polydisperse pore diameter distributions.
The same RVEs were used for the estimation of the plastic and fracture
properties. In both examined porosities the yield point in compression
was found to be in good agreement with the experimental data for
both monodisperse and polydisperse microstructures. However, only
the polydisperse RVEs predicted well the strain at failure. The unit
cells were also subjected to tension and the polydisperse RVEs were
found to lie closer to the experimental data, whereas the monodisperse
distribution did not provide a good prediction. The data from the
tension results were used to estimate the equivalent plastic strain at
fracture initiation due to tension. The estimated elastic, plastic and
fracture properties were used in the macroscopic in silico simulations
of the first bite. A digitised adult male 3D skull, generated using X-ray
computed tomography, was used to extract a pair of the two last molar
teeth for the in silico simulations and the same pair of molar teeth was
3D printed for the experimental in vitro set-up. The force–displacement
curves from the in silico simulations were found to agree well with the
in vitro experimental data for the non-aerated chocolate and for both
micro-aeration levels. Furthermore, the analysis conducted using the
chocolate fragments as derived from the in vivo, in vitro and in silico
showed a good agreement and captured the difference in fragmentation
size due to micro-aeration between the non-aerated and the 𝑓 = 15vol%
micro-aerated chocolate.

The presented combined modelling and experimental methodology
enables cost and time-efficient design tools for new food structures that
will contribute to developing food products with lower calorific value
while improving the consumer perception. This study combined with
already published work from our group (Bikos et al., 2021b,a, 2022b;
Samaras et al., 2020; Bikos et al., 2023a, 2022a) can be used towards
designing an optimised food structure that enhances the mechani-
cal, thermal and tribological properties of foods, while simultaneously
decreasing the calorific value and providing an overall nutritionally
superior end product.
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