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Aeration in foods has been widely utilised in the food industry to develop novel foods with enhanced sen-

sorial characteristics. Specifically, aeration at the micron-sized scale has a significant impact on the micro-

structure where micro-bubbles interact with the other microstructural features in chocolates. This study

aims to determine the effect of micro-aeration on the mechanical properties of chocolate products,

which are directly correlated with textural attributes such as hardness and crumbliness. Uniaxial com-

pression tests were performed to determine the mechanical properties such as Poisson’s ratio, Young’s

modulus and macroscopic yield strength together with fracture tests to estimate the fracture toughness.

In vivo mastication tests were also conducted to investigate the link between the fracture properties and

fragmentation during the first two chewing cycles. The uniaxial stress–strain data were used to calibrate a

viscoplastic constitutive law. The results showed that micro-aeration significantly affects mechanical pro-

perties such as Young’s modulus, yield and fracture stresses, as well as fracture toughness. In addition, it

enhances the brittle nature of the chocolate, as evidenced by lower fracture stress but also lower fracture

toughness leading to higher fragmentation, in agreement with observations in the in vivo mastication

tests. As evidenced by the XRT images and the stress–strain measurements micro-aeration hinders the

re-arrangement of the microscopic features inside the chocolate during the material’s deformation. The

work provides a new insight of the role of bubbles on the bulk behaviour of complex multiphase materials,

such as chocolates, and defines the mechanical properties which are important input parameters for the

development of oral processing simulations.

1. Introduction

The increasing demand for foods with reduced sugar,1,2 fat3–5

and salt content6,7 has led the food industry to consider poss-
ible replacements whilst aiming to maintain the desirable sen-
sorial and textural characteristics of the foods. The option of
gas inclusion into food networks has been widely utilised and
is associated with positive consumer experience, while at the
same time can lead to a reduction of the energy density of the
food product.8–10 Aeration in food systems can lead to changes
in the mouthfeel, may enhance satiety in the case of porous
liquids,8,11 and even improve the food product stability.12

Based on this, aeration has been widely adopted in numerous
food systems, such as milk, cakes, bread and chocolates9,13–15

producing novel and complex food structures aiming to
improve the food design and the consumer experience.

In the chocolate industry, aeration in chocolates is being
practised, as part of a growing effort to replace health sensitive
nutrients, such as sugars and fats, with gas, leading to the
design of new products with enhanced mouthfeel.16,17 This
concept lies in the fact that without reducing the volume frac-
tion of the ingredients, the original sensorial perception of the
chocolate is retained or even enhanced which is extensively
discussed for a variety of food materials by Minor et al.18 The
consequent reduction of the mass fraction of the ingredients
additionally addresses the reduction of the calorific value of
the product, leading to optimised, healthier products.11

Various manufacturing techniques, such as gas injection
and the use of vacuum chambers, and types of gases, CO2 and
N2, have been employed to create a range of bubbly structures
with different bubble sizes.17,19 In chocolate, based on the gas
selection, different bubble sizes can be formed in the choco-
late matrix varying from tens of microns up to several milli-
metres19 contributing to changes in the material’s structure as
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well as in textural perception.17 The size of the bubble strongly
affects the mouthfeel outcome. Bubbles of millimetre size,
which are visible to the unaided eye, could increase the brittle-
ness of the material, while the micro-bubbles, could poten-
tially attribute to a smoother mouthfeel.17

Micro-bubbles dispersed into a chocolate network greatly
influence the material microstructure and the dispersion
characteristics of the solid particles found in the chocolate.20

The size of these micro-bubbles is of similar scale with the rest
of the ingredients found in chocolate. Chocolates are a suspen-
sion of solid particles, such as sugar, cocoa, and milk powder
in the case of the milk chocolate in a continuous fat network
of cocoa butter.21,22 Aeration in this multiphase microstructure
could lead to structural changes in the chocolate and conse-
quently to changes in the chocolate texture in terms of the
eating experience and the mouthfeel sensations.17,23

It has been well established that the microstructure of cho-
colate significantly impacts the macroscopic rheological behav-
iour of the material22,24,25 and textural attributes such as hard-
ness and firmness.25 In general, the macroscopic behaviour of
a solid food product can be characterised by material pro-
perties such as Young’s modulus,26 yield and fracture stress.
These properties are responsible for the bulk response of the
food material during the first bite, where large deformations
and complex loading phenomena are observed.27 These pro-
perties, together with the fracture characteristics of the
material will determine the textural characteristics of the food
material during consumption.28–30

However, compared to the number of reported rheological
studies of melted (liquid) chocolate, there are limited studies
available in the literature investigating in depth the mechanics
of chocolates at solid-state.31–34 From these, only Svanberg
et al.34 measured the mechanical properties such as elastic
modulus using a newly proposed experimental method. No
studies according to the authors’ knowledge used systematic
mechanical protocols to determine the mechanical properties
of either aerated or non-aerated chocolates, such as the
Young’s modulus, Poisson’s ratio, yield stress and fracture
toughness. As a result, currently there are no calibrated consti-
tutive laws in the literature, based on such rigorous experi-
mental data. Such constitutive laws are required to predict
fracture in events such as the first bite. Furthermore, even
though many researchers in the past highlighted the visco-
elastic behaviour of the chocolate when the chocolate is
molten,22,35 no investigation on the rate-dependency of the
mechanical properties has been conducted so far when the
chocolate is in its solid state. When the investigation moves
towards micro-aeration and its effect on mechanical properties
of chocolates but also oral processing, there are no studies
available in the literature tackling this multidisciplinary
problem.

Evaluating accurately the bulk and fracture properties of
the food product will assist the prediction of the food’s
mechanical response inside the oral cavity and the initiation
of fracture when the material model will be used in conjunc-
tion with a damage criterion.36 The bulk properties are best

evaluated through a series of mechanical test protocols under
different modes of deformation, such as uniaxial/biaxial com-
pression and tension or shear.36–38 However, no damage
model was introduced in this work, which was focused on the
mechanical characterisation and the calibration of the consti-
tutive model.

This study investigates the bulk behaviour of three milk
chocolate products with typical compositions (two aerated at
10% and 15% by volume and one non-aerated) under a
mechanical action simulating the oral conditions. Uniaxial
compression tests and fracture tests are performed on all cho-
colate products to highlight the effect of aeration on the
mechanical and fracture properties respectively. In vivo masti-
cation tests on aerated and non-aerated commercial chocolates
(one aerated of 12% porosity and a non-aerated chocolate) are
also conducted, to highlight the effect of the respective
mechanical response on the oral process. In addition, the
extracted stress–strain data and mechanical properties from
the uniaxial compression tests, both from the monotonic and
the loading–unloading tests, are utilised to calibrate a visco-
plastic constitutive model, such that it can be readily used in
future computational models simulating the oral conditions.
This study attempts to link both the mechanical and fracture
properties with the mastication conditions and with the food
structure, which is closely related to textural attributes such as
food hardness, crumbliness and grittiness.

2. Materials and methods
2.1. Materials

Three types of milk chocolate, two aerated chocolates with
10% and 15% by volume gas (also referred throughout the text
as porosity) and a non-aerated chocolate, consisting of 44 wt%
sugar particles, 27 wt% cocoa fat, 10 wt% whole milk powder
and 6 wt% non-fat cocoa solids were provided by Nestlé
Product Technology Centre (NPTC) in York. The chocolate
mass was produced by the standardised manufacturing steps
of mixing, refining and conching. Specifically, the cocoa
liquor, the cocoa butter, the skimmed milk powder and milk
fat were mixed together and refined employing a three-roll
refiner to a target particle size of 33 μm. This particle size rep-
resented the Dv,90 (90% of the particles by volume are finer
than this threshold) and measured by a Malvern Mastersizer
3000. The chocolate flakes were then conched on a 60 kg
Frisse conching machine at 60 °C for ten hours to reduce the
viscosity levels and enhance the final flavour of the chocolate
product. After the completion of the conching, sunflower
lecithin was added to the chocolate mixture, which acts as an
emulsifier, to reach suitable viscosity levels and the conching
step was repeated for another two hours. The chocolate mass
was then tested for its viscosity and yield values at a tempera-
ture of 40 °C with a Haake VT550 viscometer to examine the
quality of the chocolate mass. The outcome showed a viscosity
value of 7.21 Pa s and yield stress of 8.31 Pa at shear rates of
40 s−1 and 5 s−1 respectively.24,39
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The non-aerated chocolate is produced using conventional/
standardised manufacturing process, whilst the micro-aeration
is achieved by dispersing nitrogen gas (N2) in the tempered
chocolate suspension followed by depositing the micro-aerated
mixture into the mould. This will result in the formation of
micro-bubbles due to the pressure drop when the gas leaves
the nozzle. The porosity was evaluated during manufacturing
by measuring the mass of non-aerated and micro-aerated cho-
colate samples of the same volume. In both manufacturing
processes of the non-aerated and the aerated materials, a
vibration step was performed on the moulded samples to
prevent the formation of larger air bubbles. However, it is
worth noting that the vibration step for the micro-aerated cho-
colate was performed for a shorter period of time to avoid the
release of the micro-bubbles from the mixture. Therefore, a
few large bubbles (>100 μm) might be trapped in the chocolate
mixture which is not associated with the micro-aeration
process.

The geometries, which were provided by Nestlé, were
cylindrical samples of 20 mm diameter and 20 mm height
(Fig. 1a) and rectangular beams of 80 mm length L, 15 mm
width W and 8 mm thickness B (Fig. 1e). The cylindrical
samples were used for uniaxial compression tests due to the
desired diameter to height ratio, 1 : 1, which is required for
these tests to reduce the effect of friction at the sample/

loading platen interfaces on the measurement outcome.29,37

The rectangular beams were used for single-edge notched
bending tests to evaluate the fracture toughness of the choco-
late material.

In addition, two types of commercial chocolate samples
(Fig. 1h and i), one non-aerated and one aerated with a 12%
porosity and a rectangular shape of 90 mm length L, 14 mm
width W and 8 mm thickness B were utilised for in vivo masti-
cation tests in order to bridge the gap between in vivo studies
and mechanical protocols. These commercial chocolates fol-
lowed the same manufacturing procedure and had the same
composition as the samples provided by NPTC to ensure that
the in vivo experiments and the experiments using the
mechanical protocols are directly comparable. These commer-
cial chocolates were used in the in vivo studies instead of the
chocolate samples provided by the NPTC, due to the fact that
the latter chocolates were produced in a pilot plant which does
not follow the required industrial safety procedures for human
consumption.

2.2. Investigation of the microstructure

The samples were pre-cracked along all faces with a razor
blade followed by a tap with a plastic mallet to produce a flat
naturally fractured surface. This process was performed to

Fig. 1 Illustration of the mechanical testing analysis. The images show: (a) the non-aerated chocolate cylindrical sample during uniaxial com-
pression test, (b) non-aerated chocolate sample at the end of compression test after applying a true strain of ε = 0.2, (c) the uniaxial compression
test configuration at the cylindrical sample for the evaluation of the Poisson’s ratio, where label 1: indicates the metallic compression plates, label 2:
the optical camera, label 3: thin PTFE sheet, label 4: micrometre, (d) non-aerated chocolate sample with rectangular beam shape with a notch of
length ‘a’ and length span ‘Lspan’ for SENB test, (e) non-aerated chocolate sample with rectangular beam shape, without a notch for compliance
SENB test, (f ) fracture surface of the notched non-aerated chocolate sample at the end of the SENB test, (g) fracture surface of the notched aerated
chocolate sample of 10% porosity at the end of the SENB test, (h) commercial non-aerated milk chocolate, (i) commercial aerated chocolate of 12%
with notches enabling the cutting process into equal sizes, ( j) initial chocolate size which is used for the mastication tests.
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ensure flat fractured surfaces on the samples and consequently
to assist the accuracy of the measurements used from the
microscopic investigation.

The microstructure of all types of chocolates was investi-
gated through scanning electron microscopy (SEM). A Hitachi
S-3400 SEM was used at variable pressure mode and at rela-
tively low accelerating voltages of 5 kV and 10 kV to prevent the
samples from melting. Three different regions, which included
at least fifty bubbles, and five chocolate samples were
inspected through SEM to describe a statistically representative
bubble size distribution. The acquired 2D images were further
processed via the open-source software ImageJ [v1.52 National
Institutes of Health]40 to calculate the bubble size distribution
of the aerated chocolate. A manual tool available on ImageJ
was used to select the surface area covered by the bubbles and
measure the corresponding area in mm2. This process was per-
formed in the maximum available magnification to minimise
possible errors. The 2D area was then converted to an equi-
valent diameter (a diameter which corresponds to the same
area). The 2D bubble size distribution was finally converted
into a 3D size distribution based on the methodology
described by Sahagian and Proussevitch.41 This approach
takes into account any random cut plane and any shape of par-
ticles to convert the 2D size distribution into a 3D and there-
fore to correct any errors associated with the naturally frac-
tured 2D surfaces.

A Carl Zeiss Xradia Versa 520 micro-scanning tomography
system was utilised to scan only the chocolate samples with no
aeration and aeration of 15% porosity due to the high cost of
the XRT experiments. For these tests, chocolate samples of
5 mm diameter and 5 mm height, under an accelerating
voltage of 40 kV and a current of 76 μA were used. An optical
lens with 4× magnification was used between the sensor and
the sample to increase the raw image resolution. The raw stack
of images was used to reconstruct the 3D volume geometry of
the chocolate microstructure of four hundred bubbles using
the software Avizo [v6.5.0 Thermo Fisher Scientific].42 The raw
XRT data were generated in the form of a volume file. Overall,
close to 500 images were stacked from an initial image size of
1984 × 2028 pixels and pixel size of 1.7 μm to ensure that all
the voids/bubbles can be identified. The pixel size of 1.7 μm
ensures that any bubble with a diameter of 4 μm and higher
can be recognised in the XRT images. This resolution was
found to be adequate since no bubbles were reported with
sizes less than 10 μm from the SEM images. The stack of
images was then further processed in Avizo for 3D reconstruc-
tion. Segmentation was first employed on one image to isolate
the gas bubbles from the chocolate microstructure. The same
settings for segmentation were automatically processed
through all stack of images to create the 3D volume of the
voids. The volume of bubbles was statistically processed within
the available tools in Avizo to visualise the size distribution of
the bubbles, classify the bubbles according to their sizes and
compute the porosity of the micro-aerated material. The recon-
struction of the 3D geometry was performed once since it
proved a challenging and time-consuming task and the bubble

size distribution of the aerated chocolate of 15% porosity was
compared with the results extracted from the SEM images.

The 2D XRT raw data were further processed with ImageJ to
investigate the interface region between the gas bubble and
the chocolate matrix. Initially, the contrast of the image was
adjusted to highlight the regions in the vicinity to the gas
bubble and chocolate matrix interface, followed by a threshold
process to distinguish the higher density surfaces which are
shown in white colour.

2.3. Mechanical tests – uniaxial compression

Uniaxial compression tests (see Fig. 1c) were performed on a
5584 universal Instron testing instrument with a 2 kN load cell
capacity (maximum loads observed during the compression
tests reached approximately 950 N) at a room temperature of
20 °C and 50% humidity. The axial and lateral expansion of
the chocolate samples were both measured via digital instru-
ments and by optical means from video recordings of the com-
pression tests. For the former technique the axial expansion
was measured by the Instron instrument while the lateral
expansion was monitored with the use of a micrometer which
was positioned in the middle of the sample. For the latter tech-
nique, the video recordings, using a Logitech HD Pro Webcam
C920 as shown in Fig. 1c, label 2, were synchronised with the
instrumental readings and images from the video recordings
were collected at different time intervals within the linear
regime of the material. The two techniques agreed well,
however, only the results from the imaging method are shown
in this study because it led to data with a lower scatter. The
lateral and axial contraction were then converted to transverse
and axial strains, respectively, using eqn (1) and the ratio of
these two strains is the estimation of the Poisson’s ratio. This
procedure was repeated three times for each sample and each
type of chocolate to account for any variations through the
batch. As it will be shown in section 3.2, based on the
measurements of the lateral and axial expansions taken from
the video images, we assume perfect incompressibility in all
samples, i.e. Poisson’s ratio of v = 0.5.

The data from the uniaxial compression tests were used to
determine the values of true (Cauchy) stress and true (Hencky)
strain data through the given relationship:

ε ¼ ln
H
H0

ð1Þ

σ ¼ F
A

ð2Þ

where F is the applied force, H (see Fig. 1b) and H0 (see
Fig. 1a) are the current and original sample height respectively
and A and A0 the current and the original sample’s cross-sec-
tional area. The sample’s current cross-sectional area is calcu-
lated based on the incompressibility assumption:

HA ¼ H0A0 ð3Þ
Compression tests were performed under monotonically

increasing applied strain, up to ultimate fracture (∼ε = 0.15) at
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four constant true strain rates, ε̇ ¼ 0:001 s�1, 0.01 s−1, 0.1 s−1

and 1 s−1 with each condition repeated five times. These rates
were chosen as they are relevant to the strain rates during mas-
tication, which ranges from 0.1 s−1 up to 2.5 s−1, as reported
by ref. 43–47. In order to minimise the barrelling of the speci-
mens in the compression tests, 0.2 mm thick PTFE sheets
(labelled 3 in Fig. 1c) were attached to both metallic com-
pression plates to minimise the interfacial friction between
the sample and the steel plates.37 Thin PTFE sheets were
chosen due to the fact that they have lower surface energy com-
pared to steel and consequently lower surface adhesion,48

which is related to friction.
Loading and unloading tests in compression mode were

undertaken on all chocolate products to highlight any inelastic
effects. For the non-aerated specimen, an initial strain up to
three strain thresholds of 0.015, 0.025, 0.045 was applied fol-
lowed by a strain removal until the sample returned to zero
force position (unloading stage). For the case of the aerated
specimens with 10% and 15% porosity, two strain levels were
applied of 0.01, 0.025 and 0.04, 0.025 respectively, during the
loading stage, and then the specimens returned to zero force
position. The procedure was repeated three times for each con-
dition and each type of chocolate, with the strain rate during
the loading and unloading stage remaining constant for all
tests at 0.01 s−1.

2.4. Mechanical tests – single edge notched bending (SENB)

Single edge notched bending tests were conducted according
to the ASTM standard D5045-9949 on rectangular beams of
80 mm length, 15 mm width 8 mm thickness to compute the
fracture toughness, Gc, of the chocolate product. The chocolate
samples were loaded in a three-point bending setup on a 5543
Instron testing instrument with a load cell capacity of 100 N
(maximum load observed approximately 20 N) and testing con-
ditions of 20 °C temperature and 50% humidity. The length
span, see ‘Lspan’ in Fig. 1d, and the notch depth, see a in
Fig. 1f and g, were chosen to be 60 mm and 7 mm respectively,
which is aligned with the requirements of the ASTM protocol
to ensure plane strain conditions. Force displacement data
were recorded at three constant crosshead speeds of 0.02 mm/
s, 0.2 mm/s and 2 mm/s. Four repeats were used for each
testing speed for all chocolate materials.

The stress intensity factor assuming plane strain conditions
for the SENB test was computed from:

KQ ¼ PQ
BW

1
2

� �
f xð Þ ð4Þ

where PQ is the maximum load or the load corresponding to
the ultimate fracture, B and W are the specimen thickness and
width respectively and f (x) is a function of the ratio of the pre-
notch crack depth and the width, a/W, which is given in the
ASTM standard D5045-99.49

Assuming linear elastic behaviour, the critical energy
release rate, known as fracture toughness Gc, can be evaluated
from eqn (5):

Gc ¼ U
BWφ

ð5Þ

where φ is a calibration factor depending on the ratio of the
pre-notch crack depth to the width, a/W and U is the energy
calculated from the area under the force-displacement curve.

Combining the fracture toughness Gc and the stress inten-
sity factor KQ, which was extracted from the SENB tests, into
eqn (6), the Young’s modulus of the material, E, can be calcu-
lated and compared to the value obtained from the uniaxial
compression tests:

E ¼ 1� v2ð Þ
Gc

KQ
2 ð6Þ

where v is the Poisson’s ratio of the material.
The SENB test configuration is shown in Fig. 2a. During

some of these tests, crack initiation was observed prior to the
maximum load for some repeats. In this case, according to
ASTM standard D5045-99, the load corresponding to the point
of crack initiation is defined as the point of intersection of the
5% compliance curve and the material’s load–displacement
(P–d ) response, as shown in Fig. 2b (see black arrow). In
addition, a correction to the energy U was performed in order
to account for possible indentation of the loading pin and the
supports into the sample and eliminate any machine compli-
ance, see Fig. 2c. In all cases, PQ is considered as the load
leading to the crack initiation which was also verified from the
video images obtained during the tests and synchronised with
the P–d response.

2.5. In vivo mastication tests

The two commercial chocolates with rectangular shapes, see
Fig. 1h and i, were cut into specimens of 10 mm length L and
14 mm width W (Fig. 1j). The total 2D area from these rec-
tangular geometries was converted into a diameter which
corresponds to the same total 2D area, equivalent diameter.
The equivalent diameter for this geometry was found to be
14 mm. This size, which corresponds to 1.5 g, was found to be
comparable to the ones used by Lucas, Luke50 and within the
ranges of the mouthful size based on.51–53 The samples were
inserted into plastic thin sealed bags of 0.02 mm thickness to
prevent interactions between the chocolate specimen and
saliva. These dry mastication conditions were employed in
order to reduce the scatter in the data which would obscure
the underlying physics of the mastication process. After each
mastication step, the sealed bags were collected and inspected
in terms of local melting, failure of the plastic bag and any
form of interaction between the chocolate sample and the
plastic sealed bag. The mastication procedure covered the first
two chewing cycles to avoid melting of the chocolate sample,
but also to minimise agglomeration phenomena of the frag-
ments which are observed after the first couple of chewing
cycles.52 This process was repeated up to two times for both
chocolate products.

The chocolate sample within the plastic sealed bag was
placed directly onto the molar teeth for all mastication tests. A
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mastication cycle started once the chocolate sample was in
contact with the molar teeth and ended once contact between
the two opposed molar teeth was achieved. Then the plastic
bags were collected and further processed. No specific instruc-
tions were given regarding the chewing speed or the chewing
force, instead the volunteers were instructed to bite into the
samples as they would naturally.

Five volunteers were instructed to chew the commercial
chocolate samples naturally for two cycles and the chocolate
fragments were further processed by imaging techniques.52 In
this study, the in vivo mastication tests were coupled with the
instrumental mechanical experiments in order to study the
implications of the changes in mechanical behaviour on oral
processing and specifically the first bite stage, as a result of
micro-aeration. Therefore, these tests were limited to five vol-
unteers to focus only on the difference of fragmentation per-
formance between the two chocolate materials without consid-
ering physiological mastication parameters such as chewing
speed, jaw kinematics, chewing force and saliva production
which may vary significantly from person to person.

After completion of the mastication process, the chewed
plastic bags were collected and processed via visual techniques
using the open-source software ImageJ [v1.52 National
Institutes of Health].40 The full-colour images obtained from
the optical camera were fed into ImageJ to remove the back-
ground and then calculate the 2D area covered by the frag-
ments. Initially, an automatic contrast tool was employed to
enhance the background, make the edges of the fragments dis-
tinct, and assist the segmentation process. Before the images
are processed through the threshold tool, they had to be
binarised into black and white (8-bit format). Only then,
became possible to distinguish the background from the area
covered by the fragments through the threshold process. The
threshold was adjusted manually to produce an accurate repre-
sentation of the derived photo especially at the edges of the
fragments. The surface area covered by the fragments was then
converted to an equivalent diameter, which corresponds to the
same area to the one computed from the software. Based on
these diameters the size distribution was computed and aver-

aged across the five subjects and the two replicates for each
subject. Similarly to the process of computing the size distri-
bution of bubbles presented in section 2.1, the conversion of
the 2D to the 3D size distribution of the fragments was
employed41 assuming that all fragments had a cubic shape, i.e.
aspect ratio 1 : 1. However, the difference between the cor-
rected and the original distribution found to be less than 1%
and therefore the original distribution was considered to be
sufficiently accurate. This procedure was repeated for the two
chewing cycles and for both the non-aerated and aerated cho-
colate of 12% porosity.

3. Experimental results
3.1. Microscopic investigation

Fig. 3a, b, and c show the microstructure of the cross-sectional
fractured surface of the non-aerated sample, and the 15% and
10% aerated chocolate samples respectively, through the scan-
ning electron microscope (SEM). In all types of chocolate, the
sugar particles (see dashed arrow in Fig. 3a and c) are dis-
tinctly visible as crystals and range from sizes of 10 μm to
40 μm, which is in agreement with values found in the litera-
ture reporting average values of 20 μm.25,54,55 However, it is
hard to identify the cocoa and milk particles in these SEM
images, which is mainly used to illustrate possible changes in
the morphology of the chocolate microstructure. Inspection of
microstructure through SEM in conjunction with X-ray spec-
troscopy assists the investigation of the crystallisation type
inside the chocolate matrix.56,57 However, no X-ray spec-
troscopy work has been conducted in the present study.

Fig. 3d and e show the microstructure of the non-aerated
and aerated chocolate with 15% porosity, respectively, in the
form of binary images, which were processed from XRT
images. In both images, the whiter regions denote particles
with a higher density. Comparing the two images, it is clear
that agglomeration of the dense particles/regions are observed
at the interface of the gas bubble and the chocolate matrix, as
indicated by the red arrows. This phenomenon could be

Fig. 2 SENB experimental setup. Images show: (a) the pre-notched chocolate sample placed on the three-point bending rig according to the ASTM
standards,49 (b) typical load–displacement curve extracted from the SENB test on the non-aerated chocolate at 2 mm s−1 speed and compliance
curves C and C5% for determination of load at crack initiation, which is pointed with the black arrow,49 (c) a compliance test which was employed to
eliminate any effects of indentation into the chocolate and the machine compliance.
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explained either by the migration of hard particles such as
sugar and fat crystals to the interface of the gas bubble or the
presence of gas bubbles in the chocolate matrix affecting the
crystallisation during the manufacturing process. The matrix
concentration by the migration of particles has been reported
before for oil–water suspensions by ref. 58 and 59. Based on
Hagan’s study,59 the surfactants found inside latex paints can
migrate to the particle’s surface in the polymer matrix and
develop a distinct third phase. However, no other studies have
reported similar phenomena to oil–gas interfaces or any other
porous material.

The size distributions of the bubbles along with the repre-
sentation of the 3D volume of the aerated chocolate from X-ray
tomography (XRT) images are shown in Fig. 4. The average
bubble size distribution measured from 2D SEM images of five
chocolate samples was corrected according to Sahagian,
Proussevitch41 and agreed very well with the 3D reconstructed
geometry generated from XRT images as shown in Fig. 4a. It
needs to be noted that the size distributions of the bubbles
from the chocolates of 10% and 15% porosity were found to be

similar and within the experimental scatter as shown in
Fig. 4a. The generated 3D volume, which was selected for this
analysis, is presented in Fig. 4b together with the 3D recon-
structed geometry of the gas bubbles, see Fig. 4c. Based on
this image, the porosity and the bubble size distribution of
the material were evaluated. The results showed a porosity
value of 14.4%, which is found to be close to the data provided
by NPTC obtained during the manufacturing of the chocolate.

Based on Fig. 4a, the mean bubble size of 38 μm and 45 μm
was found from the 2D SEM images and 3D volumes extracted
from the XRT images respectively. These values are similar to
the other microstructural features found in the chocolates
such as the sugar particles, the cocoa solids, and the milk
powder25,55,60 who reported particle sizes for these features to
lie between 10 μm and 35 μm. However, bigger bubbles of
100 μm or more, which are shown both in Fig. 3b and the
graph of Fig. 4a, are believed to be air bubbles that were
trapped in the chocolate mixture during the manufacturing
process and they are not associated with the micro-aeration
method.

Fig. 3 (a) The microstructure of the fractured surface of the solid milk chocolate through the SEM; the dashed arrow indicates a sugar particle, (b)
the microstructure of the fractured surface of the aerated milk chocolate with 15% porosity through the SEM, the solid arrow shows a bubble, (c) the
microstructure of the fractured surface of the aerated milk chocolate with 10% porosity through the SEM, the dashed arrow shows a sugar particle
and the solid arrow a bubble, (d) binary XRT image of the solid milk chocolate, (e) binary XRT image of the aerated chocolate of 15%. The red arrows
depict the whiter regions in the vicinity of the bubble-chocolate matrix interface.

Fig. 4 (a) Size distribution of bubbles measured from five SEM images (in the case of the 10% chocolate and 15% chocolate) and 3D geometry from
XRT images (only 15% chocolate), (b) 3D representation of an X-ray tomography image (XRT) showing the dispersion of the bubbles inside the cho-
colate sample of 15%, the blue spheres represent the micro-bubbles, which are randomly dispersed into the brown cube, which is the chocolate
matrix, (c) 3D representation of the gas bubbles processed from the XRT images, contour colours showing bubble diameter.
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3.2. Mechanical tests – uniaxial compression

Fig. 5 shows the averaged measured values of the axial strain
versus the transverse strain for all types of chocolates at a con-
stant strain rate of 0.1 s−1 combined with the theoretical
values of Poisson’s ratio for 0.4, 0.45, and 0.5 (dashed line).
Although there is variability between the measurements due to
the relatively small strains in the initial linear region of the
stress–strain curve observed in all chocolates, Fig. 5 depicts
that all chocolate materials can be assumed to be almost
incompressible (v = 0.5) which was found to be true for other
food materials, such as cheese products, potato, butter, food
gels, and dough.61–67 A maximum difference of 5% is observed
between the Poisson’s ratio measurements of the two types of
chocolates, which is within the experimental scatter. However,
the average measurements of the Poisson’s ratio decrease
slightly, by up to 3% for porous chocolate. A similar trend was
reported by ref. 68 and 69 for porous ceramics and it was
found that the Poisson’s ratio shows a weaker dependency on
the porosity compared to the other elastic properties. An exten-
sive investigation of the effect of porosity on the Poisson’s
ratio on closed-cell Aluminium foams has been performed by
Kováčik J et al.70 who also reported a similar trend. Similarly,
no significant dependence of the Poisson’s ratio with porosity
was reported by Zerhouni et al.71 on 3D printed plastic
materials.

The stress–strain plots during uniaxial compression for the
non-aerated chocolate and the aerated chocolates with 10%
and 15% porosity at strain rates of 0.001 s−1, 0.01 s−1 0.1 s−1

and 1 s−1 are summarised in Fig. 6. All chocolate samples
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 in Fig. 6a, c, and
e. Higher stress–strain plots are observed in the case of the
non-aerated chocolate for all testing speeds where a maximum
50% difference is observed compared to the aerated chocolates
with both porosity levels. A significant dependence of the
stress–strain response for all types of chocolates on strain rate
is observed. This was accompanied by different fracture beha-
viours depending on strain rate, as will be discussed in more

detail shortly. Specifically, as evidenced in Fig. 6a, c, and e, a
significant strain hardening effect was observed in the case of
the non-aerated chocolate and this effect was found to
decrease with strain rate but also with increasing porosity; in
the case of the 15% porosity, an elastic-perfectly-plastic behav-
iour was shown at lower rates. At higher rates, failure before
pronounced macroscopic plasticity was observed for both
aerated materials.

In metals and polymers, strain hardening is associated by
the movement of the microscopic features, once yielding is
reached, which strengthens the material as the plastic defor-
mation is being increased.72 Similarly, for chocolates, an ana-
logous microscopic movement of the chocolate ingredients
such as sugar and fat crystals within the continuous fat matrix,
potentially strengthens the material during increasing plastic
deformation. Based on Fig. 6, these hardening effects are
diminishing with porosity implying that the presence of the
bubbles seems to interfere with this microscopic movement.

The larger red dots in the stress–strain plots of Fig. 6
denote the points where macroscopic fracture was observed
while the red arrows indicate the onset of the shear band for-
mation. This is also confirmed by the images extracted from
video recordings during the tests at a rate of 0.1 s−1, as shown
in Fig. 6b, d, and f for the non-aerated and the aerated choco-
late with 10% and 15% porosity respectively. In all cases, white
lines aligned at 45° were observed and the crack is propagating
through these paths implying a shear failure mechanism.
Based on Fig. 6, these bands are firstly shown after the onset
of non-linearity in the σ–ε curve (see Fig. 6a, c and d) and keep
forming until macro-cracks initiate.

The shear band formation between the different types of
chocolates and different strain rates is summarised in Fig. 7.
In Fig. 7a, the shear band formation of the non-aerated, and
the aerated chocolate with 10% and 15% at 0.1 s−1 under frac-
ture strains of 0.14, 0.05, and 0.035 respectively is shown.
Fig. 7b shows the shear band formation of the non-aerated
sample for three strain rates of 0.01 s−1 0.1 s−1 and 1 s−1 after
it was subjected to fracture strains of 0.167, 0.14, and 0.08
respectively. The shear band formation for the 10% aerated
chocolate under different strain rates is shown in Fig. 7c.

Based on Fig. 6a, c, e, and 7a, in cases where the plastic
region of σ–ε curve is larger, more shear bands are formed.
Specifically, a larger number of shear bands is formed in the
non-aerated chocolates compared to the aerated chocolates for
the same strain rate, e.g. at 0.1 s−1, as shown in Fig. 7a.
Keeping the material the same, a larger number of shear
bands is apparent at slower strain rates due to the larger
plastic region, Fig. 7b. This was found to be true for all three
types of chocolates regardless of porosity (see Fig. 7c, in the
case of 10% porosity). The formation of shear bands is fol-
lowed by initiation of macroscopic cracks at these regions at
lower strain rates while at higher rates macroscopic cracks are
shown prior the formation of shear bands or at least the for-
mation of many shear bands as opposed to lower rates. The
formation of shear bands, as shown in Fig. 6, can act as indi-
cation of initiation of material’s macroscopic plasticity.

Fig. 5 shows the averaged measured values of the axial strain versus
the transverse strain for all types of chocolates at a constant strain rate
of 0.1 s−1 combined with the theoretical values of Poisson’s ratio for 0.4,
0.45, and 0.5 (dashed line).
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In Fig. 7d, the typical stress–strain behaviour at a constant
strain rate of 0.1 s−1 is shown for the non-aerated and the
aerated chocolates with 10% and 15% porosity. The graph
illustrates a stiffer bulk stress–strain relationship for the
aerated chocolates compared to the non-aerated product at a
strain rate of 0.1 s−1, which was also observed at all testing
speeds. Specifically, an average increase of 38% and 51% was
observed between the non-aerated chocolate and the aerated
chocolates with 10% and 15% porosity level respectively. This
difference was also captured by the computation of the com-
pressive moduli for all chocolate materials from the mono-
tonic compression tests, as summarised in Fig. 8a in the form
of a bar chart.

This enhancement in stiffness was unexpected compared to
the results found in the literature for porous materials.73–76

Based on these studies, the Young’s modulus indicates
decreasing trends as a function of porosity. The fact that the
elastic modulus was observed to increase with porosity,
implies that the chocolate matrix of the porous material may
not be identical to the non-aerated chocolate. Based on the
XRT images of Fig. 3d and e, it is argued that micro-aeration
alters the microstructure of the chocolate matrix as evidenced
in the regions close to the bubble’s interface, which could
potentially be responsible for such differences. In this figure,
the white regions indicate features of higher density but
unknown composition. These features could be agglomerated
solid particles, such as sugar particles, cocoa solids or fat crys-
tals with a different form of crystallisation.

Moreover, material properties such as the macroscopic
yield stress and the compressive strength decrease, as

Fig. 6 Stress strain graphs for the three chocolate materials from the monotonic uniaxial compression tests at four different strain rates together
with synchronised video images during the compression tests at a constant strain rate of ε̇ ¼ 0:1 s�1 at four different strains. The images show: (a) the
strain–strain plots of the non-aerated chocolate, (b) video images of the non-aerated chocolate, (c) stress–strain graph of the aerated chocolate of
10% porosity, (d) video images of the 10% chocolate, (e) stress–strain graph in the case of aerated chocolate of 15% porosity, (d) video images of the
15% chocolate. The points in all graphs indicate the stress–strain data from the monotonic tests and the two lines show the calibrated viscoplastic
model 1 and 2 (to be discussed in section 4). The larger red dots show the fracture point in each case and the red arrows the onset of the shear band
formation.
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expected, in relation to the porosity as shown in Fig. 8b.
Specifically, for all testing speeds an average difference of 18%
is observed between the yield stress values of the non-aerated
chocolate and the aerated chocolate with 10% porosity. This
difference increases to 27% when the yield stress of the non-
aerated chocolate is compared to the yield stress of the aerated
chocolate with 15% porosity. Similar decreasing trends are
observed for the compressive strength values.

Fig. 9 summarises the stress–strain plots extracted from the
loading–unloading tests. For the non-aerated, Fig. 9a, three
strain levels of 0.015, 0.025, 0.045 are shown, whilst for the
aerated chocolate with 10% and 15% porosity two strain levels
of 0.01, 0.025 (Fig. 9b) and 0.04, 0.025 (Fig. 9c) are shown,
respectively. The Young’s modulus as computed from the
linear unloading part of the curve in each case is summarised
in Fig. 9d for all strain levels.

Comparing the slopes of the loading and unloading part of
the curve in Fig. 9a, a significant difference is observed.
Specifically, when the Young’s modulus values from the mono-
tonic tests (see Fig. 8a) are compared to Young’s modulus com-
puted from the loading–unloading tests based on the slope of
unloading region of the curve (see Fig. 9a), for the non-aerated

chocolate a difference up to 350% difference is observed, pro-
viding indications of the presence of permanent inelastic
effects from the early stages of the compression test. The
Young’s modulus from the monotonic tests is found to be 100
MPa (see Fig. 8a or dotted bars in Fig. 9d) whilst the slope of
the unloading path from loading–unloading tests is approxi-
mately 440 MPa as shown in Fig. 9d. These indications were
observed for all three maximum applied strains.

This gradient difference between the values of Young’s
modulus from the loading and unloading paths is less pro-
nounced for the porous chocolates, where maximum differ-
ences of 230% and 170% are observed in the cases of 10% and
15% porosity respectively, see Fig. 9b and c. Specifically, the
unloading path exhibits a Young’s modulus of approximately
380 MPa and 340 MPa for 10% and 15% chocolates, as shown
in Fig. 9d. It is evident that viscoelastic effects are present for
all chocolates and that, as the porosity increases, the response
is closer to viscoplasticity, i.e. the gradient of the unloading
path becomes closer to the gradient of the loading path. It
seems that these inelastic effects are present from earlier
stages of the material’s deformation are diminishing with
increasing porosity. In addition, based on the modulus values

Fig. 7 Fractured specimens after monotonic compression tests at strains equal to the fracture strains εf showing crack patterns: (a) crack patterns
of the three types of chocolates at constant ε̇ ¼ 0:1 s�1, (b) crack patterns of the non-aerated chocolate of 0% porosity under different strain rates,
(c) crack patterns in the case of the aerated chocolate of 10% under different strain rates. (d) Typical stress strain graph extracted from compression
tests for all three chocolates at a rate of ε̇ ¼ 0:1 s�1.

Fig. 8 Bar chart showing (a) Young’s modulus values as a function of strain rate for the three levels of porosity, (b) the yield stress and compressive
strength values as a function of strain rate for the three levels of porosity; the solid bars represent the yield stress and the hollowed bars the com-
pressive strength for each type of chocolate.
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of Fig. 9d, a decreasing trend is observed with porosity, as
would be expected.73–76

For all tested chocolate materials, when small elastic
strains of 0.015, 0.01 and 0.004 were applied to the 0%, 10%
and 15% chocolates respectively (see Fig. 9a–c) and then
removed, the loading and unloading paths do not coincide as
would be expected for linear elastic materials. Even when time
was allowed after completion of the experiments, the tested
samples did not return to their original state implying signifi-
cant permanent deformations (see red stars in Fig. 9a–c). This
implies that significant inelastic strains are experienced in
these materials, even though the samples were loaded to well
within the initial linear region of the stress–strain curve. It
seems that the work to deform the material is not totally reco-
verable even when the applied strain lies within the linear
region.

Based on Gonzalez-Gutierrez and Scanlon,63 who studied
the mechanical characterisation of fat based materials, this
inelastic deformation from the early loading stages of the com-
pression test is caused due to the complex response of the fat
crystals during the compression action, where structural
plastic rearrangement occurred.63 Therefore, it is suggested
that the material’s elasticity is determined from the unloading
process measuring the degree of the deformation which is
recovered.77 Similar findings were reported by other studies
which investigated the mechanical properties of bone

materials.78,79 Based on these studies, not all energy applied
on a system during a mechanical test is recoverable and in
materials with high energy dissipation, such as bio-materials,
only the unloading portion of the mechanical work is directly
associated with the elasticity of the material. Such materials
show inelastic effects (micro-crack evolution) from the start of
the deformation and it is not clear which part of the defor-
mation is recoverable. Hence, the true Young’s modulus of the
material should be computed from the unloading part of the
stress–strain curve. Furthermore, based on Hellmich and
Katti,80 in soft biological materials such as soft tissues, the
loading part of the curve is not usually identical to the part of
the curve corresponding to unloading. This is attributed to the
fact that there is a rearrangement of microscopic features in
these materials during loading, altering the microstructure of
the material and producing a different stiffness when the
material is unloaded. However, in this study, the presence of
bubbles in the chocolate suspension seems to be hindering
this possible microstructural rearrangement. As evidenced by
the XRT images of Fig. 3d and e, it is argued that these denser
regions close to the bubble’s interface is evidence that this
region acts as a barrier to this microstructural re-arrangement.

3.3. Mechanical tests – single edge notched bending (SENB)

Fig. 10a, c, and e show the typical load–deflection response for
all three chocolate materials under three different testing

Fig. 9 Average stress strain graphs from loading–unloading test for all chocolate materials at a constant strain rate of ε̇ ¼ 0:1 s�1. Images show: (a)
stress–strain data of the non-aerated chocolate under different strain levels of 0.015, 0.025, and 0.045, (b) similar stress–strain data in the case of
the chocolate of 10% porosity for different strains levels of 0.01 and 0.025, (c) stress–strain plots of the aerated chocolate of 15% porosity for
different strains levels of 0.004 and 0.025. In all these subfigures the solid lines represent the stress predictions from the two viscoplastic models 1
and 2, and the scatter the experimental data. (d) Values of Young’s modulus extracted from the unloading part of the stress–strain curve. In all
graphs, the red stars indicate the permanent deformation after the sample returned to zero force position. The dotted bars show the values com-
puted from the loading part of the monotonic uniaxial compression tests at the same strain rate.
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speeds of 0.02 mm s−1, 0.2 mm s−1, and 2 mm s−1. The load–
deflection data from these tests showed significantly higher
scatter amongst the repeats compared to the monotonic and
loading–unloading tests. Specifically, a maximum difference of
12% is observed amongst the repeats in the case of the non-
aerated chocolate, whilst the repeats for the 10% and 15% cho-
colate samples showed a variation of 17% and 18% respect-
ively, as shown in Fig. 10a, c, and e. These variations are
caused by the fact that the length and sharpness of the notch
cannot be controlled sufficiently precisely. In addition, SENB
tests are far more sensitive to material heterogeneities, particu-
larly in the vicinity to the crack tip, compared to the uniaxial
compression tests presented in the previous section. However,
when the fracture properties were computed, a smaller scatter
was observed compared to the scatter in the P–d curves.

Based on all three curves shown in Fig. 10, the load
increases non-linearly, up to a maximum load followed by a
smooth drop to zero load, implying complete fracture of the
surfaces. This gradual drop of the load also suggests a stable

crack growth for all three chocolate materials. The arrows in
plots of Fig. 10a, c and e indicate the crack initiation of each
chocolate material for each testing speed, which was observed
visually from video images recorded during the experiments as
shown in Fig. 10b, d, and f. It is also important to note that
the separation of the cracked surfaces was not observed at
the end of the tests for all chocolate materials and testing
speeds. The cracked surfaces remained in contact, implying
the presence of an adhesion force that holds the two surfaces
together even when the samples returned to the zero-force
position.

Different crack propagation patterns were observed between
the three types of materials. A straight sharp crack was present
in the case of the non-aerated material (see Fig. 10b) whilst a
tortuous crack path was observed in the case of the two
aerated materials (see Fig. 10d and f). This is probably due to
the fact that the cracks are propagating within the imperfec-
tions of the material’s microstructure; in the case of the
porous material, the numerous bubbles dispersed into the fat

Fig. 10 Load displacement graphs for all three chocolates from SENB tests under three testing speeds together video frames from the experiments
showing the crack initiation and propagation at a constant testing speed of 0.02 mm s−1 along with a magnified image showing the crack growth.
The arrows show the point in the graph where the crack initiation is observed. The images show: (a) the load deflection plots for the non-aerated
chocolate, (b) video frames for the non-aerated chocolate, (c) load–deflection plots for the aerated chocolate of 10% porosity, (d) similar video
frames in the case of the aerated chocolate of 10% porosity, (e) load–deflection plots for the aerated chocolate of 15% porosity, (f ) similar video
frames in the case of the aerated chocolate of 15% porosity.
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network act as flaws, creating scattered micro-cracking, which
could lead to the observed, more tortuous crack propagation.

The energy release rate Gc of the three chocolate samples
was computed based on eqn (5) and summarised in Fig. 11 as
a function of chocolate porosity. The energy U is calculated
from the area under the load–deflection curve up to the
loading point where crack initiation was observed visually
from the video images during the SENB tests. A significant
rate dependency of the fracture toughness is observed for all
chocolate materials, which is consistent with the compression
tests.

As expected, the Gc values for soft materials such as choco-
late, are relatively low and range between 8–12 J m−2, 5.5–10 J
m−2 and 4–8 J m−2 for the 0%, 10% and 15% porosity respect-
ively. It seems that the porosity has also noticeable impact on
the fracture toughness, enhancing the brittle nature of the
material, i.e. the fracture toughness decreases. According to
Bucknall and Narkis et al.81,82 who developed an analytical
model to predict the fracture toughness of foams as a function
of porosity, the pore will not contribute to the total defor-
mation of the material and a crack will propagate through the
smallest possible cross-section of the material’s matrix.83

The Gc values for the three chocolates are relatively close to
other food materials, such as cheese,29 carrot and apple84 and
frozen meat.85 Based on Berthaume,86 who performed an
extensive review of the fracture mechanics of several food

materials, and Lucas et al. and Vincent,84,87 who evaluated
material parameters such as the elastic modulus and fracture
toughness of different food products, these fracture para-
meters can be related to textural attributes such as food hard-
ness, chewiness and brittleness.

Combining the fracture toughness and the stress intensity
values extracted from the SENB tests into eqn (6), the Young’s
modulus of the three chocolate materials can be expressed as
a function of crosshead speed, as shown in Fig. 11b.
Comparing the values of Young’s modulus, E, extracted from
the monotonic compression tests (see Fig. 8a) and the one
extracted from eqn (6), an average difference of 350% is
observed. Specifically based on Fig. 11b, average values of 450
MPa, 400 MPa and 350 MPa are calculated for 0%, 10% and
15% porosity respectively. According to ASTM standard D5045-
99, possible discrepancies might be observed between the E
extracted from compression tests and the modulus taken from
eqn (6). However, it is mentioned that no differences higher
than 15% should be expected. Comparing the values of the
Young’s modulus from eqn (6) and the one computed from
the loading–unloading tests the maximum differences lie
within 5% error in all chocolate materials. This acts as an
additional and independent confirmation about the modulus
of the chocolates should be measured from the slopes of the
unloading part of the curves, as opposed to the slope of the
monotonic loading part.

Fig. 11 (a) Summary of the fracture toughness measurements as a function of the testing speed for 0%, 10% and 15% porosity chocolates, (b)
Young’s modulus values extracted from eqn (6) for all three chocolate materials in relation to the crosshead speed.

Fig. 12 (a) Chocolate fragments of the non-aerated and the aerated chocolate of 12% porosity collected after one and two chewing cycles, (b) pro-
cessed binary images of the two chocolate products for the same chewing cycles. The scale bar for all images is 10 mm. These images are typical
mastication data extracted after the chewing tests of one volunteer.
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3.4. In vivo mastication tests

Typical results of the mastication action from one subject for
the two types of commercial chocolates with 0% and 12%
porosity after the first and the second chewing cycle are shown
in Fig. 12a together with their binary images in Fig. 12b. Based
on these images, it is clear that the chocolate breaks rapidly
into small fragments during the initial stages of the mastica-
tion, implying a brittle behaviour, i.e. multiple small frag-
ments generated from bigger ones. The relatively high frag-
mentation of both chocolate materials was a consequence of
the material response observed during the uniaxial com-
pression tests. During these tests, several microcracks are pro-
duced when the chocolate deformed within the plastic region.
These microcracks are expected to extend and produce new
macroscopic cracks and fragments as the deformation by the
molar teeth increases.

The averaged cumulative equivalent diameter distributions
from all five volunteers obtained from the two commercial
chocolates are summarised in Fig. 13a for the first chewing
cycle and in Fig. 13b for the second chewing cycle. During the
first bite over 76% of the non-aerated fragments are smaller
than 1.25 mm, compared to the corresponding value of 88%
for the aerated fragments. It is important to highlight that
amongst all subjects, a clear difference between the fragmenta-
tion in the two types of chocolates was observed. As evidenced
by the results of Fig. 13, the aerated chocolate breaks into mul-
tiple smaller fragments during the first chewing cycle thus
exhibiting a higher fragmentation. Specifically, based on
Fig. 13c, an average number of 280 and 95 fragments in the
first chewing cycle are produced in the case of the aerated and

the non-aerated chocolate. These values are increased to 500
and 195 during the second chewing cycle, as shown in
Fig. 13d. Based on Fig. 13a and c, the main difference is
located at the smaller fragment sizes of approximately 1.5 mm
where approximately 250 and 75 fragments are of size 1.5 mm
or less in the case of the aerated and non-aerated material
respectively.

This difference in fragmentation between the two chocolate
products is aligned with the response measured from the
mechanical and fracture tests presented in sections 3.2 and
3.3 respectively, where a decrease of the fracture strains and
the fracture toughness values was observed with increasing
porosity. Based on both in vivo and instrumental tests, aeration
enhances the brittle nature of the chocolate material, i.e. lower
fracture toughness, leading to higher rates of fragmentation
from the first bite onwards. Similar conclusions were reported
by ref. 52 where a link between the mechanical properties of
two cereal products and the difference in their rate of fragmen-
tation was observed. Based on that study, the fragmentation is
also correlated to textural properties such as crispiness and
food structure.

4. Constitutive model
4.1. Two-layer viscoplastic model

Based on the experimental results of section 3.2, all three cho-
colates showed a clear rate-dependency in the plastic region
implying viscoplastic behaviour, and also time-dependent
effects which were captured by the loading–unloading tests.

Fig. 13 Distribution of fragment diameter from the five volunteers and their replicates for the non-aerated and aerated chocolate of 12% during the
first and second bit. Images show: cumulative frequency distribution of the fragments of both chocolates during (a) the first bite and (b) the second
bite, distribution of fragments in absolute numbers during the (c) first bite and (c) the second bite.
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The two-layer viscoplastic model, employed here, finds wide
applicability in materials with significant time and rate-depen-
dent responses which was firstly introduced by ref. 88 and 89.
This constitutive model has the advantage to capture all these
effects, taking at the same time into account the elastic, plastic
and viscous strains experienced during deformation. In the
one-dimensional idealisation, this model can be represented
as a parallel connection of an elastic-plastic and an elastic-
viscous layer as shown in Fig. 14. In the three-dimensional for-
mulation, the two-layer viscoplastic model is combined with
the Von Mises yield criterion.90

The elastic-plastic layer defines the time-independent
behaviour of the material and is based on the Von Mises yield
condition. The elastic-plastic element consists of an elastic
component described by an elastic modulus Eep in series with
a plastic component represented by a parallel combination of
a sliding element to model the yield stress σyo and a spring H′
representing the strain hardening effect in the plastic region
which is activated when the yield stress is reached. The elastic-
plastic stress data, based on the configuration of Fig. 14, can
be computed based on whether the yield point has been
exceeded assuming isotropic hardening conditions and it is
described by the following equations:

σep ¼ εEep when εEep � σyo ð7Þ

σep ¼ σyo þ H′ ε� σyo
Eep

� �
when εEep > σyo ð8Þ

In contrast, the elastic-viscous layer is represented by a
Maxwell element, a linear combination of a spring and a
dashpot and describes the time-dependent response of the
material. This layer is based on a generalised viscous power
law model (generalised Norton power law rule) whilst any
viscous or creep model could be implemented. The elastic
component of the elastic-viscous layer is represented by the
elastic modulus, Eev, connected in series with a viscous com-
ponent modelled by a dashpot with the following parameters:
A, which is a power-law multiplier, n and m are power-law
order parameters. These two parts of the elastic-viscous layer
is responsible for the time-dependent behaviour of the
material which means the rate dependency observed after

yielding is due to the action of the elastic-viscous layer. The
viscous parameters A, m, and n, are known as the Norton Hoff
rate parameters91,92 and must obey the following constraints:
A,n > 0 and −1 ≤ m ≤ 0. The elastic-viscous stress can be com-
puted by the given generalised equation, see eqn (9):91–93

σev tð Þ ¼ A�
1
nt �m

nð Þε̇v tð Þ 1
nð Þ ð9Þ

From eqn (9), the following relationship can be obtained:

ε̇v tð Þ ¼ Aσev tð Þntm ð10Þ
where ε̇v tð Þ is the strain rate of the dashpot in the elastic-
viscous layer.

The two-layer viscoplastic model considers the deviatoric
stresses through the von Mises equivalent stresses, σeq, from
the following relationship:90

σeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
S : S

r
ð11Þ

where S is the deviatoric stress tensor.
The elastic part of each of the two layers contributes to the

ratio, f, which determines the contribution of the elastic
viscous modulus, Eev, to the total elastic modulus Einstant
describing the instantaneous response, which is the sum-
mation of the Eev and Eep:

f ¼ Eev
Eev þ Eep

� �
ð12Þ

The elastic part of the two layers was assumed to be isotro-
pic for all chocolates. Based on the isotropic assumption, the
Poisson’s ratio of the two layers is the same and equal to the
one of the instantaneous elastic response.

Based on the configuration of Fig. 14, the elastic-plastic
and elastic-viscous layers can be assumed to be independent
and the following equations can be adopted:

σðtÞ ¼ σevðtÞ þ σep ð13Þ

εðtÞ ¼ εevðtÞ ¼ εep ð14Þ

where σev(t ),σep and εev(t ),εep are the stresses and strains in the
elastic-plastic and elastic-viscous layers respectively.

Combining eqn (7)–(9) and substituting in eqn (13), the
total stress, σ(t ), can be derived as:

σ tð Þ ¼ εEep þ A�
1
nt �m

nð Þε̇v tð Þ 1
nð Þ when εEep � σyo ð15Þ

σ tð Þ ¼ σyo þ H′ ε� σyo
Eep

� �

þ A�
1
nt �m

nð Þε̇v tð Þ 1
nð Þ when εEep > σyo

ð16Þ

In both eqn (14) and (15), the viscous strain rate of the
dashpot element, ε̇v tð Þ, is an unknown, which makes the cali-
bration of the constitutive model challenging. A simplification
suggested by Kang et al. and Simulia91,92 is to assume steady-
state conditions for the elastic-viscous system, m = 0, which
will simplify the computation of the final stress values. The

Fig. 14 1D representation of the two-layer viscoplastic model in the
form of an mechanical analog consisting of springs, dashpots and
sliding elements.92,93
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latter simplification is valid for relatively low strain rates and
in materials with no or limited time-dependency. However,
assuming such steady-state conditions in this study would
compromise the accuracy of the results, due to the fact that
during the oral process moderate to high strain rates are
experienced43,94 and that the chocolate exhibits significant
time-dependency effects. However, according to Skamniotis93

who employed the two-layer viscoplastic model to calibrate the
same model using experimental data on pet foods, an explicit
numerical integration can be used using a relatively small time
increment (<0.01 s) to compute the viscous strain rate, ε̇v, of
the dashpot element and overcome the need for this simplifi-
cation (m = 0). The numerical integration scheme is briefly
described below.

In order to quantify the viscous strain rate of the dashpot,
ε̇v, the decomposition of the total strain rate of the elastic-
viscous layer, ε̇ev tð Þ, needs to be employed according to the
configuration of Fig. 14, as shown in below:

ε̇ev tð Þ ¼ ε̇ev;e tð Þ þ ε̇v tð Þ ð17Þ
where ε̇ev tð Þ, ε̇v tð Þ; ε̇ev;e tð Þ are the total strain rate, the viscous
strain rate of the dashpot and elastic strain rate in the spring
Eev respectively all in the elastic-viscous layer.

It is worth noting here that according to eqn (14), the total
strain of the elastic-viscous layer, εev(t ), is equal to the total
applied strain, ε(t ). Integrating numerically eqn (17) and com-
bining it with eqn (10), the expression below for the total
strain, εev,e(t ), in the elastic-viscous layer is derived:

εiev;eðtÞ � εi�1
ev;eðtÞ ¼ ΔεðtÞ � ΔtAσi�1

ev ðtÞntm ð18Þ

where i and i − 1 refer to the current and previous steps
respectively.

The calibration process starts at t = 0 assuming that the
strains are also zero. Based on eqn (18) the strains of the
spring in the elastic-viscous layer, εev,e(t ), can be computed. In
combination with eqn (17) the viscous strain rate of the
dashpot, ε̇v tð Þ, can be found and consequently the total stress
experienced by the system, σ(t ), employing eqn (15) or (16)
depending on whether yielding has initiated. Alternatively,
once the εev,e(t ) has been calculated, the stress in the elastic
viscous layer can be found (based on the configuration of
Fig. 14) as the product of the modulus in the spring Eev and
the elastic strain εev,e(t ) in the elastic-viscous layer. The total
stress is then computed again from eqn (15) or (16).

4.2. Numerical results

Two scenarios were investigated to calibrate the viscoplastic
model, viscoplastic model 1 and viscoplastic model 2. In both
cases, the aforementioned methodology and eqn (15) and (16)
were implemented on an MS-excel spreadsheet and the MS-
excel solver function was employed to calibrate the material
constants f, A, n, m, H′ and σyo.

In the first scenario, i.e. viscoplastic model 1, the material
parameters were calibrated according to the stress–strain data
from the monotonic compression tests. An instantaneous

modulus (Eev + Eep) of 100 MPa, 120 MPa and 130 MPa was
selected for the 0%, 10% and 15% porosity respectively which
are the average values of Young’s modulus between all rates
extracted from the monotonic uniaxial compression tests, as
shown in Fig. 8a. The hardening modulus H′ was computed as
the gradient defined by two data points corresponding to two
stress values. These stress values represent the onset of plastic
deformation which is also depicted as the static yield stress
σyo,s,

92 and the stress σyo,m, which corresponds to the
maximum strain observed in the monotonic tests at the rate of
0.001 s−1 where the strain hardening effect was more pro-
nounced. The maximum strain values for the 0%, 10% and
15% chocolate were found to be 0.2, 0.07 and 0.05 respectively,
as shown in Fig. 6. The stress values σyo,s and σyo,m were cali-
brated to match the slope of the experimental curves in the
plastic region. In addition, the material parameter m showed
only a small sensitivity to the final stress–strain response when
a relatively small value was selected (<10−2). Therefore, it was
kept constant at 0.01 through all three types of chocolate
materials. The material constants of the two-layer viscoplastic
model 1 required to fit the experimental data are summarised
in Table 1.

The first model of the calibrated viscoplastic model for all
three chocolate materials with material parameters shown in
Table 1 is summarised in Fig. 6a, b and c together with the
monotonic experimental results. Although a relatively accurate
fitting with a discrepancy less than 5% is observed for all
strain rates and all chocolate materials, less accurate predic-
tions are observed in the non-aerated chocolate in the initial
part of the σ–ε curve where the material behaviour is idealised
to a rate-independent elastic response. This assumption seems
to be violated for the slowest strain rate of 0.001 s−1. In
addition, the model exhibits weaker predictions (see Fig. 9) of
the unloading response for all three chocolates due to the sig-
nificant difference between the slope of the curves in these
two regions (loading–unloading) implying inelastic effects
since the onset of the deformation.

Based on Luczynski KW et al.,78 the true Young’s modulus
value should be computed in the unloading part of the curve
due to the direct link of this region of the curve to elasticity. In
addition, further validation to this statement is achieved when
the chocolate materials are deformed in the initial linear
region and the unloading response is recorded, as shown in
section 3.2. In this case, the unloading response did not
coincide with the loading response showing significant inelas-
tic effects. This is true for all strain rates and materials. Based

Table 1 Material constants for the two-layer viscoplastic model 1 for
chocolate materials

Material
Einstant
(MPa)

σyo,s
(MPa)

σyo,m
(MPa)

A
(MPa−n s−1−m) n m f

0% 100 0.8 1.8 0.04 4 −0.01 0.57
10% 120 0.6 0.8 0.04 4 −0.01 0.58
15% 130 0.4 0.4 0.005 6 −0.01 0.6
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on these observations a second scenario, viscoplastic model 2,
was investigated to calibrate the viscoplastic model, the visco-
plastic model 2.

In this model, the material constants were calibrated based
on the assumption that inelastic effects are dominant since
the start of the material deformation. Therefore, a sufficiently
small linear elastic region was selected to support this assump-
tion, which corresponded to the arbitrarily chosen yield stress
values of 0.05 MPa, 0.15 MPa and 0.1 MPa for the chocolates
of 0%, 10% and 15% porosity respectively. The instantaneous
modulus (Eev + Eep) in this small elastic region was selected to
match the slope of the unloading part of the curve.
Specifically, moduli of 450 MPa, 380 MPa and 330 MPa for the
chocolates of 0%, 10% and 15% porosity respectively were
selected, similar to the values presented in Fig. 9d. The
material constants of the viscoplastic model 2 are summarised
in Table 2.

The stress-plots generated from the viscoplastic model 2 are
shown in Fig. 6 and 7 together with the monotonic com-
pression tests and the loading–unloading tests, respectively.
Both stress–strain plots from the monotonic and loading–
unloading tests are predicted accurately from the viscoplastic
model 2 where an average 11% difference between the visco-
plastic model and the experiments is observed for all strain
rates and all chocolate materials. Viscoplastic model 2 exhibits
more accurate predictions compared to viscoplastic model 1
especially in the regions during unloading, as shown in Fig. 9.
No significant discrepancies in the initial linear region were
observed between the experimental data and the predictions
from the viscoplastic model 2, even though significant higher
Einstant was used, due to the assumption of a relatively small
elastic region. This can be easily identified from Tables 1 and
2, where a yield stress of 0.8 MPa and 0.05 MPa was selected
for the viscoplastic model 1 and 2 respectively. These findings
gave further confidence regarding the initial assumption of
model 2.

The explicit calibration methodology from MS-excel solver
described previously was further confirmed with a Finite
Element Modelling (FEM) using the commercially available
software Abaqus.92 An axisymmetric model as shown in
Fig. 15a with a radius of 10 mm and a height of 20 mm was
used and compared with the experimental results. A 4-node
axisymmetric linear, reduced integration element was
employed for this model and the boundary conditions
included restriction of the bottom surface in the direction of
the compression and symmetric boundary condition for the

vertical axis of symmetry. The top surface was displaced in the
y-direction, see Fig. 15a, such as that the strain rate remains
constant at 0.1 s−1 throughout the simulation similar to the
experiments. A Poisson’s ratio of 0.49 was selected in all choco-
late materials which was aligned with the experimental values
shown in section 3.2. Based on Fig. 15b, both the simulations
using the viscoplastic model 1 and the results from the explicit
integration are aligned with the experimental response of the
non-aerated chocolate at the strain rate of 0.1 s−1. This was
found to be true for all speeds, all chocolate materials, and for
both viscoplastic models 1 and 2.

The results in this section showed that all chocolate
materials investigated in this study exhibit a good agreement
between the experimental data from both the monotonic and
loading–unloading tests and the two investigated viscoplastic
models. According to the authors’ knowledge, no such
material model has been used before in the literature for
complex multiphase materials such as chocolates. The cali-
brated parameters in this model can be used in conjunction
with a damage criterion to assist the prediction of the pro-
gressive breakdown during the first bite and link the outcome
with in vivo but also in vitro mastication tests. This will
advance the knowledge regarding key aspects of the oral break-
down in a time and cost-effective way without relying solely on
costly in vivo studies, which also exhibit significant sensi-
tivities to the human oral physiology.

5. Discussion

The results from the mechanical tests showed that micro-aera-
tion creates weaker structures which lead to a reduction of the
overall stresses for the same strains and lower values of frac-
ture toughness compared to the reference, non-aerated choco-
late. The material properties and specifically the Young’s
modulus, the fracture stresses, fracture strains, and the frac-
ture toughness decrease as a function of porosity. It is believed
that the presence of the bubbles in the chocolate matrix
creates local stress concentrations at the vicinity of the choco-
late matrix and the bubble interface, promoting fracture at
lower strains, as evident by the results of this work.

The reduction of the chocolate stiffness and fracture stres-
ses could potentially influence the hardness perception of the
chocolate. It is well established in the literature that the
Young’s modulus and the fracture stress are directly linked
with the hardness perception of food materials.95–98 Food
materials which are sensed as hard require higher forces,
more chewing cycles and higher chewing rates.53,97 For
materials with high rate dependency such as chocolates, the
perception of hardness or softness could be enhanced even
more. For instance, in the case of the non-aerated chocolate,
which showed higher fracture stresses and higher values of
stiffness (Young’s modulus) compared to the aerated products,
higher chewing rates will be used compared to the aerated cho-
colate. This means the difference in fracture stresses would be
even higher because there would be a comparison in stresses

Table 2 Material constants for the two-layer viscoplastic model 2 for
all chocolate materials

Material
Einstant
(MPa)

σyo,s
(MPa)

σyo,m
(MPa)

A
(MPa−n s−1−m) n m f

0% 450 0.05 1 0.003 5 −0.2 0.2
10% 380 0.15 0.35 0.008 5 −0.05 0.25
15% 330 0.1 0.1 0.0007 6 −0.01 0.3
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between two different strain rates for the two chocolate pro-
ducts. Specifically, in this case, the difference in hardness per-
ception could increase by 38% between the non-aerated choco-
late and the 10% aerated chocolate when the fracture stress of
the non-aerated chocolate at a strain rate of 1 s−1 (3.04 MPa) is
compared to the one of the aerated chocolate at 0.1 s−1 (1.89
MPa).

Based on the results shown in Fig. 6, decreasing trends of
the level of strain hardening with increasing porosity were
observed and this is also believed to affect the hardness per-
ception. In the case of the non-aerated chocolate, as the
material undergoes plastic deformation, higher fracture forces
are required to be applied by the teeth due to the strengthen-
ing mechanism. This increase of the stresses while the
chocolate undergoes plastic deformation will ultimately
affect hardness and the associated textural perception. This is
less pronounced in the aerated materials, where no or
only slight increase of forces are required once plastic defor-
mation is initiated, leading to a potentially softer textural
perception.

Moreover, according to Chen,53 hardness perception is not
a sensorial attribute only perceived during the first bite, as
many researchers have reported in the past. Instead, hardness
is believed to be perceived throughout the mastication process
and determines the mastication pattern.99 This means when a
food is perceived as hard, higher forces, higher chewing rates
and higher number of chews are experienced to successfully
fragment the food product and as the food product breaks
down, lower forces are needed to be applied affecting mastica-
tion parameters such as the jaw movements and chewing
speed. Hence, a dynamic change of hardness perception with
time is observed. This means for materials with higher scores
of hardness perception such as the non-aerated chocolate, the
duration of the mastication step and consequently oral resi-
dence time will be potentially increased compared to the two
aerated chocolates. Therefore, the initial perception (hardness)
at the beginning of the oral process will determine the sensor-
ial attributes perceived at the subsequent steps of oral
processing.

Apart from the clear impact of aeration on the mechanical
properties and the fragmentation, which can be directly corre-
lated with the oral processing, aeration affects textural attri-
butes such as crumbliness as well as hardness as discussed
above.17 Based on Haedelt J et al.,17 hardness is defined as the
bite resistance while crumbliness constitutes the degree of
fragmentation. Haedelt J et al.17 reported that aeration is inver-
sely proportional to the chocolate’s hardness and proportional
to crumbliness. Based on the same study, the degree of frag-
mentation is inversely proportional to fracture toughness, a
statement that is also supported by the findings presented in
Fig. 11 and 13. These links between aeration and crumbliness
reported by this study17 are confirmed in this work by quanti-
fying the effect of aeration on material properties such as com-
pressive strength and the fracture toughness.

The review by Devezeaux de Lavergne M100 et al. discusses
the relationship between fracture properties and fracture
energy with textural properties such as crumbliness, fractur-
ability, cohesiveness and adhesiveness. Based on this review,
low values of fracture stress/strain and fracture toughness can
lead to brittle products with high fragmentation. This effect
was also evident by the in vivo mastication tests as shown in
Fig. 13. In addition, the rate dependency of the fracture tough-
ness could be also correlated to textural attributes such as
hardness and smoothness. Carvalho-da-silva et al.45 investi-
gated the textural attributes of two chocolates with similar
compositions and melting characteristics with subjects of
different chewing preferences. Based on this study, textural
attributes such as hardness and smoothness were perceived
differently among subjects with different chewing rates. A
similar argument was proposed by Meullenet et al.44 where the
chewing speed was associated with the food’s mechanical pro-
perties and finally to texture. Specifically, different chewing
speeds can attribute different perception of texture such as
food hardness but also promote different degree of
fragmentation.

On the other hand, the speed of fragmentation will influ-
ence the melting behaviour of the chocolate and consequently
the oral residence time, with smaller fragments accelerating

Fig. 15 (a) Axisymmetric uniaxial compression model of the non-aerated chocolate with boundary conditions as shown. The top surface is dis-
placed such as that the strain rate is constant (b) stress–strain graph at a strain rate of 0.1 s−1 of the non-aerated chocolate showing the results from
the experiments together with the calibrated two-layer viscoplastic model from the explicit integration and the FE-model.
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the oral processing time.101 This rapid increase of fragmenta-
tion between the two types of chocolate, which is suggested
from both the lower fracture toughness (see Fig. 11) and the
cumulative distributions of Fig. 13, could potentially reduce
melting time of the material during oral processing because
the surface area of the material increases strongly during mas-
tication, exposing more surfaces to the oral temperature. A
reduced melting time could potentially accelerate and affect
the thin film formation and its tribological behaviour,102 there-
fore expediting the oral process affecting the consumer experi-
ence and the flavour intensity.101 This hypothesis is also sup-
ported by Haedelt J et al.,17 who showed a negative correlation
between aeration and melting time. This not only means that
the chocolate will melt rapidly but more importantly a higher
number of solid particles such as the sugar particles and the
cocoa particles are in contact with the oral surfaces leading to
an enhancement of flavour intensity (cocoa, milky perception)
and possibly taste (sweetness).103

6. Conclusions

This study investigates the mechanics of the first bite of
aerated and non-aerated chocolate as governed by the mechan-
ical properties of the materials. Similar to every material and,
more importantly, to complex multiphase materials such as
chocolates, it is crucial to accurately characterise these pro-
perties towards the simulation of the conditions to which the
materials will be exposed to in service. In the case of chocolate,
this translates to the oral mastication conditions. The effect of
the aeration of the chocolate on the mechanical response and
the oral process was determined.

The mechanical properties and specifically the Young’s
modulus, macroscopic yield stress and the fracture toughness,
are greatly influenced by aeration. An unexpected increase of
Young’s modulus with increasing porosity is observed when
the modulus is measured from the initial linear region of the
monotonic uniaxial compression tests. This is attributed to
the fact that small microscopic plastic deformation occurs
from the early stages of the test due to re-arrangement of the
microscopic features inside the chocolate. As evidenced by the
XRT images and the stress–strain measurements micro-aera-
tion hinders this microscopic re-arrangement during
material’s deformation. The Young’s modulus for all chocolate
materials should be measured from the loading–unloading
experiments quoting the slope of the unloading part of curve.
The material properties such as the yield stress and the frac-
ture toughness decrease in the presence of porosity, thus
enhancing the brittle nature of the material. This effect corre-
lates well with the rate of fragmentation based on the in vivo
mastication tests and could potentially be associated with a
change in textural attributes such as hardness and crumbli-
ness but also with the melting time and smoothness.100 The
latter could be also linked with aroma release.

The two-layer viscoplastic model has been successfully
applied to chocolate systems and has been calibrated based on

monotonic and loading–unloading compression tests. The
model parameters can be used in future simulations of the
first bite conditions and can be linked to in vivo and in vitro
mastication tests and consequently to texture. This can
provide a powerful tool towards the design of novel food pro-
ducts with enhanced and controlled sensorial attributes.
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