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1  Introduction
Chocolate is one of the most popular confectionery 

products globally1）, and high-quality chocolate requires a 
glossy surface, a soft texture, and a certain chewiness. 
Chocolate’s unique mechanical behaviour during oral pro-
cessing has unique sensory properties2）. The physical 
properties, rheological behaviour, and sensory perception 
of chocolate are largely influenced by its processing, parti-
cle size distribution, morphology and composition. To 
enhance the texture of chocolate, the solid particle size 
distribution and composition can be controlled to modify 
its physical properties, rheological characteristics, and 
sensory attributes. In recent years, several improvements 
in chocolate quality have been made through changes in 
processing strategies. However, using a composition as a 
tool to modify the texture of chocolate still requires a 
deeper understanding of the principles and factors that in-
fluence the mechanical properties3）. 

Chocolate can be defined as a suspension of solid parti-
cles. These solid particles are derived from sugar, milk 
powder, and cocoa solids in the continuous fat phase, 
which determines the final form of chocolate and influenc-
es its flavour, colour, and texture.
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Sugar is mainly used as sweetener and filler in chocolate, 
which influences taste, texture, and flavour of chocolate. 
Sugar and fats are not mutually soluble, and this system is 
relatively stable but complex in phase change. Some sugars 
can participate in non-enzymatic browning reactions, such 
as the maillard reaction, which gives chocolate unique fla-
vours and colours. It has been shown that sugar particles 
can provide non-uniform nucleation sites for the crystalli-
zation of cocoa butter and tend to accelerate the crystal 
growth rate4, 5）. 

Milk powder is recognized as a food with high nutritional 
value. Its protein content is high and contains various 
amino acids needed by the human body, with a nutritional 
absorption rate of 90％-100％. The high free fat content in 
full-fat dairy powder reduces the amount of cocoa butter in 
chocolate products6）. The addition of whole milk powder 
reduces cocoa butter’s crystallization and melting tempera-
ture. It is well known that the microstructure of chocolate 
significantly affects the rheological behaviour of the mate-
rial and textural properties such as hardness7－9）. 

Therefore, studying the effect of sugar, milk powder, and 
other ingredients on the quality of chocolate is an essential 
guideline for adjusting the formulation of chocolate and 
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products and improving the quality of products.
At present, much research has been conducted on the 

rheological properties of chocolate to determine how the 
taste of chocolate can be changed by adding different in-
gredients.

Belščak10） studied the sensory properties of chocolate 
with the addition of different sweeteners, and although the 
use of low-calorie sugars was able to achieve the same level 
of sweetness as conventional chocolate, the overall accept-
ability was lower. It was also measured that the addition of 
sweeteners such as xylitol increased the hardness of the 
chocolate because of the larger particle size of these com-
pounds. Sokmen11） studied the effect of l different particle 
size sweeteners on the rheological properties of molten 
chocolate and found that the addition of maltitol resulted 
in similar rheological properties compared to sucrose. Yield 
stress of chocolate samples with maltitol was significantly 
higher than that with isomalt. In contrast, isomalt increased 
plastic viscosity due to its number of particles. All these 
studies give a theoretical basis for the production of lower-
calorie chocolate. 

In contrast, the mechanical behaviour of solid foods can 
usually be characterized by material properties, such as 
Young’s modulus, yield strength, and fracture stress12）. 
Bikos13） investigated the effect of micro aeration on the 
mechanical properties of chocolate products and found 
that micro aeration enhanced the brittleness of chocolate 
and had significant effects on the material properties such 
as Young’s modulus, yield strength, and fracture stress. 
And these material properties are directly related to the 
hardness, brittleness, and other textural properties of the 
chocolate that determine the deformation and rupture of 
the material under complex loading conditions observed 
during the first bite.

Extensive literature has been devoted to the rheology of 
molten chocolate. However, the mechanical behaviour of 
solid chocolate has been less explored in depth. The sugar 
and milk powder content of chocolate significantly affects 
its taste and flavour release, but the existing literature 
does not explore in-depth the effect of sugar and milk 
powder addition on the mechanical and fracture properties 
of solid chocolate. A more accurate food propriety model is 
needed to predict the mechanical response and fracture 
behaviour of solid chocolate at the first bite.

This study investigated the mechanical behaviour of four 
chocolate products（dark chocolate made from 70 g of 
cocoa liquor and 20 g of cocoa butter, three kinds of dark 
chocolate with 10 g of sugar added, 10 g of milk powder 
added, 5 g of cane sugar and 5 g of milk powder added）
with different formulations under mechanical action to 
explore this issue. Uniaxial compression and wedge frac-
ture experiments were performed on all chocolate products 
to highlight the effect of ingredient addition on the me-
chanical and fracture properties, respectively. The me-

chanical parameters and stress-strain data were obtained 
by testing four different formulations of chocolate products 
and calibrating the constitutive model of chocolate to 
predict the changes in the mechanical behaviour of differ-
ent ratios of chocolate in oral processing.

In this study, an attempt was made to investigate the 
effect of sugar and milk powder addition on solid mechani-
cal properties of chocolate and relate it to the internal 
structure of chocolate at different ratios. Certain recom-
mendations are provided for the creation of chocolate with 
a specific taste.

2  Materials and Methods
2.1  Materials

The basic chocolate sample is made of cocoa liquor block 
and cocoa butter. The raw materials, sugar, and milk 
powder originated from Shaoxing, Zhejiang Province. The 
recipe for the chocolate specimen production is shown in 
Table 1.

The cocoa liquor blocks and cocoa butter are heated in a 
water bath at 60℃ underwater for 1 hour. Powdered sugar 
and milk powder from the ingredient list above was gradu-
ally added to the melted cocoa ingredients. The mixture 
was continuously stirred at 200 rpm for 1 hour using a me-
chanical stirrer to ensure that all the added ingredients 
were evenly distributed in the molten chocolate. The 
mixture was then cooled to 27.2℃. Finally, the molten so-
lution was reheated to 32.2℃. Untempered chocolate is 
soft and not effectively demoulded. The tempered choco-
late solution was poured into cylindrical moulds（24 mm di-
ameter, 13 mm depth）for uniaxial compression experi-
ments and rectangular moulds（20 mm depth, 15 mm 
width, 50 mm length）for wedge fracture tests. Before de-
molding, the moulds were placed in a food-grade constant 
temperature refrigerator（4℃, two hours）. In this study, 
four sample formulations of chocolate with different func-
tional ingredients were made. These were dark chocolate
（DC）, chocolate samples with added powdered sugar（SC）, 
chocolate samples with added milk powder（MC）, and 
chocolate with added powdered sugar and milk powder 
mixture（SMC）. The fat content in chocolate products 
affects the final sensory perception of the product3）. 
Therefore, the mass of cocoa butter added in all samples 

Table 1　Chocolate sample ingredient list.

Chocolate sample DC SC MC SMC
Cocoa liquor 70 g 70 g 70 g 70 g
Cocoa butter 20 g 20 g 20 g 20 g
Sugar powder － 10 g － 5 g
Milk powder － － 10 g 5 g
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was the same.

2.2  Uniaxial compression tests
Uniaxial compression tests were performed at room 

temperature of 23℃ on a mass spectrometer（TMS-Pro）
sensor with a maximum range of 1 kN.（The maximum load 
observed during compression was 750 N.）The data ob-
tained from uniaxial compression experiments were used 
to obtain values of true stress and true strain data through 
the relationship given by Eqn（1）:

σ＝F/Ai

ε＝ln（Hi /H0） ｝（1）

Where F is the force, H0 is the original reference size of 
the sample, Hi is the current sample height, Ai is the in-
stantaneous cross-sectional area of the sample, assuming 
that all samples are entirely incompressible, Poisson’s 
ratioυ＝0.5. The current cross-sectional area of the sample 
is calculated from the original cross-sectional area of the 
sample:

Hi Ai＝H0 A0  （2）

Compression tests were performed at three constant 
compression rates of 0.1 mm/s, 0.5 mm/s, and 1 mm/s by 
applying load in a straight line to 90％ of the sample height 
and repeating each case three times. These rates were 
chosen because the compression rate also affects the 
results of the compression experiments, and 0.5 mm/s is 
the compression rate commonly used for testing the me-
chanical properties of food14）.

Loading and unloading tests were performed on all choc-
olate products in compression mode to highlight any in-
elastic effects. Cyclic loading tests were performed on four 
samples with initial loading strain at three levels of 0.025, 
0.08, and 0.16, followed by unloading to return the speci-
mens to the zero-force position. The procedure was re-
peated three times for each condition and each type of 
chocolate, with the loading phase at a rate of 0.1 mm/s. 
After converting the force-time curves to true values 
Young’s modulus could be calculated as the slope of the 
initial linear region. The region for calculating Young’s 
modulus should not contain any significant fracture events.

Creep tests were performed on all chocolate samples 
with a constant load to obtain strain-time curves to cali-
brate the constitutive model. Creep tests were performed 
on four chocolates at a loading rate of 0.1 mm/s at constant 
stress. The experiments were performed at constant stress 
lower than the compressive fracture stress of the chocolate 
to avoid the fracture behaviour affecting the accuracy of 
the constitutive model.

2.3  Cutting fracture tests
In the wedge test, the wedge angle is 15°, the radius of 

curvature of the wedge tip is 5 mm, and the width of the 

wedge is 40 mm（wider than the sample, to make the 
sample split completely so that the area of the fracture 
surface becomes a known value15））, is mounted on a mass 
spectrometer so that the wedge probe divides the food 
sample. The wedge separates the sample by internal 
tension, thus testing the resistance of the food to type I 
fracture. During the experiment, the wedge was passed 
through four different ratios of chocolate samples at the 
rate of 0.1 mm/s and 0.5 mm/s. The wedges were then 
removed, and the split samples were gently pushed back 
together and then subjected to this test again16）. The data 
obtained from the wedge fracture experiments were used 
to calculate the fracture energy and fracture toughness by 
the following procedure.

The wedge test assumes that the plastic dissipation or 
elastic stored energy in the sample edges is negligible in 
both processes（Ue＝Up＝0）. In the second process, the re-
corded force is caused only by the friction between the 
wedge and the sampling process（Uf,pass2＝0）. The assump-
tion allows the energy balance of each process to be ex-
pressed as Eqn（3）and by simplifying to obtain Eqn（4）,（5）.

Us＝Uf＋Up＋Ud＋Ue （3）

Us,pass1＝Uf＋Ud （4）

Us,pass2＝Ud （5）

Where Us is the total system energy, Uf is fracture 
energy, Up is the energy dissipated by plastic deformation, 
Ue is the energy dissipated by other processes, and Ud is 
the elastic energy storage. The units of all energies are［J］. 
Up and Ud are zero in the line elastic condition. The total 
energy applied to the system can be expressed as Us＝∫0

h 
Fdx, where F is the force applied to the sample, x is the 
displacement, and h is the net displacement obtained 
during the whole deformation.

Where Us,pass1  is the energy applied to the sample during 
the first test（leading to fracture）, Us,pass2 is the energy 
applied to the sample during the second test（empty 
process）. The fracture energy Uf can be found by subtrac-
tion. The fracture toughness is given by Eqn（6）.

Gc＝ Uf

wh
 （6）

Where Gc is the fracture toughness, w is the sample 
width, and h is the sample height. The fracture energy of 
the sample can be calculated from the integration of the 
force-displacement curve in the stable crack expansion 
region17）. 

The bionic chewing experiment was performed on a 
bionic chewing platform（made in our laboratory, see Fig. 
1）, where four different types of chocolate were placed 
under the cutting teeth of the platform so that the two inci-
sors could completely cut the rectangular chocolate. 
Gently close the separated chocolate after lifting the inci-
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sors by program control and repeat the above steps.

3  Experimental Results
3.1  Uniaxial compression tests

Figure 2 shows the stress-strain diagrams for four differ-
ent ratios of homemade chocolate at uniaxial compression 
rates of 0.1 mm/s, 0.5 mm/s and 1 mm/s. The mechanical 
response of all the chocolate samples exhibited small varia-

tions during the three replicate tests. It is observed in Fig. 
2 that the stress-strain response of all types of chocolate 
tested showed a significant dependence on the compres-
sion rate. Different mechanical behaviours were produced 
at different compression rates. MC chocolate had the 
lowest stress-strain response among the four chocolates, 
with up to 50％ difference compared to SC chocolate, 
which had the highest stress-strain response. 

The Young’s modulus of the four chocolates can be ob-
tained from the slope of the linear phase of the stress-
strain curve. It has been established in the literature that 
Young’s modulus and fracture stress are directly related to 
the perceived hardness of the material18－21）. Chocolate SC 
containing powdered sugar is harder than chocolate DC 
containing only cocoa butter and cocoa liquor mass. Ac-
cording to the study by Afoakwa et al.22）, the hardness of 
chocolate is related to the strength of the interactions 
between the particles. The addition of powdered sugar as a 
large particle molecule increased the solid volume content 
of the fatty base of the chocolate and an increase in the in-
termolecular forces, increasing the hardness of the choco-
late. At the same time, it was observed that the chocolate 
MC containing milk powder had a minor hardness and 
softer texture. Liang and Hartel23） found that an increase in 
free milk fat concentration and a decrease in solid fat 

Fig. 1　Bionic chewing platform.

Fig. 2　Stress-strain diagrams of four chocolate samples in monotonic uniaxial compression.
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content led to a decrease in chocolate hardness, which is 
consistent with the results obtained in this paper. MC 
chocolate contains a proportion of butter fat that causes an 
eutectic effect, which preventsbloom formation, results in 
a lower melting point, softeningof texture24）. The hardness 
of SMC chocolate was observed to be less than SC choco-
late but greater than DC chocolate when both powdered 
sugar and milk powder were added to the chocolate. The 
two different component in equal proportions reacted in a 
complex way in the fat matrix. Therefore, the experimental 
results showed that the addition of powdered sugar had a 
more significant effect on the hardness, which enhanced 
the overall hardness of the chocolate.

The curves of the loading-unloading paths obtained from 
the loading-unloading cycle experiments for the four choc-
olates at a strain level of 0.025 overlaps almost exactly, and 
the stress values are too small hard to plot. So only the 
loading-unloading cycle curves for the remaining two strain 
levels of 0.08, 0.16 are shown in Fig. 3. For minor elastic 
strains of 0.025 strain applied and removed in all tested 
materials, the loading and unloading paths can be well 
matched to the predicted linear elastic material. At more 
minor strain levels, all chocolates exhibit good elasticity. 
However, for samples at strain levels above 0.08 and 0.16, 
deformation was not recovered for a more extended period 
after the cyclic experiments were completed with the 

removal of the load, implying that permanent inelastic 
strain occurred in the chocolate during the initial stress-
strain response phase of compression.

According to Gonzalez’s study25） on the mechanical 
properties of fat-based materials, the inelastic deformation 
during the loading phase of compression experiments is 
caused by the structural rearrangement resulting from the 
compression of the fat crystals. It is suggested to deter-
mine the elasticity of material by measuring the degree of 
recovery of deformation of the sample during unloading. 
The percentage of deformation recovery for the four types 
of chocolate at two strain levels obtained from the above 
curves and data calculations are plotted in Fig. 4（a）, where 
the elasticity decreases in the order of SC, DC, SMC, MC 
for the four different types of chocolate.

In Fig. 3, Young’s modulus calculated from the linear un-
loading part of the curve is summarized for both strain 
levels. Figure 4（b） summarizes the highest differences that 
can be observed for Young’s modulus values obtained sepa-
rately for the loading-unloading phase of the cyclic loading 
test. In the case of the chocolate with only milk powder 
added, Young’s modulus of the loading path obtained in the 
loading-unloading test is 8 MPa, while the slope of the un-
loading path is about 16 MPa, with a difference of almost 
100％ between the two. It was also observed that for SC 
chocolate, the difference between Young’s modulus values 

Fig. 3　 Stress-strain diagrams of loading-unloading tests for all chocolate samples at different strain levels of 0.08, 0.16 at a 
compression rate of 0.1 mm/s.
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in the unloading path and those in the loading path was 
smaller compared to DC chocolate, which showed better 
elasticity. In contrast, the slope of the MC chocolate un-
loading path is much larger than that of the loading path, 
and the stress-strain response is closer to that of visco-
plasticity. These inelastic effects seem to come from the 
early stage of material deformation, where the higher the 
free fat content, the higher the destruction of the fat 
crystal structure during compression, leading to this plastic 
deformation. The deformation recovery of SMC chocolate 
is close to that of DC chocolate. At the same time, the dif-
ference value of Young’s modulus in the loading-unloading 
stage is larger than that of DC chocolate. The elasticity of 
SMC chocolate was smaller than that of DC chocolate. 
Under the conditions of this test, the equal proportion of 
milk powder had a more significant effect on the elasticity 
of chocolate than sugar powder.

3.2  Cutting fracture tests
Figure 5 shows the load-displacement plots of wedges 

cutting four types of chocolate samples with different 
cutting rates, illustrating the significant rate-dependence 
of fracture for all types of chocolate materials. In the load-
displacement plots for the four types of chocolate, a 
smaller load-displacement response is found to cut at a 
cutting rate of 0.5 mm/s than a cutting rate of 0.1 mm/s. 
Based on the above curves, it can be observed that the cal-
culated parameters such as fracture energy and fracture 
toughness are listed in Table 2.

The fracture load of SC chocolate with only powdered 
sugar added was significantly higher than that of DC choco-
late. In contrast, the fracture load of MC chocolate with 

only milk powder added was reduced. The fracture load of 
SMC chocolate with both powdered sugar and milk powder 
was similar to that of DC chocolate. When the wedge over-
comes the yield stress and enters the chocolate, the curve 
appears a slight “turn”. Through the ‘turn’, the stress rises 
continuously before a fracture occurs.

All four chocolates showed significant stress hardening 
effects before fracture at slower cutting rates. After the 
yielding stage, the forces between the macromolecules in-
crease, causing the polymer viscosity to rise and the 
polymer to tend to “harden”26）. For chocolate, the continu-
ous rise in stress is due to the nonlinear elastic behaviour 
associated with structural changes in the fat microcrystals 
after yielding24）. It is observed in Figure 5 that for different 
ratios of chocolate, the onset of the unstable crack expan-
sion in MC chocolate（the point marked by the arrow in the 
figure）is less than the wedge penetration in DC chocolate 
at the same cutting rate, and the less penetration force re-
quired, the more brittle the specimen. Also, MC chocolate 
has lower fracture toughness and fractures energy relative 
to DC chocolate. The free fat in the milk powder effectively 
dilutes the dispersed phase volume, thereby reducing yield 
stress and plastic viscosity27）. 

The fracture toughness and fracture energy of SC choco-
late are greater than those of DC chocolate. The addition 
of powdered sugar increases the viscosity of chocolate, and 
the ability of chocolate to resist crack expansion is en-
hanced; the addition of powdered sugar reduces the brittle-
ness of SC samples. Moreover, milk powder increases milk 
fat content in the fat base, and milk fat can react with 
cocoa butter. Milk fat will inhibit the polymorphic transfor-
mation of cocoa butter to its most stable state28）. Unstable 

Fig. 4　  Loading-unloading tests results.  
（a）Recovery of deformation of chocolate after unloading in the loading-unloading test for all chocolate samples at 
two different strain levels of 0.08,0.16   
（b）Young's modulus values extracted from the unloaded portion of the stress-strain curve in the loading-unloading 
test at two strain levels of 0.08,0.16 for all chocolates   
（c）Comparative values of Young's modulus extracted from the loaded part and Young's modulus extracted from the 
unloading part in the loading-unloading test for all chocolates at two strain levels of 0.08, 0.16
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cracks will expand rapidly through the unstable structure, 
and MC chocolates exhibit higher brittleness less fracture 
toughness. SMC chocolates with both powdered sugar and 
milk powder added showed higher fracture energy and 
fracture toughness than DC chocolates, and powdered 
sugar had a greater effect on enhancing the chocolate’s 
ability to resist unstable cracking.

Fracture mechanics is based on the fact that every item 
has inherent microcracks that compromise its strength. 
Once a microcrack absorbs enough energy through an ex-
ternal force, it propagates through the material and causes 
a fracture. For the crack to expand, the energy must be 

concentrated around the crack’s tip. The energy required 
for crack expansion depends on the way the material is 
loaded the yield stress of the material and is related to the 
geometry of the crack itself. In the experiments of this 
paper, the material was loaded in a way that the geometry 
of the crack itself was kept consistent. Therefore the frac-
ture energy required for different types of chocolate di-
rectly reflected its yield stress, with the stress values in the 
order of SC, SMC, DC, MC from largest to smallest.

The observation of the fracture surfaces showed that the 
chocolate DC and MC without any additives and with only 
milk powder had flatter fracture surfaces. The chocolate 

Fig. 5　�Displacement-load diagrams from the first cut in the wedge fracture test at cutting rates of 0.1 mm/s and 0.5 mm/s 
for all chocolate samples（the second cut with a smaller load is not plotted but is included in the calculation）.

Table 2　Result of Fracture Test.

Chocolate 
Sample

Cutting Speed 
(mm/s) Fracture Load (N) Fracture 

Displacemen (mm)
Fracture Energy 

(MJ)
Fracture Toughness 

(J/m2)

DC
0.1 166±25 3.59±0.32 356±32 1189±83
0.5 109±12 1.98±0.12 126±16 420±40

SC
0.1 193±14 5.23±0.28 531±38 1170±126
0.5 120±8 2.63±0.14 199±18 663±60

MC
0.1 129±17 3.04±0.08 219±27 730±90
0.5 95±7 1.83±0.15 99±13 330±43

SMC
0.1 169±27 3.93±0.12 403±25 1343±90
0.5 107±9 1.92±0.08 137±20 457±67
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SC and MC with added powdered sugar had rougher frac-
ture surfaces and more curved cracks, probably due to the 
different dispersion of powdered sugar in the production 
process29）. The inhomogeneity of food particle size signifi-
cantly affects the distribution and dissipation of strain 
energy at fracture, and heterogeneity is an essential ap-
pendage of brittleness that can produce brittle cracks in 
different directions30）. 

In mastication, the wedge test helps determine the frac-
ture characteristics of chocolate under loading geometry, 
such as incisor splitting31）. By linking the fracture charac-
teristics of chocolate measured by the wedge test to the 
fracture behaviour of chocolate in the first bite of the mas-
ticatory test, the results of the wedge test were predicted 
to be directly related to the masticatory variable.

The displacement-load diagrams of the four types of 
chocolates obtained from the masticatory experiments 
based on the bionic chewing platform are plotted in Figure 
6. The fracture toughness and fracture energy obtained in 
the wedge experiments can still predict the brittleness of 
the four types of chocolates to some extent, and it can still 
be verified that the addition of powdered sugar reduces the 
brittleness of the chocolates. At the same time, the milk 
powder increases the brittleness of the chocolates. 

However, fracture displacement and fracture load of 
SMC chocolate were smaller than those of DC chocolate, 
only with the same results obtained from the wedge test at 
a loading rate of 0.5 mm/s. This shows that the loading rate 
has a significant influence on the chocolate fracture test. 
The effect of milk powder on the brittleness of chocolate 
was greater in the masticatory loading mode with equal 
proportions of milk powder.

In the wedge loading test, the chocolate had a longer 
time for stable cutting after the wedge was cut in, and the 

chocolate viscosity had a more significant effect on the test 
results. It can also be observed that the energy imparted to 
the sample by friction during the secondary bite break in 
the imitation chewing experiment is more compared to 
that in the wedge block test. The shape of the wedge is 
similar to the shape of the incised tooth and both fracture 
types are the same. However, the wedge material is not the 
same as the tooth material, and all parameters obtained in 
the masticatory-like test differ from the wedge test. 

The fracture displacements of all four types of chocolate 
were greater than those of the wedge test performed at the 
same rate. The radius of curvature of the wedge chosen for 
the wedge test was similar to that of the tangent, but the 
fracture curve obtained from the regular shape of the 
wedge was smoother than that of the masticatory test and 
the section of the chocolate was smoother at fracture. 
Therefore, the wedge test can predict to some extent the 
difference in fracture behaviour of the additive on the 
chocolate during chewing, but it cannot truly reflect the 
possible deformation and fracture of the chocolate during 
chewing.

3.3  Constructive model
Based on the characteristics exhibited by the uniaxial 

compressive stress-strain diagrams of the four chocolates, 
suitable constitutive models were developed. A more accu-
rate mathematical model to predict the addition of sugar 
and milk powder on the material properties, such as 
Young’s modulus of chocolate, was used to evaluate the 
texture and taste of chocolate with different ratios.

By observing the results of the compression experi-
ments, it can be seen that the stress-strain response of the 
samples has an obvious rate-dependence, which means 
that the samples produce a time-dependent irrecoverable 
deformation during the compression process and exhibit a 
more obvious visco-plasticity18）. 

The unloading phase also shows a certain recovery de-
formation in the cyclic loading experiments, so the material 
has a certain elasticity. By the above properties, a suitable 
mathematical model is established to fit the experimental 
results to characterize the above material properties.

Creep tests allow for the classification of materials based 
on their creep behaviour32）, the ideal elastic solid will 
exhibit constant strain over time due to lack of mobility 
and will fully recover strain after removal of the load. The 
ideal plastic solid will also exhibit continuous plastic defor-
mation after exceeding the yield stress with constant 
stress. On the other hand, the ideal viscous liquid exhibits 
a linear change in strain over time due to stable flow and 
zero recovery after unloading33）. Due to its composition 
and structure, chocolate exhibits viscous, elastic and 
plastic behaviour at the same time. Therefore creep tests 
provide valuable information on the viscoelastic-plastic be-
haviour.

Fig. 6　�Displacement-load diagram of all chocolate samples 
in the first cut in the bionic chewing test（the 
second cut load is smaller and not plotted in the 
figure but is involved in the calculation）.
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The rate of deformation of a visco-plastic body under 
load, when the stress reaches some critical value, yielding 
and flow phenomena occur, is related to the viscosity of the 
object. The visco-plasticity of the material can be described 
by the combination of damping elements and sliding ele-
ments. Moreover, the chocolate studied in this paper has 
the above three properties, so the common basic elastic 
visco-plastic Bingham model is chosen to describe the 
strain-time response of chocolate in this paper.

For this model, the total strain is the sum of the strain ε 0 
in the spring element and the strain ε 1 in the parallel 
damping element and sliding element, and the stress in the 
spring is equal to the total stress, as described by the fol-
lowing Eqn（7）（8）.

ε（t）＝ε 0＋ε 1 （7）

σ（t）＝σ 0＝σ 1＝E0 σ 0 （8）

where σ 0 is the stress in the spring element that exhibits 
elasticity, the modulus of elasticity is E0, and the sliding 
element that exhibits plasticity σp depends on whether the 
yield stress σ s has been reached, and only when the stress 
value reaches the yield limit, deformation begins, which 
can be expressed in Eqn（9）（10）.

σp＝σ 0＝σ（t）（σp＜σ s）
σp＝σ s＋Bε 1（σp ≥σ s） ｝（9）

B＝ dσ（t）
dε 1

＝ dσ（t）
（d（ε（t））－dε 0）

＝E1/（1－ E1

E0 
） （10）

where B is the reinforcement parameter for stress hard-
ening when the stress in the sliding element σp exceeds the 
yield stress, and E1 is the tangential modulus in the sliding 
element.

At the same time, the damping element is connected in 
parallel with the sliding element so that the strain in both 
elements is the same and the stress in the two parallel ele-
ments σ 1 is the sum of the stress in the sliding element σp 
and the stress in the damping element σ v, expressed as the 
following Eqn（11）.

σ 1＝σp＋σ v＝σp＋φ
∂ε 1

∂ t
 （11）

where φ  is the parameter of the damping element, com-
bined with the Eqn（7）（8）（9）（11）can obtain the relation-
ship between σ（t）and ε（t）the Eqn（12）.

ε（t）＝ σ（t）
E0

（σp＜σ s）

BE0 ε（t）＋φE0

∂ε（t）
∂ t
＝Bσ（t）＋E0（σ（t）－σ s）＋φ

∂σ
∂ t
（σ p ≥σ s）｝�（12）

When the stress applied to the sample is constant value 
σA, the above equation can be rewritten as follows:

ε＝σA

E0

＋σA－σ s

B ［1－exp（－ B
φ

t）］（σ ≥σ s） （13）

Observing the stress-strain curves in the cyclic loading 
test, it can be observed that the mechanical behaviour 

before overcoming the yield stress does not precisely 
match the idealized elastic response. The non-linear phase 
at the beginning of the loading was observed to be due to 
some slippage when the probe comes in contact with the 
chocolate due to the smoother surface of the chocolate. 
Therefore, the above constitutive model was corrected 
based on the data obtained from creep tests after a period 
of loading, keeping the static force constant, and the fitted 
curves obtained from the data are plotted in the Fig. 7. It 
was observed that the fit was relatively accurate for all 
types of chocolate materials. 

Based on the fitted constitutive model parameters, the 
same results as in the previous tests can be obtained, and 
the fitted values of the modulus of elasticity show a trend 
from SC, SMC, DC and MC decreasing. The strengthening 
parameters reflect the degree of stress hardening of choco-
late after overcoming the yield stress, and it is easy to see 
from the results that they are consistent with the conclu-
sions obtained in the fracture tests. Therefore, the model is 
more consistent with the material properties of chocolate, 
where the time-dependent parameters are less sensitive to 
the final strain response, which is not consistent with the 
experimental stress-strain response of chocolate with a 
more obvious rate dependence. Based on the above find-
ings, the above equations are adjusted to construct a new 
constitutive model that is more consistent with the proper-
ties of chocolate.

This constitutive model consists of a visco-elastic model 
consisting of a damping element and a spring element con-
nected in parallel and then in series with an ideal visco-
plastic model, where the stresses σ 0 in the visco-elastic 
model are equal to those in the visco-plastic model, and 
their stresses can be calculated by the Eqn（14）.

 

σ 0＝E0 ε 0＋φ 0

∂ε 0

∂ t

σ 1＝σ s＋φ 1

∂ε 1

∂ t

σ＝σ 0＋σ 1 

（14）

Where, φ 0, φ 1 is the parameter of the damping element, ε 0 
is the strain of the viscoelastic model, ε 1 is the strain of the 
viscoplastic model, and the sum of the two is the strain of 
the model when the stress used in the constant value σA, 
which can be expressed as Eqn（15）.

ε＝ε 0＋ε 1＝
σA

E0

（1－e－
E
φ 0

t）＋σA－σ s

φ 1

t＋A （15）

In Tables 3 and 4, it can be observed that the newly es-
tablished constitutive model 2 has a higher degree of fit. 
Model 2 solves the problem that model 1 exhibits a time-
independent fully elastic response before the stress 
reaches the yield stress, which is not consistent with the 
experimental results. The increased sensitivity of the pa-
rameters of the damping element to the degree of equation 
fit is more consistent with the results in the previous ex-
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periments. This model can simulate the mechanical proper-
ties of chocolate well, but more sophisticated models are 
needed to provide predictive power beyond a given set of 
mechanical test conditions.

The above experiments and the results of the fitting of 
the constitutive model were used to construct functions 
between the necessary parameters and the amount of 
sugar and milk powder added in order to predict the me-
chanical behaviour of the chocolate in different ratios, 
which can be expressed as Eqn（16）（17）.

E0＝0.35x1－0.25x2＋3.10
φ 0＝－2.11x1－48.11x2＋390.93
φ 1＝19.75x1＋33.81x2＋26.82

｝（16）
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 （17）

Where, x1 is amount of sugar added, x2 is amount of milk 
powder added.

However, the test volumes in this trial were small and 
the predictions in this respect were poor, and subsequent 
trials with a large number of modifications to the sugar and 
dairy powder additions will be required to correct them. It 
is also designed to find the optimum amount of sugar and 
dairy powder to be added by the optimal shape method.

4  Conclusion
This study investigated the mechanical properties of 

chocolate as influenced by two common ingredients, sugar 
and milk powder, and attempted to relate the properties of 
different ratios of chocolate to its mechanical behaviour at 
the first bite. The effect of the addition of the two ingredi-
ents on the textural properties of the chocolate was deter-
mined. 

Fig. 7　�Building a constitutive structure model.   
（a）Constitutive model 1-Bingham model   
（b）Constitutive model 2   
（c）Fitting curve of instantiation model 1 -Bingham model   
（d）Fitting curve of instantiation model 2
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The fracture behaviour of chocolate and mechanical 
properties changed when two common ingredients, sugar 
and milk powder, were added to the chocolate. In this 
study, the addition of powdered sugar resulted in enhanced 
material properties such as Young’s modulus, yield stress, 
fracture toughness, and fracture load of chocolate. In con-
trast, milk powder had the opposite effect. Sugar played a 
more significant role in material properties in equal propor-
tions of both together. The decrease in chocolate fracture 
stress may affect the perceived hardness of chocolate. In 
contrast, chocolate exhibited a high degree of rate depen-
dence in the fracture experiments, indicating that different 
chewing rates significantly affect perceived hardness and 
brittleness of chocolate. All materials were subjected to 
cyclic loading tests to observe the elasticity changes of dif-
ferent chocolates by their deformation recovery. Although 
the addition of powdered sugar and porous structure in-
creases the resistance of chocolate to deformation, the ad-
dition of milk powder destabilizes the fat crystals to a 
certain extent and makes the chocolate more susceptible 
to permanent deformation.

A four-component viscoelastic-plastic model based on 
Bingham’s model can better explain the mechanical re-
sponse of the chocolate in the test, which was corrected by 
the creep test data, and the parameters obtained confirmed 
the mechanical properties of the four different chocolates 
in the test. The model can be used to fit future test data for 
more ratios of chocolate to predict the texture properties 
of chocolate in different ratios, providing a suitable tool for 

the design and production of food products with specified 
sensory properties.
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