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Abstract. Texture is an important attribute in the quality assessment of processed food products. Recently,
Young’s modulus is identified as one of the most important indicators of food texture. However, there is much
ambiguity in the literature about quantification and standards for texture analysis. In this paper, the sensitivity
of Young’s modulus (and thus texture) towards the applied deformation rate, sample shape and size, moisture
content is studied experimentally for potato and sweet potato samples. We found that Young’s moduli vary by
as much as 54% depending on the rate of applied strain, indicating the need for test standards. The strain rate
dependent behaviour exhibits the viscoelastic nature of the potato samples, which was further validated by stress
relaxation and cyclic tests. Based on our experimental iterations and associated finding of the work, we propose the
need for a standardised procedure formeasuringYoung’smodulus and texture analysis.We expect this work to serve
as a crucial step toward standardised texture measurement during thermal processing of food products.
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1 Introduction

Texture plays an important role in the acceptability of a
food product. This texture is developed throughout the
cooking process. Various sensory-based texture character-
istics that are identified and analysed so far include
firmness, springiness, crispiness, cohesiveness and gummi-
ness [1–8]. Various techniques of texture measurement
include texture profile analysis, texture indices measure-
ment and texture modelling [2]. Texture profile analyses
involve the development of force-displacement curves that
demonstrate the evolution of texture characteristics over
time for a food sample. Mechanical and acoustic measure-
ments are used to quantify texture profiles. Mechanical
measurements include compression test, three-point bend-
ing, puncture test and impact test; these typically yield
force vs time and force vs displacement curves. Acoustic
measurement techniques involve measurement of acoustic
emissions and vibrations associated with texture attrib-
utes. Various researchers have incorporated these mea-
surement methods [9–15]. Texture indices are empirical
relations derived on the basis of mechanical and/or
acoustic measurements. Commonly used texture indices
are firmness index [16,17], sharpness index [18] crunchiness
index [19] and mastication based texture index [20–22].
tul.bhargav@iitgn.ac.in
One challenge with thesemethods is repeatability, owing to
the lack of standardization [2]. Besides, while these
methods are useful in providing insights about the sensory
characteristics of food materials, information regarding
quantifiable mechanical properties is very limited.
Thus, the utility of these methods is limited while exploring
mechanical interpretations of material behaviour.
Therefore, mechanical properties and the methods to
quantify them have been now extensively studied for
various food materials [23–25].

In recent years, Young’s Modulus has been identified as
one of the key parameters that are used to describe texture
[26,27]. Unlike other sensory characteristics, Young’s
modulus is defined on the basis of stress–strain behaviour
and not force-time or force-displacement behaviour; which
depend on sample dimensions and thus lack generalization.
Young’s modulus is a direct measure of stiffness, a material
property which is crucial in describing the deformation
behaviour of materials [28]. Stiffness is defined as the
ability of a material to resist deformation under compres-
sive or tensile loading. Researchers have shown that jaw
muscle activity is strongly influenced by mechanical
properties such as stiffness and the texture behaviour of
food samples [29–31]. Reference [32] presented data on
Young’s modulus of food materials consumed by non-
human primates and emphasized on the significance of
analysing material properties in terms of measurable
quantities such as Young’s modulus and its role in the
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Table 1. Size and shape details of test cases 1 through 4
(to test for variation in Young’s modulus and compressive
strength values with size, aspect ratio and geometry).

Test case 1 2 3 4
Shape Cube Cuboid Cuboid Cylinder

Cross section
(mm2)

14 � 14 14 � 14 7 � 7 25 (dia)

Height (mm) 14 28 14 28
Aspect ratio
(a/ l)

1:1 1:2 1:2 ∼1:1
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analysis of masticatory functions. Relationships between
Young’s modulus and mastication velocity have been
established, which demonstrates that higher Young’s
moduli of food materials result in lower mastication
velocity [33]. Similar negative correlations were observed
between Young’s modulus and mastication velocity
through analysis of material properties for four different
types of cheeses [34]. The application of knowledge of
Young’s modulus of food materials in designing their
processing machinery has also been studied [35]. Further,
they also investigated the effect of loading rate and
moisture content on Young’s modulus of red beans.
Vincent demonstrated the advantages of testing mechani-
cal properties of food materials over sensory experiments
and organoleptic tests in terms of convenience, time
and cost involved and acceptability [36]. The extensive
applicability of Young’s modulus and its significance in
mechanical studies as mentioned above, justifies the need
of its acceptability as a crucial texture parameter.
Therefore, Young’s modulus has been chosen for quantifi-
cation of texture in the present work.

A major challenge associated with texture studies
involving mechanical parameters such as Young’s modulus
is the wide variation in estimated values even for very
similar samples. These variations demand investigation of
the possible causes associated with data disagreements.
One explanation is the geographic, seasonal, agricultural
and biological reasons for variation. However, it is also
possible that some deviations may occur due to the lack of
standardised measurement techniques. For instance, the
dimensions, aspect ratio, applied strain rate vary signifi-
cantly across the reported experimental literature [37,38].
Thus, there is a need to develop a generalised method for
texture analysis of foodmaterials that account for the effect
of operating parameters. This could serve as a foundation
for the development of standardised testing techniques
that could be adopted globally.

The objective of the paper is to study the effect of
various physical parameters (geometry, dimensions, aspect
ratio, strain rate and moisture content) on Young’s
modulus. The effect of these parameters on the compressive
strength of the food material is also captured. As an
outcome of the performed analyses, we also propose the
need for a standardised test procedure for Young’s modulus
and thus texture measurement.
2 Materials and methods

Potato (Solanum tuberosum) of Indian variety Kufri
Badshah was selected as the primary sample to study
the effect of various parameters. In order to further observe
the effect of variation in composition and type of sample,
additional tests were performed for sweet potato (Ipomoea
batatas) samples.

The samples bought from the local market were kept in
cold storage before experiments. The samples were brought
to room temperature, washed and peeled before cutting.
Each measurement of moisture content, Young’s modulus
and temperature were done in triplicate sets, and the
average values were determined. The sample once used for
measuring a parameter was discarded and was not used for
measuring other parameters. Experiments were performed
to analyse the effect of sample dimensions, geometry,
aspect ratio, applied strain rate and moisture content on
Young’s modulus of the samples.

For analysing the effect of geometry, cube, cuboid and
cylindrical samples were selected for texture analysis. The
aspect ratio of 1:1 and 1:2 were analysed. Higher aspect
ratio were not considered as bulging effect might be
significant in those cases. Texture analysis was done for
various dimensions of food samples and the effect of these
parameters were observed. Details of the selected dimen-
sions, geometry, aspect ratio etc. are shown in Table 1.

The effect of strain rate was analysed by taking raw
potato samples cut in the square prismatic shape of 7� 7
mm2 cross-section and height 7mm using a mechanical
cutter. Strain rate was varied by changing the deformation
rate in texture analyser using equation (1), described in the
later section of this paper.

For analysing the sensitivity of Young’s Modulus and
texture towards moisture content, two thermal treatments
viz. thermal drying and deep-frying were selected. Potato
samples were cut in the square prismatic shape of 14� 14
mm2 cross-section and height 2mm using a mechanical
cutter. The sample height was kept relatively low to ensure
near-uniform heating in the sample. For the drying
experiment, samples were dried in the infrared heater at
115 °C for different levels of moisture loss. For deep
frying experiments, samples were fried in corn oil at 170 °C
for different durations ranging from 0 to 7min. Deep
frying was done in a 2-litre electrical fryer (Inalsa
Professional2 1700W electric fryer, India). Moisture
content was measured by gravimetric analysis done using
a preheated convection oven (Nova Instruments, India).
Then, compression tests were carried out on samples with
different moisture content, starting with fresh samples and
ending with samples with less than 10% moisture content,
in steps of 10% moisture loss. This gives the variation of
Young’s modulus withmoisture content. It should be noted
that along with moisture content, starch gelatinization has
also an effect on Young’s modulus during frying. While no
separate experiments were conducted to analyse starch
gelatinization, its effect on Young’s modulus has been
captured and discussed in Section 3.

Texture analyses/compression test: Texture analyses
were done using Ta HD plus Texture Analyzer (Stable
Microsystems, UK) with a 70mm compression platen



Fig. 1. Texture analysis setup used for compression tests.
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probe for applying force (Figure 1). Texture analyser
provides the deformation behaviour of food samples under
various loading conditions. Displacement rate, defined as
the desired change in dimension (here change in sample
height) per second is fed as input by the user for texture
analysis. However, maintaining the same displacement rate
over different experiments is not a correct method as it is
dependent on sample dimensions. Instead, a constant
strain rate experiment enables comparison across sample
sizes [39,40]. Therefore, in the current work, a constant
strain rate (of 8%/min) is applied for all the cases except
the one in which the effect of strain rate is investigated.

Displacement rate was calculated corresponding to
desired strain rate by using the following formula:

strain rate %=minð Þ

¼ displacement rate ðmm=sÞ � 100 ð%Þ � 60 ðs=minÞ
sample height ðmmÞ

ð1Þ
For performing texture analysis, selected food sample

was compressed at the specified strain rate till 90%
deformation was achieved. The criteria of 90% deformation
was selected so as to capture the deformation behaviour to
the maximum possible extent without damaging the
compression platen probe.

Since stress–strain curve is independent of material
dimensions, it is a better description of material behaviour
vis-à-vis the force-displacement diagram [28]. Therefore
stress–strain behaviour was analysed for each sample
instead of directly observing force vs displacement. Stress is
defined as the force per unit area and was calculated by
dividing force values with the sample cross-sectional area.
Strain is defined as the change in length per unit length and
was calculated by dividing observed displacement with the
original sample length. As mentioned earlier, the strain
rate defined as the percentage change in strain per unit
time was kept constant. Figure 2 shows the diagrammatic
representation of stress, strain and strain rate definitions.
Further, Young’s modulus was calculated as the slope of
linear region observed in the stress–strain curve. This was
measured by providing a linear fit in the observed linear
region of the curve and the slope value was extracted from
the equation of linear fit. Figure 3 shows force vs.
displacement curve and derived stress–strain curve and
Young’s modulus for testing of one of the raw potato
sample. The stress–strain curve analysis and estimation of
Young’s modulus were done for each tested sample and
each measurement was repeated in triplicates. The average
value of the estimated Young’s moduli was considered for
analysis. Also, after every instant of compression testing,
the deformed sample was removed and the compression
platen probe and sample platform was cleaned well with
acetone and the probe was lubricated to avoid the friction
between its surface and food sample.
3 Results and discussion

The effect of change in sample’s shape, geometry, moisture
content and applied strain rate on Young’s modulus and
compressive strength estimates was investigated. We
demonstrate that although variations of the same order
in size, aspect ratio or shape may not significantly affect
Young’s modulus and compressive strength estimates of
food materials, the strain rate has a statistically significant
effect on these properties, thus exhibiting the viscoelastic
behaviour. The viscoelastic behaviour was further investi-
gated by varying test procedures and food type. Finally,
the effect of thermal processes and associated moisture loss
on the variation in Young’s modulus was analysed.

Figure 4 shows Young’s modulus and compressive
strength during compression testing of potato samples of
different geometries, aspect ratio and dimensions. Table 1
describes the various cases considered. Comparison of test
case 1, 2 and 3 shows that there is no significant effect of
aspect ratio on the compressive strength and Young’s
modulus. Comparison with case 4 indicates that geometry
does not affect the results significantly (statistical analysis
is done by performing one way ANOVA (Analysis of
Variance) for a single factor using Analysis Toolpak
embedded in Microsoft Excel Professional Plus 2013) with
a confidence interval of 95% (a=0.05). In both cases, the
obtained p-value was greater than a, and therefore we may
conclude that there is no effect of geometry and aspect ratio
on Young’s modulus and compressive strength obtained.
Analyses results are shown in Tables 2 and 3 respectively.

Next, the effect of strain rate on Young’s modulus and
compressive strengthwas investigated (Figure 5). A similar
analysis (as was carried out for the effect of shape and
aspect ratio) yielded a statistically significant effect of
strain rate on the estimated Young’s modulus (up to 54%
variation) and compressive strength values (up to 29%
variation) (Tables 4 and 5). This indicates the strong need
for standardization of test procedures that would reduce
variation in the reported values of Young’s modulus and
compressive strength across the literature.

The dependence of Young’s modulus on the strain rate
also indicates viscoelastic behaviour of materials [41]. In
order to further validate this behaviour, stress–relaxation
tests and cyclic tests were carried out. Procedure for
conducting these tests are referred from the literature [42],



Fig. 2. Stress, strain and strain rate definition.

Fig. 3. (a) Force vs. displacement curve obtained from texture
analysis and (b) derived stress–strain curve.

Fig. 4. Geometry and aspect ratio do not significantly affect
values of Young’s modulus and compressive strength (see also
Table 1).

Fig. 5. Strain rate affects estimates of Young’s modulus and
compressive strength, indicating the need for standardization of
tests for food materials.
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whereas sample dimensions were chosen as mentioned
earlier. Figure 6 shows the observed stress relaxation
behaviour and effect of applied strain rate on it. Unlike
ideal elastic behaviour, a decrease in residual stress was



Table 2. Analysis of variance (ANOVA) shows that aspect ratio or geometry do not (statistically) affect values of
Young’s modulus.

ANOVA
Source of variation SS df MS F p-value Fcritical

Between groups 0.093 3 0.031 0.239 0.867 4.066
Within groups 1.031 8 0.129
Total 1.123 11

Table 3. ANOVA shows that aspect ratio or geometry do not (statistically) affect values of compressive strength.

ANOVA
Source of variation SS df MS F p-value Fcritical

Between groups 0.112 3 0.037 2.828 0.107 4.066
Within groups 0.106 8 0.013
Total 0.218 11

Table 4. Young’s modulus is affected by the strain rate.

ANOVA
Source of variation SS df MS F p-value Fcritical

Between groups 3.651 3 1.217 43.763 1.79 � 10�8 3.160
Within groups 0.501 18 0.028
Total 4.151 21

Table 5. Peak strength is affected by strain rate.

ANOVA
Source of variation SS df MS F p-value Fcritical

Between groups 0.339 3 0.113 56.426 2.36 � 10�9 3.160
Within groups 0.036 18 0.002
Total 0.375 21
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observed with passage of time. This is due to the stress
relaxation arising because of the delay in rearrangement of
the internal structure of the sample. Some of the possible
mechanisms of rearrangements and stress relaxation are
molecular rearrangements and relaxation due to fluid
flow and can be referred to the literature [41]. Figure 7
shows the hysteresis loop observed during cyclic loading
and unloading tests of the potato sample. The hysteresis
exhibits the partial recovery of energy at unloading. This is
due to the phase lag between strain and stress arising due to
delay in structure rearrangement [41].

In order to demonstrate that viscoelastic behaviour is
not specific to potato samples only, tests were also
performed for sweet potatoes. Figure 8 shows the stress
relaxation behaviour and hysteresis losses during cyclic
tests for sweet potatoes. Further, a comparison of stress
relaxation and hysteresis behaviour of potato and sweet
potato for the same sample dimensions and strain rate is
shown in Figure 9.

Figures 10 and 11 show the results for variation in
Young’s modulus with change in moisture content for
potato samples for drying and deep-frying cases, respec-
tively. With decrease in moisture content, Young’s
modulus of potato samples increases during drying process.
This behaviour is in agreement with other reported work on
the dependence of Young’s modulus with moisture content
[35,43]. For deep frying processes, the behaviour is similar
except in the initial region where a decrease in Young’s
modulus is observed. This is mainly because of the initial
softening that occurs due to dominance of starch gelatini-
zation [44–48].

Although the variation in Young’s modulus with
moisture content for different food materials have been
reported by various researchers, theoretical explanation of



Fig. 6. Observed stress relaxation behaviour in raw potato
samples indicates its viscoelastic nature, and strain rate affects
this behaviour.

Fig. 7. Cyclic loading and unloading tests for raw potato
samples: hysteresis loop during cyclic loading and unloading of
the sample shows the energy loss due to phase lag between stress
and strain while unloading. This observed behaviour confirms
viscoelastic nature of the potato.

Fig. 8. Investigation of viscoelastic behaviour in raw sweet
potato samples (a) stress relaxation behaviour (b) behaviour
during cyclic tests.
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this behaviour has not been explained so far. The effect of
moisture of Young’s modulus could be explained on the
basis of Terzhagi theory of effective stress [49]. Though the
theory was originally proposed with reference to soil
mechanics, it is applicable to other porous structures such
as food materials as well. According to this theory, the net
effective stress offered by the food material will be the
difference of applied force per unit area and the pore water
pressure. With a decrease in moisture content, pore water
pressure decreases resulting in an increase in net effective
stress which in turn results in increased strength and
stiffness of material.
The observed dependence of Young’s modulus on
moisture highlights the possibility of its variation even for
the same samples procured from different geography or
harvesting procedure since these can lead to different initial
moisture content. Thus, development of standardised
protocol for Young’s modulus measurement also demands
to indicate measured initial Young’s Modulus along with
its moisture content. Consequently, for measuring Young’s
modulus during thermal processes; the measurements
should be considered as a function of moisture content
as well, along with time. This will ensure better
comparisons among the reported values by various
researchers.

Also, it is important to note that the uniaxial
compression of a sample may lead to sample expansion
in directions perpendicular to the compression. This is an
important phenomenon and is quantified by Poisson’s
ratio, defined as the ratio of negative of transverse strain to
axial strain. It has been reported by various researchers



Fig. 9. Comparison of viscoelastic behaviour in potato vs. sweet
potato. (a) stress relaxation behaviour (b) behaviour during cyclic
tests.

Fig. 10. Young’s modulus increases with decreasing moisture
content during drying.
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that soft food materials such as potato comprise of
parenchymatous tissues (with rubbery nature) and
Poisson’s ratio has been experimentally estimated to be
between 0.49 and 0.5 [42,50–52]. However, Poisson’s ratio
deviates significantly below glass temperature as the
material loses its rubbery behaviour and rigidity increases.
The value of Poisson’s ratio in glassy state varies from 0.25
to 0.33 [53]. A value of 0.3 has been suggested for potatoes
in glassy state [50]. The information of Young’s along with
Poisson’s ratio suffices for describing the deformation
behaviour of a material [28]. Thus, Young’s modulus
estimation is the only crucial step for analysing deforma-
tion behaviour of such food materials.

Based on findings from the current work, we propose
the following considerations for developing a standardised
protocol for Young’s modulus measurement:

–
 Strain rate should be held constant across the set of
experiments.
–
 Information about the corresponding moisture content
value should be mentioned with the obtained Young’s
modulus value.
–
 Samples with high aspect ratio may bulge or buckle
during experiments and therefore should be avoided.
–
 For food materials with large lateral deformation,
information about Poisson’s ratio must also be supple-
mented along with Young’s modulus.

4 Conclusions

In this paper, Young’s modulus is proposed as a suitable
measure of texture over other texture parameters due to its
intensive nature and independence with respect to sample
geometry and dimensions. Experimental stress–strain
curves are analysed for different measurement conditions,
and it is found that strain rate affects Young’s modulus
values by as much as 54%, and compressive strength values
by as much as 29%. Therefore, need for standardisation of
texture measurement procedures is established through
experiments conducted in this paper. Further, the effect of
moisture content on Young’s modulus variation and its
deviation due to starch gelatinization is discussed. The
development of standard techniques of texture measure-
ment can be utilized in future for analysing the effect of
various other parameters such as gelatinization, tempera-
ture, other heat treatment processes on food texture.
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Fig. 11. Variation in Young’s modulus with (a)moisture content
and (b) time during deep-frying: Initial softening is observed
during the onset of process followed by increase in Young’s
modulus with time.
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