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1 | INTRODUCTION

Michéle Delalonde? | Lauréne Koegel’? | Isabelle Maraval? |
Romain Domingo? | Julien Ricci? | Tahmer Sharkawi! |
Abstract

Crispiness of food products is a key parameter for consumer acceptance. Available
methods to evaluate this attribute are subjective and have limitations. They are par-
ticularly difficult to implement when granular products are considered. The present
study aims to provide a physical characterization of the crispiness of food granular
products (gari and grinded corn flakes) based on the compression cycle modeling and
the determination of the Py (yield pressure) parameter of the Heckel model. High Py
values attributed to the brittle behavior, are indicative of product crispiness. Further-
more, Py parameter showed sensitivity to the plasticizing effect of water. This devel-
oped physical method was validated through sensory analysis and acoustic
measurements which are both considered as reference methods for crispiness evalu-
ation. The brittle/plastic behavior attributed to crispy/non crispy products respec-
tively was confirmed through image analysis using X-ray microcomputed
tomography. The latter made it possible to distinguish the brittle from the plastic
behavior through the particle size distribution evolution. This work suggests that the
Py value is a relevant indicator for the crispiness evaluation of granular products. This
physical characterization is expected to contribute in food engineering as an alterna-
tive method for granular products crispiness in a simpler and a more objective way.
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appetizer cakes, as well as other products less known and specific to

some countries such as gari in west of Africa and Brazil (Escobar

Food texture is one of the most important and critical parameters for
consumer acceptance and perception. Among textural characteristics,
crispiness is a greatly sought attribute which is expected for many
food products such as fries, chips, breakfast cereals, breadcrumbs,
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etal., 2021).

According to Chen et al. (Chen et al., 2005), “crispy” is the most
frequently used word describing a textural attribute. There is a general
agreement that “crispy” and “crunchy” sensations are related to the
fracture properties of food materials (Luyten et al, 2004;

Roudot, 2004), however, there is no clear distinction between the
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meaning of these two attributes (Luyten et al., 2004). “Crispy” is

sometimes used to characterize attributes described by others as
“crunchy” (Chauvin et al, 2008) and vice versa. Considering the
mechanical properties, crispy and crunchy food products are difficult
to deform plastically, they behave as a brittle material that breaks eas-
ily. Difference between crispy and crunchy could lies in the fact that a
series of successive mechanical events is required for crunchy behav-
ior, but a single fracture event may serve for the crispy products
(Luyten et al., 2004). These mechanical events produce high-
frequency sounds for crispy products, and low frequency ones for
crunchy products (Luyten et al., 2004; Tunick et al., 2013). Neverthe-
less, the crispiness perception varies widely depending on individuals
and country of origin (Bourne, 2002). One of the most important fac-
tors that can affect the crispiness of food products is their water con-
tent (Primo-Martin & Van Vliet, 2009; Raleng et al, 2019;
Sauvageot & Blond, 1991; Silva-Espinoza et al., 2020; Silva-Espinoza
et al., 2021). Its increase can dramatically decrease the crispiness of
the product as a result of the change in glass transition temperature
affecting the brittle-ductile transition (Li, 2010).

The most popular way to measure the crispiness or crunchiness is
the sensory panel test based on human perception. Several studies
were reported using a sensory descriptive evaluation on potato chips
(Salvador et al., 2009), corn flakes (Andreani et al., 2020; Chaunier
et al., 2005; Dias-Faceto et al., 2020) and other dry foods (Andreani
et al., 2020; Dias-Faceto et al., 2020). However, the sensory analysis
presents some limitations: it is expensive, time consuming and subjec-
tive to panel perception, consumers' cultural background (Lawless &
Heymann, 1999; Roudot, 2004), and terminologies that are used to
describe the attribute (Hanada, 2020; Lawless & Heymann, 1999).

Texture analysis seems to be the most common instrumental
technique to measure the crispiness or crunchiness objectively and
efficiently. It lies on the evaluation of structural properties determined
by mechanical deformation based on the resistance to compression.
Nevertheless, each compression probes and operating conditions can
differently solicit the product, and identify several food textural
parameters. This makes it difficult to have standard instrumental mea-
surement method (Andreani et al., 2020; Kilcast, 2004). Correlating
the latter with sensory evaluation may increase the efficiency and
accuracy of texture measurement (Gilbert et al., 2013). Concerning
acoustic evaluation of food texture, the limitation lies in the fact that
it provides a series of signals that are difficult to interpret. In some
cases, the data should be filtered in a way to eliminate the noise asso-
ciated to the texture analyzer. Furthermore, the microphone used
must be sensitive enough to detect all the sounds released by the
food material. The perception of the texture associated with the
acoustic measurements has been reported in several studies and gen-
erally correlated with previous sensory analysis (Andreani et al., 2020;
Carsanba et al., 2018; Chen et al., 2005; Dias-Faceto et al., 2020;
Jakubczyk et al., 2017; Salvador et al., 2009). However, these studies
differ in terms of the protocols used which are dependent on the
nature of the analyzed food product.

The evaluation of crispiness or crunchiness is even more complex

when considering food granular materials, which are being

increasingly used by the food industry (Bhandari, 2013). There are
many examples of these food products being consumed for their tex-
tural attribute: breadcrumbs that are sprinkled on some food products
so as to increase the crispiness sensation, preparations based on
brewer's yeast and cereals sprinkled on dishes or salads extemporane-
ously, breakfast cereals, cassava powders called gari consumed as
snacks or sprinkled on stews particularly sought after by the west
African and Brazilian consumers (Escobar et al., 2021).

To the best of our knowledge, reported studies about physical
and sensory crispiness or crunchiness characterization of food prod-
ucts, focus on large non granular matrix such as corn-based snacks
(Diaz et al., 2015), French fries (Gouyo et al., 2021) and cereal extru-
dates (Zhang et al., 2014). No attention has been paid to the physical
evaluation of crispiness or crunchiness of food granular samples. Due
to difficulties in sample positioning but also to statistical significance
of the results, small particles whose diameter is lower than a few milli-
meters and whose forms are irregular cannot be investigated individu-
ally when considering mechanical or acoustical properties. To
overcome this limitation, a possible approach consists in measuring
the acoustical and mechanical behavior at the scale of a particle gran-
ular bed. The mechanical behavior can be measured under compres-
sion stress to obtain parameters linked to the deformation at the
individual particle scale. These parameters are obtained after stress-
strain curves modeling using various models such as Heckel, Walker,
Kawakita models (Heckel, 1961; Walker, 1923) in a suitable stress
domain. Heckel model, developed initially for metallic powders, is the
most popular to model the compression. It makes it possible to mea-
sure the mean vyield pressure (Py), given by the inverse value of the
curve slope in the relation between Ln (1/n) and P (where n and P are
respectively the porosity of the granular material bed and the uniaxial
pressure) (Heckel, 1961). Py gives information about the mechanical
properties of the particles constituting the granular material bed. High
values of Py are associated with brittle materials and, lower values are
representative of a plastic material (Benabbas et al., 2021; Hooper
et al., 2016; Ozalp et al., 2020). The presence of a Py threshold value
marking the transition between the plastic and brittle behavior
remains very controversial (Hooper et al., 2016; Sonnergaard, 1999).
In the pharmaceutical industry, Py is used to evaluate the mechanical
behavior of particles during tablets compression. In this area, the
study of the variation of the Py value as a function of the compression
velocity during uniaxial compression, allows to determine a parameter
called the strain rate sensitivity (SRS) whose value enables to discrimi-
nate between brittle and plastic granular materials. The deformation
of plastic materials is more sensitive to the compression velocity
which results in greater variations in the measured Py value, com-
pared to brittle materials. Thus, the SRS will be higher for plastic
materials than for brittle ones (Katz & Buckner, 2013; Kim
etal, 1998).

This study aims to develop a physical test for the characterization
of the crispiness or crunchiness of food granular samples, based on
the use of uniaxial compression tests and the modeling of stress/
strain curves using Heckel model. This allows to obtain, for food gran-

ular samples, Py values whose relative intensity with respect to
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reference materials (microcrystalline cellulose as a plastic model
[Benabbas et al., 2020] and sucrose as a brittle granular material
model [Duncan-Hewitt & Weatherly, 1990]) could allow to discrimi-
nate crispy or crunchy food products (brittle) from non-crispy or non-
crunchy (plastic) ones. Heckel modeling applied at two compression
velocities also allows to determine the SRS value, so as to identify the
material dependence on its compression velocity. The proposed work
focused on determining these two parameters (Py and SRS) as rele-
vant indicator of the crispiness/crunchiness of food granular samples
(sucrose, gari, grinded corn flakes), and their ability to highlight the
plasticizing effect of water. These results were supported by 3D imag-
ing obtained by x-ray microtomography (XMT). XMT is a non-
destructive method that provides a 3D image for the inner and the
outer structure of the sample by measuring the attenuation of x-rays
beam passing through it at different angular orientations (Landis &
Keane, 2010). Following scanning of the object, a backprojection algo-
rithm (Feldkamp et al., 1984) combines radiographic projections in
order to obtain two-dimensional sections of the sample, which there-
after allows to reconstruct the sample in three dimensions. The final
image is composed of voxels having different gray levels correspond-
ing to different density values (Withers et al., 2021). XMT seems to be
a good non-destructive alternative for the classical granulometric
analysis methods such as SEM, laser diffraction and sieving. Neverthe-
less, and contrary to XMT, these last methods cannot be applied on
cohesive compacts. XMT allows to identify the mechanical behavior
(brittle vs. plastic) of granular materials, by following up the evolution
of the particle size distributions before and after compression based
on the equivalent volume sphere diameter (ESDv) (Boudina
et al., 2021). Finally, the results were compared with those obtained
from acoustic and sensory evaluation, which served as
reference methods to determine the crispiness or crunchiness of food

products.

2 | MATERIALS AND METHODS

21 | Materials

Four granular samples were used in this work. Powders of extra pure

sucrose (E. MERCK AB, Stockolm), and microcrystalline cellulose

TABLE 1

Native granular materials Sucrose

Microcrystalline cellulose
Gari

Grinded corn flakes
Modified granular materials Dried gari

Humidified grinded corn flakes

Texture Studies _—‘—3

(microcrystalline cellulose VIVAPUR® 102, JRS Pharma), known to

have a brittle and plastic behavior respectively, were used as refer-

ence materials. Gari obtained from Benin local production (Escobar
et al, 2021) and commercial corn flakes cereals (U, Rungis cedex.
France) were used as food granular materials. Gari was chosen for its
crispy attribute sought for certain consumption modes. Corn flakes,
previously manually grinded into coarse powder, was expected to

have a significantly higher crispiness.

22 | Methods

2.2.1 | Granular materials properties

Except sucrose powder, powder samples were sieved so as to remove
the small particles for sakes of homogeneous particle size distribution
between the different granular materials. Sieving was carried out
using a sieve shaker Retsch AS 200 Control. The sieving time was set
to 10 min for each powder with an amplitude of 60%. The limits for
the sieving diameters were determined according to the particle size
characteristics of the native powders. Microcrystalline cellulose was
sieved between 150 and 300 um, gari up than 300 um and corn flakes
between 300 and 710 um. Particle size distribution is then obtained
by laser diffraction method and gives the following values of (dsg -
span = [dyg - d1ol/dsp) for the different granular materials: sucrose
(378-1.63 um); microcrystalline cellulose (224-0.73 um); grinded corn
flakes (499-0.9 um) and gari (508-0.83 um).

Tapped porosity (Table 1) was measured on each granular mate-
rial according to the standard of European Pharmacopeia (Ph. Eur
10 ed.) in order to determine the minimal porosity which can be
reached after 2500 taps (Schissele & Bauer-Brandl, 2003). The
tapped volume obtained was used to calculate the tapped porosity
which constitutes the threshold from which any decrease in porosity
under the effect of a compression is no longer linked to particle rear-
rangement but to their deformation. The determination of this tapped
porosity constitutes a first guide to validate the choice of the range of
application of Heckel equation.

True density (p*) (Table 1) of all granular samples was measured in
triplicate using helium pycnometer (Multi Volume 1305, Micromere-

tics). It is evaluated after the powder was manually micronized with a

Results of water contents, true densities, and tapped porosities for studied granular samples.

Water content (db) True density Tapped

(%) (gcm™3) porosity

+SD +SD +SD
0.1+0.0 1.58 +0.03 0.38 + 0.00
4.6 +0.3 1.56 £0.02 0.73 £ 0.00

12.6 +0.3 140 +0.17 0.61 £ 0.00
34+03 1.47 £ 0.09 0.59 £ 0.08

0+0.0 1.47 £ 0.09 0.60 = 0.02

8.9+00 1.45 + 0.06 0.53 +0.03
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mortar and a pestle in order to remove any occluded porosity that

may be present.

222 | Modification of the water content of the
granular samples

Dry basis water content (w) of granular samples was measured in a
moisture analyzer (Sartorius MA37). Table 1 depicts the water content
values corresponding to the studied granular samples. The values vary
in a fairly wide range of water content. The lowest being for sucrose
(0.1%) and the highest for gari (12.6%). This high value for gari is in
line with the maximum standard required for gari according to the
Codex Alimentarius (CODEX STAN 151-1989), which recommends a
maximum water content of 12%. Microcrystalline cellulose has an
intermediate value of 4.6%. The latter is in line with the monography
of European Pharmacopeia 10th Edition which sets a maximum value
of 5%. Considering the plasticizing effect of water and its impact on
crispiness, specific water content for gari and grinded corn flakes was
set to evaluate the sensitivity of some parameters resulting from the
analysis of the compression cycle to the water content.

A fraction of the batch of grinded corn flakes which had an initial
water content of 3.4% was humidified by introducing the sample into
a vessel (during 26 h) in which the relative humidity (RH) was main-
tained at 75% with a NaCl saturated solution (Pro Analysis, Merck
KGaA). Water content values of 8.9% were obtained for the grinded
corn flakes at the end of the process.

Conversely, a fraction of the batch of gari which had an initial
water content of 12.6% was totally dried (in order to obtain the dried
gari sample) in a ventilated oven for 96 h at 75°C until constant mass
was attained. During the drying period, several samples with different
water contents (2%, 4%, 5.5%, 7.6%, 8.9%, and 11.7%) were collected
to obtain gari with water contents between the initial gari
(w = 12.6%) and the dried gari (w = 0%). Samples with higher water
contents (20%, 23.8%, and 25%) were obtained by wetting the native
gari using different amounts of water.

2.2.3 | Study of the behavior of granular samples
during compression

Experimental setup

Uniaxial compression tests were used to evaluate the mechanical
properties in an attempt to correlate the results to the crispiness of
food granular materials. The granular material compression is per-
formed wusing a compression simulator Styl'One Evolution
(Medelpharm, France, 0.01-50 kN) equipped with force sensors using
11.28 mm flat round punches. The granular material mass introduced
into the die varied between 400 and 600 mg, depending on the granu-
lar material density, so as to obtain a height of 3.5 mm for the elabo-
rated compacts. The evolution of the granular bed deformation and
densification as a function of the normalized applied stress was

evaluated.

Compression cycle setting (V-shape cycle) was chosen in order to
obtain a constant displacement velocity during compression. The
punch displacement in the die was collected using Analis®

(Medelpharm, France) software.

Heckel modeling analysis (Py and SRS index)

For Heckel modeling (Heckel, 1961), three compacts of the studied
materials were used. Heckel mean yield pressure (Py) is given as the
reciprocal value of the slope of the curve obtained according to the

following equation:

1
Ln<1m>_KP+A (1)
oV

In the equation, 1 7ﬂ;iv is the porosity (n) of the compressed gran-
ular material bed, p; is the material true density (g cm~3), Vis the com-
pact volume (cm~2) which decreases during compression, and m (g) is
the introduced granular material mass. P (Pa) is the compaction pres-
sure; K is the slope of the linear part of the plot (with the best R fit)
and A is the Y-axis intercept with the linear part of the Heckel plot.

In the literature, a significant attention has been paid to the analy-
sis of the Heckel data, especially to identify the appropriate linear part
of the Heckel plot to calculate the Py (Katz & Buckner, 2013; Rue &
Rees, 1978; York, 1979). As each granular material responds differ-
ently to the applied stress during compression, the choice of the linear
part of the Heckel plot to calculate the Py, was based on a specific
porosity range corresponding to porosity values lower than that
obtained for the close random packing (n = 36%). For polydispersed
and non-spherical media such as most granular materials, we can
assume that this state is reached for porosities lower than those
obtained under 2500 vibrations (tapped porosity, Table 1). Thus, for a
better safety marging, Py was calculated on the linear part of the
Heckel plot starting from 25% of porosity. The lower value of the
porosity range on which Py is calculated on the Heckel plot is 15%.
This value is the limit from which the Heckel plot can lose its linearity
because the porosity variation is related to the deformation of a
medium which is no longer made of discrete particles but of a contin-
uous compact. So as to normalize Py calculation, it is thus calculated
on a 25%-15% porosity range whatever the product (Figure 1). In this
part of the plot, the decrease in porosity is only due to deformation/
breakage of the particles. The first rearrangement phase is excluded.

The Py of the Heckel model was used to calculate the SRS
(Roberts & Rowe, 1985) in order to compare the mechanical proper-
ties of materials. The SRS was calculated following Equation (2) where
Py, and Py, are obtained from two uniaxial compression tests charac-
terized with opposite punch velocities of 0.033 mm/s (Py,) and
300 mm/s (Pys).

SRS (%) :P‘/Zp;yzpyi %100 (2)

In pharmaceutical powder compression, the SRS allows to identify

plastic versus brittle materials by identifying a time-dependent/non-
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FIGURE 1 Schematic diagram representing the different

compression phases and the modeled part of the Heckel-plot for the
calculation of the Py.

dependent behavior, when a stress is applied. This ratio has been
developed using a compression simulator that can reach two opposite
punch velocities. With the V-shape cycle used in this study, the low-
est and highest velocities achievable were 1 mms~! (Py;) and
500 mm s~ (Pys,), respectively.

2.24 | Sorption isotherms

Water vapor sorption kinetics were performed at 25°C using a con-
trolled atmosphere micro-balance (IGASORP-CT, Hiden Isochema),
which enables recording the water vapor uptake of the materials as a
function of time for 10 successive RH steps (10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, and 93%). Approximately 15 mg of mate-
rial was deposited in the sample compartment. After the cycle, the
sample undergoes a treatment at 70°C 0% RH for 24 hours, then is
placed in a ventilated oven at 103°C for the determination of its dry
mass. Water vapor sorption isotherms were established from the
equilibrium moisture contents at each RH step. Tests are performed

in duplicate.

2.2.5 | Sensory analysis

In order to identify the relevance of the method based on the deter-
mination of the Py as an objective physical indicator for the crispiness
perception, a sensory analysis was conducted to validate this method.
This was carried out in the sensory analysis laboratory of QualiSud
UMR (CIRAD) with a room capacity of 16 boxes equipped with adapt-
able light. Three coded samples of gari with different water contents
(0%, 6%, and 12%) were served to 11 panelists and chosen for the
descriptive sensory evaluation. The panelists were trained according
to the ISO 8586 (2012) standard. The crispiness defined as a high

Texture Studies _—‘—5

FIGURE 2

Schematic diagram of instrumental acoustic setup.

level of fracturability, is the only descriptor of relevance selected con-
sidering the purpose of our study. It was evaluated on a scale of
11 points from 0 to 10 (0: not crispy/10: very crispy). The protocol
consisted in introducing a small tea spoon (=3 g) of each sample into
the mouth, and evaluating the crispiness after 1-2 chews. The aver-
age and the standard deviation were used to express each crispiness
score. Considering the normality of distribution, ANOVA test at signif-
icance level of 0.05 was carried out in order to assess a significant dif-
ference between the obtained results. The experimental design, which
establishes the code and the order during evaluation for each served
sample was carried out using XSLSTAT® (2021).

2.2.6 | Acoustic measurements

To complete the results of the sensory analysis and mechanical mea-
surements, an acoustic evaluation of crispiness was also carried out
by recording the sound generated by the sample fracture while under-
going a mechanical solicitation. The granular material was placed on a
rigid support (Figure 2) to ensure its stability during measurements. In
order to guarantee repeatability, the mass (3 g), position and dimen-
sions (40 x 40 x 3 mm®) of the granular material bed were kept con-
stant in each test. A microphone (Bruel & Kjaer, Type 4188-A-021)
with a dynamic range of 15.8-146 dB was placed at 40 mm from the
center of the sample. The granular material sample placed on the sup-
port is mechanically stressed thanks to a 2 kg cylindrical load of
30 mm diameter which was rolled on the granular material. The sound
thus emitted was captured through the microphone, and allowed to
plot the acoustic module (dB) as a function of time (s) using Stable
Micro System-Exponent software. The mean and the standard devia-

tions were calculated in quadruplicate for each sample.

2.2.7 | X-ray microcomputed tomography analysis

For XMT evaluation, native and compacted granular materials
(at 200 MPa) of raw gari and grinded corn flakes were analyzed. The
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aim of this section is to apply the methodology developed in a previ-

ous work (Boudina et al., 2021) to quantify the evolution of the vol-
ume equivalent sphere diameters (ESDv) before and after
compression. ESDv is the diameter of the sphere that would have the
same volume as the discrete 3D object. It has actually been shown
that ESDv remains constant before and after compression for plastic
materials, whereas it decreases concerning brittle ones.

XMT imaging was carried out with a SkyScan 1272 (Bruker) high-
resolution scanner. A known mass (m) of a sample previously intro-
duced in a polystyrene sample holder was scanned at a pixel size of
4 um. The current (U, eV), the intensity (I, pA) of the x-ray beam as
well as the nature and thickness of filters, which vary according to the
sample density variation were selected to obtain a 30% signal trans-
mission in the denser part of the sample. The x-ray power source
(P = U I) was kept constant at 10 W. The scanned orbit of 180° with a
rotation step of 0.2° was chosen and adapted to the magnification.

Bruker's NRecon® software was used to reconstruct the scan
projections into 2D images using Feldkamp algorithm. Gaussian
smoothing, ring artifact reduction and beam hardening correction
were applied. Volume rendered 3D images were generated using an
RGBA transfer function in SkyScan CTVox® software. Image analysis
was performed using SkyScan CTAn® software.

Two image segmentations were successively carried out on the
raw image (Figure 3a): the first one to define the sample volume of
interest (VOI) (Figure 3b) and the second one to define the object

FIGURE 3 Image analysis steps
applied on the gari. Raw image in
gray levels (a); 2D representation of
the volume of interest (VOI) (b);
Binarized image inside VOI (c);
Binarized image after the application
of the watershed separation
algorithm (d).

volume (granular material volume) within this VOI (Figure 3c). To
avoid subjective segmentation, gray level threshold was set by succes-
sive iterations in order to respect a volume object (V) equal to:

; ©)

where m (g), is the mass of the object subjected to acquisition and
piis the true density of the material (g cm~3) measured by a helium
pycnometer (Table 1).

A 3D watershed separation algorithm was applied with defined
tolerance to separate particles which may have stuck together
(Figure 3d).

ESDv was calculated, on the compacts generated at 200 MPa
with a punch velocity of 1 and 500 mm s~%, from the 3D images for
all individual binarized 3D objects within the VOI. The results are
expressed in volume percentage. A granulometric decile (dso) is calcu-

lated from the obtained distributions.

3 | RESULTS AND DISCUSSION
3.1 | Granular material properties

Table 1 presents the true density and the tapped porosity values for

all the granular samples. True density values are similar and in the
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order of magnitude of what is usually found for this type of granular
materials of organic nature. Logically, adding or removing water
changes the true density values by increasing it for the dried gari and
decreasing it for the humidified grinded corn flakes. The values of the
tapped densities allow to calculate tapped porosities which corre-
spond to the lowest porosities that can be obtained under the effect
of rearrangement due to vibrations. Thus, porosity domains above

these values can be excluded for the calculation of the Py.

3.2 | Calculation of indicators correlated to the
crispiness: Py and SRS

Table 2 summarizes, for two different compression velocities, the
range of pressure used for the calculation of the Py from the Heckel
plot. The pressure range allowing to achieve compact porosities
between 25% and 15% differs according to the material. Grinded corn
flakes and dried gari require higher stresses to achieve the low poros-
ity values, which indicates a higher resistance to re-arrangement
and/or deformation at the particle scale for these two materials.
Figure 4a shows the values of the yield pressure (Py) of the
Heckel model for the two uniaxial solicitation velocities for each stud-
ied sample. Microcrystalline cellulose considered as a reference for
plastic materials, shows low Py values which are close to that reported
in the literature (Benabbas et al., 2020; Roberts & Rowe, 1987). The
Py values of gari and humidified grinded corn flakes (not significantly
different cf. ANOVA results Table 2) which is lower than that of
microcrystalline cellulose, suggest that these materials can be classi-
fied as plastic materials that deform easily and largely under stress.
Conversely, dried gari and grinded corn flakes show high Py values
close to that found with sucrose. Based on the literature, which attri-
butes  brittle (Duncan-Hewitt &
Weatherly, 1990), dried gari and grinded corn flakes can thus be con-

behavior for  sucrose
sidered as brittle materials, in which the original particles undergo a
fragmentation and generate smaller particles. These results are in line

with initial expectations, providing that humidified grinded corn flakes

TABLE 2 Heckel model and SRS results.

Compression at minimum
velocity (1 mm s™2)

Texture Studies _—‘—7

and gari should exhibit more plastic behavior than raw grinded corn

flakes and dried gari. Taking into account the only difference between
the two samples, which is the water content, the obtained results
could underline the fact that the yield pressure (Py) is particularly sen-
sitive to the plasticizing properties of water.

As shown in Figure 4a, the increase in the compression velocity
has a low impact on the Py values. Nevertheless, it can be pointed out
that the Py values are always higher when the compression velocity
increases. These small differences impact the SRS values calculated
on each material.

Figure 4b shows the SRS results obtained for the studied samples.
Low and statistically similar (cf. Table 2) SRS values of 8.2%, 8%, and
7% are obtained for sucrose, grinded corn flakes, and dried gari
respectively. These three samples are also characterized by higher Py
values, which suggests that the consolidation of these samples results
largely from brittle failure, and that compression velocity has only a
low impact on the mechanisms of deformation which is in relation
with brittle materials. Humidified grinded corn flakes, gari, and micro-
crystalline cellulose have the highest SRS values (28.4%, 22%, and
12%, respectively), indicating that these materials are more sensitive
to compression velocity which is more typical of plastic deformation.
In these studies, the chosen velocities were adapted according to the
simulator capacities. Despite this, the SRS value obtained for plastic
samples remain higher than that of sucrose and the two other brittle
materials.

From the discussed results, Py and SRS seem to be good indica-
tors to describe the mechanical properties of particles (plastic defor-
mation or brittle failure), and therefore the food granular materials
crispiness which is associated to the brittle behavior of particles. Gari
and grinded corn flakes show two opposite mechanical behaviors. The
brittle behavior of the grinded corn flakes indicates that it can be con-
sidered as a crispy product. When considering grinded corn flakes ver-
sus humidified grinded corn flakes, it can be shown that the
plasticizing effect of water impact the crispiness of the product induc-
ing a decrease in Py and an increase in SRS values. On the other hand,

gari which shows a plastic deformation (due to 12.6% of water

Compression at maximum
velocity (500 mm s~ %)

Pressure range

(MPa)
Native granular materials Sucrose 21
Microcrystalline cellulose 42
Gari 24
Grinded corn flakes 58
Modified granular materials ~ Dried gari 59

Humidified grinded corn flakes 24

Pressure range

Py(MPa) e Py (MPa) (Sf)S rales
+ +SD — + +SD +SD
71 100+1* 18 80 109 + 2° 82+0.5°
73 61+1° 52 90 70+1°  120+0.6°
40 32+0° 34 59 41+0° 220+08°
109 109 £1¢ 57 118 118 £ 2¢ 8.0+ 20
109 98 + 32 66 126 107 + 12 7.0+1.3°
40 31+1° 34 58 43+2° 280z 1.1¢

Note: Standard deviations were calculated from triplicates for each sample. In each column, values with a different letter are significantly different (P < .05)

according to single factor analysis of variance (ANOVA).
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findings, the next section will focus on the study of the influence of
water content of gari on its crispy properties.

3.3 | Influence of water content on mechanical,
acoustic and sensory measurements

3.3.1 | Mechanical measurements: Py values of gari
Figure 5 depicts the evolution of the Py value for gari as function of
its water content, for the two uniaxial solicitation velocities. As previ-
ously shown in Figure 4a, Py values are higher when punch velocity
increases. The influence of the water content on Py is the same for
the two tested solicitation velocities as shown on the curve. It can be
decomposed into two parts: a first part for water content values
between 0% and around 10%-12% where a sharp decrease in Py is
observed, and a second part, for water content higher than 12%
where the decrease in Py drop is less pronounced. Table 3 underlines,
through ANOVA analysis, the significative difference between Py
values depending on the water contents. The influence of water con-
tent can be explained, at the molecular scale, as the result of the plas-
ticizing effect of water on starch which is the main component of gari.
This effect is due to the decrease of the glass transition temperature

of starch with higher water content, which increases the free volume

Crispiness score/10

0 T T T T 0
0 5 10 15 20 25
Water content (%)

FIGURE 5 Influence of the water content on Py values and
sensory evaluation of the crispiness of gari.

allowing a larger mobility of the starch macromolecules (Mizuno
et al., 1998; Perdomo et al., 2009; Van Nieuwenhuijzen et al., 2010).
Taking into account the discontinuity of gari as a result of its
granular nature, the evolution of Py as a function of water content
can also be explained by a phenomena occurring at the mesoscopic
scale, that is, at the scale of the grains surface. Water sorption iso-

therms of gari are shown in Figure 6. The sorption isotherm allows to
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TABLE 3 Impact of water content on Py and sensory score value.
Water contents (db) 0%
Py (1 mm s~%) (MPa) = SD 103 £ 22
Py (500 mm s~ (MPa) + SD 114+ 1°
Sensory score + SD 8.4 +0.8°
Acoustic values (dB) + SD 68.6 £0.1°

Journal of 9
Texture Studies _—‘—
6% 12%
57 +1° 31+0°
74 +1° 40 + 1°
7.4+15° 45+13°
65.9 +0.4° 64.4 +0.1°

Note: Standard deviations were calculated from triplicates for each sample. In each line, values with a different letter are significantly different (P < .05)

according to single factor analysis of variance (ANOVA).
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FIGURE 6 Sorption isotherm of gari.

distinguish bound and free water, the latter corresponding to the
establishment of capillary meniscus at the mesoscopic scale. The use
of GAB equation (R? = 0.99) (Van den Berg, 1984) to model the iso-
therm makes it possible to observe that between 0% and around 10%
of water content, water is bound in a physical state corresponding to
monomolecular or multimolecular layers. This can explain the slope
change between Py and water content in Figure 5. Above 10% of
water content, free water appears. In the case of microporous solids,
such as gari, free water first appears within the open porosity of the
sample as a result of capillary condensation phenomena. It is only
afterwards, and probably at slightly higher contents, that capillary
menisci appear between gari grains at the mesoscopic scale. It is
therefore possible to draw a parallel between the state of the water in
the granular matrix and the influence of the water content on the
mechanical strength value. The moment where water is adsorbed as a
monolayer or multilayer corresponds to the phase where the Py
values decrease rapidly (Figure 5). The plasticizing effect of water
reaches its peak when the multilayers are saturated, at around 10% of
water content, and when free water starts to appear. After this point,
the increase in water content is more reflective of the inter-granular
voids that make up the generated granular material bed. In this pendu-
lar state, the effect of the increase of water content on the Py value is
therefore less pronounced.

The realization of sorption isotherms confirms that Py is a suffi-

ciently sensitive parameter to detect the effect of a slight increment

in the water content effect on the plastic or brittle character, and thus
on the crispiness qualities of a food granular material.

3.3.2 | Sensory analysis

In order to validate the Py as an indicator of crispiness attributes,
the results were confronted to the results obtained through the sen-
sory panel analysis considered as reference method for determining
the crispiness attributes of food products, and which can be used
to correlate the objective crispness measurements (Antonova
et al,, 2004).

Table 3 summarizes the scores of sensory analysis and Py mea-
surements for gari samples with different water contents: 0%, 6%,
and 12%. These results are also depicted in Figure 5. ANOVA test car-
ried out on the crispiness scores of the three samples with different
water contents gives a P-value = 3.84 x 107, which is lower than
the significance level of .05. This means that the crispiness score dif-
fers significantly between the three samples. It can be highlighted that
the dried gari (water content = 0%) is characterized by the highest
sensory score (higher crispiness) and Py value. The decrease of these
two values is linked to the increase of the water content.

This analysis coupled with the reference method confirms the
interest of the determination of the Heckel parameter which emerges
as a relevant indicator to describe the crispiness.

3.3.3 | Acoustic measurements

The acoustic measurements were carried out on the same three sam-
ples of gari as in the sensory analysis and mechanical estimation of Py,
in order to validate these results with another instrumental method
(results are shown in Figure 7). ANOVA test results gives a P-value of
3.02 x 108 with a significance level of .05 which means that the
samples are significantly different in terms of the acoustic measure-
ments. Average values of 68.6+0.1, 65.9 +0.4 and 64.4 + 0.1 dB
were measured on samples with 0%, 6%, and 12% of water contents
respectively, which indicates that the samples with less water content
produce a higher acoustic module. As shown previously with the sen-
sory analysis and mechanical characterization of Py, the increase in
water content is associated with a significant decrease in the acoustic
module (Table 3).
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A correlation analysis conducted between the above studied

parameters (Py values, sensory and acoustic parameters) showed that
they are highly and positively correlated (correlation coefficients
between 0.90 and 0.99).
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FIGURE 7 Acoustic measurements results of the three samples of
gari with different water contents.

3.4 | X-ray computed tomography analysis

The determination of the Py value on gari and grinded corn flakes
allows to classify them, relatively to their aptitude to crispiness, in two
groups: crispy brittle granular sample for grinded corn flakes and a
non-crispy plastic for gari. In order to verify if these results reflect a
morphological change associated with the particle breakage for the
granular materials with the highest Py value, we used an image analy-
sis methodology described previously (Boudina et al., 2021) in order
to compare the morphometric data values on these food granular
samples before and after compression.

The approach relies on following the evolution of the particle size
distribution during compression based on the ESDv. The distributions
are established for the gari and grinded corn flakes before and after
compaction at 200 MPa (1 and 500 mm s~ of punch velocity).

Figure 8 depicts the evolution of the ESDv during compression
for (Figure 8a) grinded corn flakes and (Figure 8b) gari. Concerning
grinded corn flakes, there is a decrease in the dso value measured
before (485 + 19 um) and after compression of 18% (398 + 17 um)
and 22% (379 + 2 um) when punch velocity is set respectively at 1 or
500 mm/s. This result is likely to be related to the brittle behavior of

this material which generates smaller particles. Another interesting

—Grinded corn flakes (a)
20 - -s—Compacted grinded corn flakes 1mm.s-*
—s—Compacted grinded corn fakes 500mm.s-'
15 4
3
o 107
£
=
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FIGURE 8 Evolution of the
equivalent volume sphere diameter
(ESDv) during compression of
grinded corn flakes (a), gari (b).
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FIGURE 9 Agglomeration/coalescence phenomenon of the compacted gari 500 mm s~ (a), absence of this phenomenon with the

uncompacted gari (b).

finding is the negligible difference (4.7%) in the median diameter mea-
sured on granular material compacted at 1 or 500 mm/s. This result is
in line with the above-mentioned findings concerning SRS measure-
ments where brittle materials are shown to be not very sensitive to
the compression velocity.

An increase in the dsg value of gari can be highlighted. Instead of
being stable due to the plastic deformation, which is supposed not to
change the particle volume, gari particles seem to increase in size after
compaction comparatively to native ones (16% and 20% for 1 and
500 mm/s punch velocity respectively). This result may be due to coa-
lescence/agglomeration phenomenon of particles that stick together
to generate bigger ones. In these cases, the watershed separation
algorithm is not capable of separating initial individual particles as
shown in Figure 9 where it can be highlighted that bigger particles
(pink) results from the association of smaller ones. This coalescence of
the plastic particles has already been reported previously (Boudina
et al,, 2021) and constitutes the limit of the use of the XMT in the
monitoring of the ESDv and dsg value during compression. It is in any
case possible to observe that for the granular samples with the lowest
Py (gari), there is no observable particle fragmentation, contrary to the
brittle material (grinded corn flakes) with high Py that undergoes a
decrease in their dsg during compression. These results obtained with
x-ray tomography confirm the interest of using Py as a parameter to
determine the particle mechanical behavior associated to the crispi-
ness of a food granular material.

4 | CONCLUSION

The aim of this study is to propose a new method for evaluating the
crispiness of food granular materials. This method is based on the
determination of the yield pressure (Py) obtained from the modeling
of the compression curves using the Heckel model. Granular materials
of the study were chosen for their known crispiness attribute. They
could be categorized into two distinct groups according to their Py
value, in which the crispiest granular materials showed high Py values
indicating a brittle behavior. The compression rate defined in this
study through the SRS calculated based on the Py values of two
opposite punch velocities, shows less impact on the brittle materials
compared to the plastic ones, which indicates that the latter are more
sensitive to the compression velocity. The results provided by this
parameter, prove the interest of Py in defining the mechanical proper-
ties of food granular materials and ultimately their crispiness.

As shown by the results concerning the plasticizing effect of
water, Py seems to be a sufficiently precise parameter to highlight rel-
atively small differences in crispiness associated with small increments
in water content. These results were corroborated by the two refer-
ence methods: sensory panel analysis, and the determination of the
acoustic modules. The decrease in Py value as the water content of
the granular material increases is associated with a decrease in the
crispiness score generated by the sensory analysis panel and a
decrease in the acoustic modulus. Finally, the tomographic image
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analysis showed that particles with the highest Py values break up

under compression.

It seems therefore that this physical method for crispiness evalua-
tion, through the Py measurement, is reliable for reporting the crispi-
ness attributes of a food granular materials. It can even significantly
distinguish differences in crispiness due to the plasticizing effect of
water. Compared to other crispiness determination methods used in
the literature, it also has many advantages such as objectivity, less
time consumption and low cost compared to sensory analysis. Also,
ease of implementation and reproducibility compared to acoustic
methods can be claimed. Considering the above-mentioned advan-
tages and after further statistical evaluation, this method can contrib-
ute to provide a new approach that can be adopted and added to the
available reference methods allowing the determination of food prod-

ucts crispiness.
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