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Patterns of Textural Changes in Brittle Cellular Cereal Foods
Caused by Moisture Sorption’
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ABSTRACT

The irregular compressive force-deformation curves of two puffed
snacks and two types of croutons at various water activities (a,) were
fitted with a polynomial equation. The values of the fitted force at 20
and 30% deformation were measures of these materials’ stiffness. The
degree of jaggedness of the normalized mechanical signatures, created
as a plot of the residuals divided by the corresponding fitted force val-
ues, was quantified in terms of an apparent fractal dimension and the
mean magnitude of the Fourier power spectrum parameters whose value
appears to be associated with brittleness and crunchiness. Plots of the
magnitude of the two jaggedness parameters versus a, had a typical
sigmoid shape that could be described by the original or shifted Fermi
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equation with similar characteristic constants. The relationship between
the stiffness parameters and a,, either had the typical Fermian sigmoid
shape or had a peak at an intermediate a,. This suggests that partial
plasticization that reduced brittleness could also reduce fragility. In all
four products, the characteristic a,, level for jaggedness loss differed
from that of the stiffness loss. This observation, which is in agreement
with previous reports, indicates that different textural attributes need not
change in unison as a result of moisture sorption, and therefore, that a
transition from a glassy to a rubbery state can have a different manifes-
tation in different mechanical properties.

The familiar effects of moisture on the texture of cereals and
starchy snacks have been well documented (Katz and Labuza
1981; Sauvageot and Blond 1991; Barrett et al 1992, 1994). They
are primarily manifested in the character of the force-deformation
relationship and the nature of the acoustic signature (which will
not be discussed here). Upon moisture sorption, a material that is
hard and brittle (or crunchy and crispy) when dry becomes soft
and ductile and loses its crunchy and crispy characteristics. The
process has been attributed to a glass transition of the material
triggered by lowering the glass transition temperature, T, to
below the ambient temperature (Slade and Levine 1993). Support
for this mechanism comes from the known plasticizing effect of
water on a variety of bio and synthetic polymers, which is indeed
manifested by lowering the T,.

The glass transition in many synthetic and biopolymeric mate-
rials can occur gradually over a fairly broad temperature range on
the order of tens of degrees C. Therefore, it is difficult to identify
a single temperature below and above which the properties of the
material are qualitatively different, as has frequently been claimed
in the polymer and food literature. Moreover, identification of the
transition in both bio and synthetic polymers by different meth-
ods, or even by the same method under different experimental
conditions (e.g., DMA at different heating and cooling rate or
frequency) can result in discrepancies of up to 10-40°C
(Jankowsky et al 1994, Rodrigez 1994). This has led the organiz-
ers of a recent ASTM symposium on the issue to conclude that
(R. P. Tye in Seyler 1994) “glass transition is a phenomenon that
occurs over a temperature range. The range can cover an interval
of varying limits from a few to many tens of degrees Celsius,
highly dependent on the behavior and history of a particular
material or material type. Furthermore, the definition of the range
is affected by numerous experimental parameters dependent upon
the particular technique used to study the phenomenon. It is clear
that there is no single measured glass transition temperature for a
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material and that the onset and end of the regime cannot be
clearly defined in terms of a sharp transition. A better practice
would be to use the term assigned glass transition temperature.”

Similar concerns have also been raised regarding the glass
transition in biopolymers and food materials (Peleg 1994a,b,
1995). They have led to the development of a model, based on
Fermi’s function, that describes the changes in mechanical prop-
erties at and around the transition in terms of two parameters, one
to specify its center (temperature, moisture contents or water
activity [a,]), and the other the steepness of the loss of stiffness,
strength, brittleness, etc. The model was applied to the loss of
stiffness and the smoothing of the force-deformation relationships
of two starchy snacks exposed to moist environment, and it was
shown that it could be affected differently (Wollny and Peleg
1994). Similar observations were also reported by Attenburrow
and Davies (1993), and they too suggest that like in synthetic
polymers, the T, of cereal foods is not a unique temperature but
one that depends on the property used for its determination. More
recently, Nicholls et al (1995) also showed that the glass transi-
tion has a different effect on different mechanical properties and
that therefore the brittleness of biopolymers cannot be predicted
on the basis of known T, alone. The evidence that mechanical
properties of cereals exposed to moisture need not change in uni-
son has been rather sketchy. The objectives of this work are to
analyze the mode by which a,, affects two mechanical character-
istics: the stiffness and the jaggedness of the force-deformation
relationship, in terms of a mathematical model previously used by
Wollny and Peleg (1994) and to modify the model so that it could
account for relationships not found in their work.

MATHEMATICAL MODEL

The relationship between mechanical, or textural, parameters
and a,, can assume various shapes as shown in Figure 1. The most
frequently encountered type has a characteristic sigmoid shape
that can be described by the Fermi function (Peleg 1994a-c,
Wollny and Peleg 1994) which for our purpose becomes:

Y(a,) = Y/{1 + expl(a, - a..)/b]} (1
where Y(a,) is the magnitude of the mechanical parameter
(stiffness, crunchiness); Y, is its magnitude in the dry state; a, is

a characteristic a,, where Y(a,.) = Y,/2; and b is a constant that
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accounts for the steepness of the relationships around a..
According to this model, when 6—0, Y(a,) approaches a step
function, while a large value presents a broad transition. There are
parameters, however, that theoretically cannot be smaller than a
certain value. A notable example is the apparent fractal dimension
of a line (D) whose theoretical range is 1 < D; < 2 by definition
(see below). In such a case, or where the plasticized wet material
still retains a considerable degree of stiffness or strength, the
model can be modified to account for the residual magnitude
(Wollny and Peleg 1994):

Y(aw) = (Yo - Yr)/{ 1+ exp[(aw - awc)/b]} + Yr (2)

where Y, is the residual stiffness, strength, etc. Both Egs. 1 and 2
entail that at low a,, levels, before plasticization, Y(a,) is either
parallel to the a,, axis or has a negative slope. It is possible, how-
ever, that the relationship between certain parameters and a,, has a
region in which it has a positive slope (Fig. 1, bottom). If the
slope is small it can be ignored. Otherwise, it requires a modifi-
cation of the model. The simplest is through an added linear term:

Y(a,) = (Y, + ka,)/{1 + exp[(ay - aw)/b]}  (3)
or
Y(ay) = (Y, - Y, + ka,)/{1 + expl(ay — aw)/bl} + Y, (4)

where again Y, is the intercept of Y(a,); k is a constant (roughly
the slope of the linear region); and Y, is the residual level of Y(a,)
where appropriate.

The effect of a, on different properties can be classified by
simply observing which pattern emerges (Fig. 1). It can also be
quantified in terms of the model’s parameters, notably a,. and b
(Wollny and Peleg 1994).

Thus, a significant discrepancy in the values of a,, entails that
the plasticization (with respect to properties in question) occurs at
a different a,, or moisture content and, hence, temperature. Simi-
larly, a significant discrepancy in the magnitude of b entails that
there is a difference in the transition sharpness. The magnitude of

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
WATER ACTIVITY WATER ACTIVITY

STIFFNESS OR JAGGEDNESS PARAMETER (arbitrary scale)

Fig. 1. Schematic view of different possible ways in which water activity
can affect different mechanical properties of brittle cereal snacks. Top
left: unmodified Fermi model (Eq. 1); top right: shifted Fermi model (Eq.
2); bottom left: superimposed linear and Fermi models (Eq. 3;) and
bottom right: shifted superimposed linear and Fermi models (Eq. 4).
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k and Y, can be an indicator of the deformation mechanism. But in
the case of Y; it can also be only an inevitable result of the
parameter definition and therefore devoid of physical significance
(Wollny and Peleg 1994).

MATERIALS AND METHODS

Samples Preparation

Two national brand cheese balls and commercial croutons of
three different types were purchased at a local supermarket. They
were selected for being representative of brittle cellular products
made by different processes and because their shapes and dimen-
sions do not vary to an extreme degree, which facilitated the data
interpretation. Samples of these products were taken from the
package and stored in evacuated desiccators over saturated solu-
tions of LiCl, CH;COOK, MgCl,, K,CO;, Mg(NOs),, NaBr,
NaNO,, NaCl, and KCl at an ambient temperature of 25°C. This
corresponds to a, levels of about 0.11, 0.23, 0.33, 0.43, 0.52,
0.57, 0.65, 0.75, and 0.85, respectively (Greenspan 1977). Five
specimens from each desiccator were removed and tested after 48
hr, a time found sufficient to reach a constant weight and, hence,
practical equilibrium in preliminary experiments.

Mechanical Testing

Each specimen was compressed with an Instron universal
testing machine (UTM) (model 1000, Instron Corp., Canton, MA)
interfaced with a Macintosh II microcomputer through a
Strawberry Tree interface card. A program written by Mark D.
Normand was used to operate the instrument and to collect and
process the data as described by Barrett et al (1992) and Rohde et al
(1993a,b). The crosshead speed in all the experiments was 10 mm
min™ and the data retrieval rate 10 points sec’! that is 60 points
per mm of deformation. The average diameter of cheese balls and
cheese puffs was =17 and 14 mm, respectively. The side of the
approximately cubic croutons was =12 mm. All the specimens
were compressed to =60% of their original diameter.

Data Processing

The voltage-time data files were converted to force (F(g)) vs.
engineering strain (€) relationships using the UTM’s sensor con-
version constant. (Because of the imperfect morphology and non-
uniform structure, the stress cannot be meaningfully determined).
The F vs. € files were fitted with a fourth degree polynomial
model:

F(€) = ko + ki€ + ko€ + ks€> + kge? )

using the Systat program. The force values at 20 and 30% defor-
mation (€ = 0.2 and 0.3, respectively) were recorded and consid-
ered as two empirical measures of stiffness for the purpose of
verification (Wollny and Peleg 1994).

A normalized dimensionless mechanical signature of each
specimen Y(€) was created by the transformation:

Y(e) = [F(g) - F*(e))/F*(e) ©

where F*(g) is the fitted value using Eq. (5).

These mechanical signatures (strain range of 0.1 < € < 0.6)
were subjected to the blanket algorithm (Peleg et al 1984) to
determine their apparent fractal dimension using the procedure
described by Normand and Peleg (1988) and Rohde et al (1993b).
The elimination of the data corresponding to € < ~ 0.1 is neces-
sary to avoid artifacts resulting from the use of Eq. 5, where very
large values of Y(€) can be produced when F*(g) has a very small
magnitude. The truncation, however, has only a very minor effect
on the calculated jaggedness parameters (Barrett et al 1992). The
procedure is based on “coating” the normalized signature with






