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A phenomenological rheological model was developed to describe the molecular interactions and
predict the mechanical properties of fish myofibrillar protein-based films, irrespective of their
thickness. The model was built of a parallel array of Maxwell and elastic elements in which a
fracture element was introduced. The total number of parallel branches was directly correlated
with the most characteristic dimension of the samples, i.e., the film thickness. The rheological
parameters (R, elastic modulus, and viscosity coefficient) were determined from numerous
experimental data sets and appeared to be independent of thickness. They could be used to
characterize the molecular interactions in the films. These parameters were only sensitive to the
type of data used for calculations (force-deformation, relaxation, or creep) and to the range of
experimental conditions applied to obtain these data. The model successfully predicted force-
deformation-time relationships for these biopolymer-based films.
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INTRODUCTION

There is now an increasing interest in biodegradable
and edible packagings made from entirely renewable
natural polymers. The main sources and potential
applications of biopolymer films have been recently
reviewed by Gontard and Guilbert (1994), Krochta et
al. (1994), and Cuq et al. (1995c). For instance, protein-
based films could be used as gas or grease barriers and
for mechanical protection in several food systems (Guil-
bert, 1986, 1988; Aydt et al., 1991; Gennadios et al.,
1993b). The mechanical properties of biopolymer films
of most natural products are of major importance for
many applications. They are usually evaluated by tests
involving compression or extension (Gontard et al., 1992;
Gennadios et al., 1993a; Hershko et al., 1994) and
through interpretation of force-deformation-time re-
lationships (Peleg and Caldaza, 1976; Caldaza and
Peleg, 1978). According to Peleg (1977), the conditions
under which these tests were performed varied mark-
edly with regard to the specimen dimensions, precon-
ditioning, temperature, relative humidity, magnitude of
the force, deformation level, and its application rate.
The mechanical properties of biopolymer films are

classically characterized by selective and limited me-
chanical parameters, such as deformaton or elongation
at break, force or strength at break, and relaxation
coefficient (Gontard et al., 1993; Stuchell and Krochta,
1994). These mechanical properties are generally in-
fluenced both by the type and density of molecular

interactions between polymers and by the film thickness
(Mahmoud and Savello, 1992; Park et al., 1993; Cuq et
al., 1995b). A rheological model, which could on the one
hand describe force-deformation-time relationships for
this kind of material and on the other hand keep
separate the effect of film thickness on mechanical
properties, would be then a suitable tool to characterize
the molecular interactions occurring in the film matrix.
Empirical models and phenomenological rheological

models have been useful tools for evaluating and
predicting the mechanical response to force-deforma-
tion (or stress-strain) and relaxation kinetics (Peleg,
1979a). Empirical equations were listed by Peleg
(1984), and their efficiencies were compared by various
authors such as Launay and Cantoni (1987) and Game-
ro et al. (1993). Phenomenological rheological models
are often presented in the form of constitutive dif-
ferential or integral equations relating stress (or force),
strain (or deformation) and time or in the form of an
electrical circuit or mechanical analog. These models
of combined basic elements of linear viscoelasticity
[elastic elements, viscous elements and their primary
combinations, Maxwell elements (i.e., an in-line array
of one elastic element and one viscous element) and
Kelvin-Voigt elements (i.e., a parallel array of one
elastic element and one viscous element)] are usually
applied to describe creep and relaxation data (Peleg,
1979b). The concept of linear viscoelasticity used for
these models is only applicable to infinitesimal strain,
while strains are in reality finite and sometimes large
(Bland, 1960). Models built of 3-10 basic elements are
generally sufficient to fit experimental results for a
variety of natural products (Peleg, 1976; Chang et al.,
1986; Nussinovitch et al., 1989). Special elements can
be added to account for phenomena such as plasticity
and increased strength (Peleg, 1979b, 1984). Nonlinear
responses could be introduced through models with
varying numbers of elements (Peleg, 1976; Peleg and
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Normand, 1982). The irreversible nature of food defor-
mation can be represented by rheological models that
contain elements with fracture components (Drake,
1971; Peleg, 1976). The usual characteristic parameters
of these rheological models (e.g., elastic modulus, viscos-
ity) have already been calculated through experimental
data fitting to quantify the mechanical behavior of
natural products (Chang et al., 1986; Gamero et al.,
1993).
The mechanical properties of myofibrillar protein-

based films were previously studied to determine force-
deformation curves and relaxation kinetics at various
film thicknesses (Cuq et al., 1995b). It has been shown
that a film thickness increase involved significant
modifications in mechanical properties due to an in-
crease in the number of protein chains per surface unit.
The type and density of molecular interactions were
found to be independent of the film thickness. From
these experiments, it appears that the study of the effect
of specific parameters such as plasticizer content on the
type and density of molecular interactions does then
require either working only with films of the same
thickness or keeping separate the effect of film thickness
on the measured variations of mechanical properties.
In the present study, a phenomenological rheological
model is proposed to characterize the molecular interac-
tions in myofibrillar protein-based films, irrespective of
the film thickness.

MATERIALS AND METHODS

Preparation of Fish Mince. Washed fish mince was
prepared from Atlantic sardines according to the method of
Cuq et al. (1995a). Gutted and headed fish were passed
through a meat bone separator, washed with water, strained
in a rotary rinser, passed through a refiner, and chopped in a
cutter. The fish mince was vacuum packed and kept at -23
°C. Samples were thawed for 24 h at 4 °C before experiments.
Preparation of Myofibrillar Protein-Based Films. Films

were prepared from a film-forming solution (FFS) based on
fish mince in distilled water and acetic acid. Protein concen-
tration (2.0 g/100 g of FFS), pH (3.0), and glycerol concentra-
tion (35 g/100 g of dry matter) were adjusted from those of
Cuq et al. (1995a). All components were mixed at 25 °C in a
vacuum homogenizer (Stephan UM5, Marne la Vallée, France).
FFS were stored for 6 h before casting on a PVC plate using
a thin-layer chromatography spreader. The film thickness
variations were obtained by modifying the “apparent thick-
ness” of the cast FFS. The thin layer of FFS was dried in a
ventilated oven at 25 °C for about 10-24 h. Transparent films
were thus formed. Films were equilibrated at 59.1% relative
humidity (using a saturated aqueous NaBr solution) and 20
°C for 48 h before testing.
Characterization of Myofibrillar Protein-Based Films.

Thickness was measured with a hand-held micrometer (Braive
Instruments, Checy, France) with 7.5 mm diameter faces to
the nearest 10-6 m. Thickness values are means of 10
measurements.
The mechanical properties were determined at 20 °C and

59.1% relative humidity using a SMS Stable microsystem TA-
XT2 rheometer (Champlan, France), operated according to a
method described by Bourne (1968). This method is particu-
larly well adapted to biopolymer films. Samples preset on
measuring clamps are analyzed without any handling, thus
limiting potential transfers from the environment. Moreover,
measurements are not sensitive to possible edge effects. Films
were cut into 40 mm diameter disks and fixed in an annular
ring clamp (34 mm diameter). A cylindrical probe (3 mm
diameter) was displaced perpendicularly to the film surface
at constant speed (0.5 mm s-1). From the probe displacement,
the film deformation was calculated as follows, where L(t) is

the deformation (m), D(t) is the probe displacement (m), R0 is
the initial film length (15.5 mm), and t is the time (s):

Experiments were carried out to determine force-deforma-
tion, relaxation, and creep curves. Force (N)-deformation (m)
curves were plotted until the probe passed through the film.
Although the deformation rate was slightly dependent on the
extent of deformation, we have considered that it is equivalent
to the average deformation rate throughout the experiment
(V ) 0.072 mm s-1). Relaxation tests were carried out after
0.29 mm of deformation. This deformation was maintained
for 60 s and force (N)-time (s) curves were plotted. Creep
tests were carried out under constant force (0.5, 1.0, 1.5, or
2.0 N), and deformation (m)-time (s) curves were plotted for
60 s.
Mathematical Calculations. The critical fracture defor-

mations (LC) were directly determined from experimental
deformation at break values. The three parameters of the
model (R, K, and η) were identified from force-deformation
data sets with eq 13, from relaxation data sets with eq 16,
and from creep data sets with eq 21. The three parameters
were calculated by an optimization procedure according to the
Gauss-Newton algorithm (Trigeassou, 1988). The minimized
objective function was the sum of residuals squared (i.e.
deviations between experimental and predicted points).

RESULTS AND DISCUSSION

Model Establishment: Theoretical Consider-
ations. The mechanical properties of myofibrillar
protein-based films (i.e., typical force-deformation curves,
relaxation kinetics, and creep kinetics) are represented
for various thicknesses in Figures 1-3 (Cuq et al.,
1995b).
Among linear rheological models (Courraze and Gros-

siord, 1991), the generalized Maxwell model for solid
materials (i.e., a parallel array of a number of Maxwell
elements with one elastic element) is able to describe
the shapes of the curves presented in Figures 1-3. This
kind of model is well adapted to describe the nonlinear
force-deformation relationship (Figure 1), the residual
force remaining after a long relaxation time (Figure 2),
and the finite strain after a long creep time (Figure 3).
Nevertheless, this conventional model cannot account
for the actual rheological behavior of myofibrillar protein-
based films and in particular for the effect of film
thickness. This model has then been modified to meet
the following conditions:
(1) To describe the failure phenomena in force-

deformation curves (Figure 1), each element in parallel

Figure 1. Experimental force-deformation data recorded
under a constant rate of deformation (0.072 mm s-1) for
myofibrillar protein-based films. Thickness is 17 (×), 39 (b),
or 54 µm (4), where (s) are the fitted curves, calculated with
eq 13.

L(t) ) xD(t)2 + R0
2 - R0

2 (1)
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(i.e., Maxwell or elastic elements) is modified by the in-
line incorporation of a fracture element. Force peaks
followed by instantaneous drops are then anticipated
(Drake, 1971). The fracture elements behave as rigid
elements before failure. Once its force level is reached
(critical fracture force, FC), the element is dissected.
(2) To describe the effect of film thickness on mechan-

ical properties observed in Figures 1-3 and in particular
on the residual force remaining after a long relaxation
time (Figure 2), more than one elastic element is added
in parallel to the Maxwell elements.
(3) To keep separate the effect of molecular interac-

tions occurring in the film, the total number of parallel
branches (NG) of the model is correlated with the film
thickness. The simplest relationship is proposed,
whereby NG is supposed equal to the film thickness
(expressed in micrometers).
(4) To set a simple description of the molecular

interactions in film, the characteristics of the elastic,
viscous, and fracture elements are supposed to be the
same irrespective of their position in the model.
The model proposed to describe mechanical properties

of the myofibrillar protein-based films is presented in
Figure 4. As the calculation of stress loads from the
experimental results of Cuq et al. (1995b) is of consider-
able complexity, the following relationships and calcula-
tions are based on force units (N). The elastic and
viscous elements of the model are characterized by
elastic modulus K (N m-1) and viscosity η (N s m-1),
respectively (Peleg, 1976). The fracture elements are
characterized by critical fracture forces: FCE (N) when

associated with elastic elements and FCM (N) when
associated with Maxwell elements. It is usual to define
critical fracture deformation by the deformation at
critical fracture force (Peleg, 1976). To describe the
abrupt drop in force at the break point, we hypothesize
that the critical fracture deformations at FCE or FCM are
equal (LC, m).
The total number of parallel branches (NG) is defined

by the sum of the number (NE) of branches including
an elastic element and the number (NM) of branches
including a Maxwell element (eq 2). NE and NM are
correlated with NG by eqs 3 and 4.

R is the proportion of parallel branches including an
elastic element. According to Peleg (1976), for a parallel
array of branches, the total force is the sum of the forces
acting on each branch (eq 5).

F is the total force (N), Fi is the force (N) acting on a
branch including an elastic element, and Fj is the force
(N) acting on a branch including a Maxwell element.
As the characteristics of the elements are supposed

to be the same irrespective of their position in the model,
eq 5 becomes

According to Peleg (1976), for a parallel array of
branches, once deformation has commenced, it is the
same for all individual parallel branches (eq 7).

L(t) is the deformation (m), Li(t) is the deformation (m)
of a parallel branch (i) including an elastic element, Lj-
(t) is the deformation (m) of a parallel branch (j)
including a Maxwell element, and t is the time (s).
According to Peleg (1976) and Couarraze and Gros-

siord (1991), the general force-deformation relation-
ships of an elastic element and a viscous element are
described by eqs 8 and 9, respectively.

The general force-deformation relationship (eq 10)
of a Maxwell element (i.e., an in-line array of an elastic
and a viscous element) is simply established from eqs 8
and 9:

K is the elastic modulus (N m-1) of an elastic element
and η is the viscosity (N s m-1) of a viscous element.
Force-Deformation Relationships under a Constant

Rate of Deformation. When a constant rate of deforma-
tion is applied, the force-deformation relationships of
an elastic element (eq 11) and a Maxwell element (eq

Figure 2. Experimental relaxation data (constant deforma-
tion ) 0.29 mm) for myofibrillar protein-based films. Thickness
is 12 (×), 27 (4), 36 (b), or 49 µm (+), where (s) are the fitted
curves, calculated with eq 16.

Figure 3. Experimental creep data (constant force ) 1 N)
for myofibrillar protein-based films. Thickness is 13 (×), 25
(4), 39 (b), or 51 µm (+), where (s) are the fitted curves,
calculated with eq 21.

NG ) NE + NM (2)

NE ) RNG (3)

NM ) (1 - R)NG (4)

F ) ∑
i)1

NE

Fi + ∑
j)1

NM

Fj (5)

F ) RNGFi + (1 - R)NGFj (6)

L(t) ) Li(t) ) Lj(t) (7)

F ) KL (8)

dL/dt ) F/η (9)

dL
dt

) 1
K
dF
dt

+ F
η

(10)
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12) are established from eqs 8 and 10, with the following
initial conditions: t ) 0, F(0) ) 0, and L(0) ) 0.

V is the constant rate of deformation [V ) dL/dt ) L(t)/
t]. From eqs 6, 11, and 12, the force-deformation
relationship of the model (eq 13) is then established,
when L < LC.

Force-Time Relationships (Relaxation Kinetics). For
relaxation tests when deformation remains constant
(LR), the force-time relationships of an elastic element
(eq 14) and a Maxwell element (eq 15) are established
from eqs 8 and 10, with the following initial conditions:
t ) 0, L(0) ) LR.

LR is the constant deformation for the relaxation test.
The force-time relationship of the model (eq 15) is then
established from eqs 6, 14, and 15, when LR < LC.

Deformation-Time Relationships (Creep Kinetics).
For creep tests when force remains constant (Fcreep), the
deformation-time relationships of an elastic element
(eq 17) and a Maxwell element (eq 18) are established
from eqs 8 and 10, with the following initial conditions:
t ) 0, F(0) ) Fcreep, and L(0) ) Lcreep.

Fcreep is the constant force for the creep tests and Lcreep
is the initial deformation at Fcreep. The deformation-
time relationship of the model (eq 21) is established from
eqs 6, 14, and 15, until L(t) < Lcreep (eqs 19 and 20 are
intermediate equations).

Equations 13, 16, and 21 describe the force-deforma-
tion-time relationships of the model. It should be
mentioned that four parameters (K, η, R, and LC) in the
model could be used to describe the molecular interac-
tions of the films. According to Bland (1960), the
concepts of linear viscoelasticity used in the phenom-
enological model are only applicable to infinitesimal
strain. In reality the strains are finite; for instance, the
strain at break is 4.9% for myofibrillar protein-based
films (Cuq et al., 1995b). Nevertheless, even if the
applied strain level is in most cases out of the linear
viscoelastic domain, the use of eqs 13, 16, and 21, which

Figure 4. Schematic representation of the model established to describe the mechanical properties of the myofibrillar protein-
based films. NE and NM are the number of branches including an elastic element (i) or a Maxwell element (j), K is the elastic
modulus (N m-1) for the elastic elements, LC is critical fracture deformation (m) for the fracture elements, and η is the viscosity
(N s m-1) for the viscous elements.

Fi(L) ) KL (11)

Fj(L) ) ηV[1 - exp(- KL
ηV)] (12)

F(L) ) RNGKL + (1 - R)NGηV[1 - exp(- KL
ηV)] (13)

Fi(t) ) KLR (14)

Fj(t) ) ηV[1 - exp(-
KLR

ηV )] exp(- Kt
η ) (15)

F(t) ) RNGKLR + (1 - R)NGηV[1 - exp(-
KLR

ηV )] ×
exp(- Kt

η ) (16)

Fi(t) ) KL(t) (17)

Fj(t) ) [(L(t) - Lcreep)η]/t (18)

Fcreep ) RNGFi(t) + (1 - R)NGFj(t) (19)

Fcreep ) RNGKL(t) + (1 - R)NG

(L(t) - Lcreep)η
t

(20)

L(t) )
Fcreept + (1 - R)NGηLcreep

RNGKt + (1 - R)NGη
(21)
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are based on phenomenological considerations, is no
more than a mathematical fitting process.
Fit of theModel. The three parameters of the model

(R, K, and η) are calculated to fit experimental data for
myofibrillar protein-based films of various thicknesses.
Preliminary calculations have shown that in the pos-
sible range of these three parameters, R ) 0-1, K )
1-105 N m-1, and η ) 1-104 N s m-1, the objective
function is characterized by only one main minimum.
A single combination of the parameters (R, K, and η)
can thus be used to fit with precision the experimental
force-deformation, relaxation, and creep data. Typical
fits of the model to experimental data are presented in
Figures 1-3. As a general rule, the model has about
the same degree of fit and the fitted curves are practi-
cally indistinguishable from the experimental data
regardless of the film thickness.
Effect of Film Thickness. The originality of the

model presented by eqs 13, 16, and 21 resides in its
possibility to keep separate the effect of thickness on
the mechanical properties of films. The parameters (R,
K, and η) are calculated from the whole experimental
data sets that were established with film thicknesses
between 10 and 60 µm (Cuq et al., 1995b). The effects
of the film thickness on the values of the parameters K
and η (Figure 5) and R (Figure 6) are represented when
calculations are carried out from force-deformation
data. The effects of thickness are similar when the
parameters are calculated from relaxation or creep data.
As expected, the values for the parameters (R, K, and
η) are not significantly influenced by thickness varia-
tions. Mean values of the parameters can be calculated
for these films, irrespective of their thickness.
According to Cuq et al. (1995b), the critical fracture

deformation of the fracture elements introduced in each
parallel branch of the model (Figure 4) appears to be

independent of the film thickness (Figure 7). The
relative lack of precision observed could be associated
with experimental error as already noted with data
measurements (Cuq et al., 1995b).
As expected, variations in the total number (NG) of

parallel branches in the model govern the effect of film
thickness on mechanical properties. The relationship
that has been proposed to correlate film thickness and
the total number of parallel branches (i.e., NG is sup-
posed equal to film thickness expressed in micrometers)
is then valid. The parameters (R, K, and η) and the
critical fracture deformation can then be used to char-
acterize the molecular interactions in biopolymer films,
irrespective of their thickness. For instance, the elastic
modulus (K) is a fundamental measure of film stiffness
and can characterize the reversibility properties of
molecular interactions, while the viscosity (η) is an
indicator of the density of molecular interactions.
Limitations of the Model. The parameters appear

to be influenced by the type of data (force-deformation,
relaxation, or creep) used for calculations (Table 1). For
the parameters calculated to describe the mechanical
properties of myofibrillar protein-based films, viscosity
is equal to 1260 N s m-1 when calculations are made
from force-deformation data, 1520 N s m-1 when
calculations are made from relaxation data, and 3400
N s m-1 when calculations are made from creep data.
Similar variations are observed with the parameters R
and K.
Conditions applied to determination of experimental

data also affected the calculated values of the param-
eters (K, R, and η). For instance, the parameters
calculated from creep tests under various levels of forces
(Table 2) are sensitive to the range of experimental
conditions: when Fcreep ) 0.5 N, K ) 580 N m-1 and η
) 3000 N s m-1, while K ) 430 N m-1 and η ) 5400 N
s m-1 when Fcreep ) 2.0 N. Such behaviors have been
found when the initial deformation (Peleg, 1979a) or
deformation rate (Peleg and Calzada, 1976) changed for
relaxation tests and when the initial force changed for
creep tests (Chang et al., 1986). In these conditions,
comparisons of the model parameters for various ma-
terials have to be made with values calculated from the
same kind of experimental data obtained under the
same conditions.
Two hypotheses are proposed to explain this relative

sensitivity of the model: (i) the model does not take into
consideration the continuous internal fractures that
potentially occur in these biopolymer films, while the
samples apparently remained intact (Pollack and Peleg,
1980), and (ii) the model is applied out of linear
viscoelasticity range where the phenomenological mod-
els are defined.

Figure 5. Effect of film thickness on the values of elastic
modulus K (b) and viscosity η (×) calculated with eq 13 from
experimental force-deformation data for the myofibrillar
protein-based films.

Figure 6. Effect of film thickness on the values of parameter
R calculated with eq 13 from experimental force-deformation
data for the myofibrillar protein-based films.

Figure 7. Effect of film thickness on the values of critical
fracture deformation calculated from experimental force-
deformation data for the myofibrillar protein-based films.
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Comparison with Other Films. The calculated
parameters for myofibrillar protein-based films can be
compared with those for cellulose or low-density poly-
ethylene-based films (Table 1). Calculations are based
on force-deformation data registered under the same
experimental conditions. The cellulose-based films are
characterized by an elastic behavior (R ) 1), and
polyethylene-based films behave like a Maxwell mate-
rial (R ) 0). According to the preceding results, these
values of R cannot be applied to calculate relaxation or
creep curves.
These two materials are characterized by very large

critical deformations (LC ) 2.32 and 3.3 mm for cel-
lulose- and polyethylene-based films, respectively) as
compared to myofibrillar protein-based films (LC ) 0.65
mm). Comparison of elastic modulus values shows that
interactions occurring in protein-based films (K ) 350
N m-1) seem to be more reversible than those in
cellulose-based films (K ) 135 Nm-1) but less reversible
than those in polyethylene-based films (K ) 510 Nm-1).
Prediction by the Rheological Model. The pro-

posed model can be used to predict force-deformation,
relaxation curves, or creep curves of films as a function
of thickness. To take the observed relative lack of

precision into consideration, minimum and maximum
values of the three parameters are calculated (mean (
standard deviation). They are used to calculate mini-
mum and maximum fitted curves so that experimental
data are included in a predicted surface. Figures 8 and
9 present independent experimental data and the cor-
responding predicted surface for force-deformation
curves and relaxation kinetics, respectively. Similar
results were observed with creep curves. The model is
able to predict the rheological behavior for myofibrillar
protein-based films because the independent data are
included in the predicted surface irrespective of the film
thickness.
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NOMENCLATURE

D(t) probe displacement (m)
F(L),
F(t)

force (N)

FCE critical fracture force (N) of a fracture element
when associated with an elastic element

FCM critical fracture force (N) of a fracture element
when associated with a Maxwell element

Fcreep constant force (N) for the creep test
Fi(L),
Fi(t)

force acting (N) on a branch (i) including an
elastic element

Fj(L),
Fj(t)

force acting (N) on a branch (j) including a
Maxwell element

i position in the model of a branch including an
elastic element

Table 1. Calculated Valuesa of the Rheological Parameters Determined from Force-Deformation, Relaxation, or Creep
Data Fits with Equations 13, 16, and 21, Respectively

rheological parameters

films type of data R K (N m-1) η (N s m-1) LC (mm)

myofibrillar protein force-deformation 0.15 (0.05) 350 (40) 1260 (300) 0.65 (0.18)
relaxation kinetics 0.50 (0.02) 335 (25) 1520 (70)
creep kinetics 0.50 (0.20) 500 (90) 3400 (900)

cellulose force-deformation 1 140 (20) 2.32 (0.12)
LDPE force-deformation 0 510 (60) 1950 (220) 3.30 (0.68)

a Standard deviations are given in parentheses. K is the elastic modulus, LC is the critical fracture deformation, LDPE is low-density
polyethylene, R is a model parameter, and η is the viscosity.

Table 2. Effect of the Creep Force Level on Valuesa of
the Parameters r, K, and η Calculated with Equation 21
from Creep Data for Myofibrillar Protein-Based Films

rheological parametersconstant
force (N) R K (N m-1) η (N s m-1)

0.5 0.5 (0.2) 580 (120) 3000 (1000)
1.0 0.5 (0.2) 500 (90) 3400 (900)
1.5 0.5 (0.2) 420 (150) 3200 (800)
2.0 0.5 (0.2) 430 (110) 5400 (1100)

a Standard deviations are given in parentheses. R is a model
parameter, K is the elastic modulus, and η is the viscosity.

Figure 8. Model validation: comparison between indepen-
dent force-deformation data of myofibrillar protein-based
films. Thickness is 11 (×), 21 (b), or 59 µm (4); the predicted
curves (s) from the minimum values (R ) 0.1, K ) 310 N m-1,
η ) 960 N s m-1) or maximum values (R ) 0.2, K ) 390 N
m-1, η ) 1560 N s m-1) of parameters were calculated with eq
13, where the shading represents the predicted surface.

Figure 9. Model validation: comparison between indepen-
dent force-deformation data of myofibrillar protein-based
films. Thickness is 21 (×), 36 (b), or 57 µm (4); the predicted
curves (s) from the minimum values (R ) 0.5, K ) 310 N m-1,
η ) 1450 N s m-1) or maximum values (R ) 0.5, K ) 360 N
m-1, η ) 1590 N s m-1) of parameters were calculated with eq
16, where the shading represents the predicted surface.
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j position in the model of a branch including a
Maxwell element

K elastic modulus (N m-1)
L(t) deformation (m)
LC critical fracture deformation (m)
Lcreep initial deformation (m) at the constant force for

the creep test
Li(t) deformation (m) of a branch (i) including an

elastic element
Lj(t) deformation (m) of a branch (j) including a

Maxwell element
LR constant deformation (m) for the relaxation test
NE number of branches of the model including an

elastic element
NG total number of parallel branches of the model
NM number of branches of the model including a

Maxwell element
R0 initial film length (m)
t time (s)
V rate of deformation (m s-1)
R proportion of branches in the model including an

elastic element
η viscosity (N s m-1)
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