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Relaxation Time Spectrum of
Hydrogels by CONTIN Analysis
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ABSTRACT: CONTIN is a general-purpose program for inverting noisy linear algebraic and integral equations by
means of inverse Laplace transform. This study explored the application of CONTIN analysis to determine the
relaxation time distribution spectra for food gels, including gellan, carrageenan, whey protein, and gelatin gels,
based on stress-relaxation data. CONTIN results represent the continuous relaxation time spectra when the number
of the terms in the discrete Maxwell stress-relaxation model approached infinity. The CONTIN results for gellan gels
were correlated to the texture properties of gels from compression tests with respect to the effects of calcium concen-
trations. CONTIN analysis may be a very effective tool in elucidating the microstructural properties of a hydrogel

from mechanical testing.
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Introduction
THE STRESS-RELAXATION TEST IS WIDELY USED IN RHEOLOGICAL
studies of food products (Mitchell 1976,1980). Stress-relax-
ation data may provide information on permanent cross-linking
(Ziegler and Rizvi 1989; Hsieh and Regenstein 1992), can charac-
terize the effects of different chemicals and enzymatic additives
on baking quality (Wikstrom and Eliasson 1998), distinguish
products from different origins (Safari-Ardi and Phan-Thien
1998), and form an objective method for the quality assessment
of food products (Huang and others 1995), as well as a number of
other theoretical and practical applications.
Traditionally, relaxation data are interpreted by fitting equa-
tions derived from discrete Maxwell models (Sherman 1970;
Mohsenin 1970):

E(t)=E, + Z E, exp[— i—) O
i=1 T

i

where E(t) is the modulus decaying curve determined from ex-
periments, ¢ is the experimental decay time, 7;is the relaxation
time of the i-th Maxwell element, and E, represents the equilibri-
um or residual modulus at the fully decayed state, that is, when
all relaxable stress is fully relaxed. For liquid foods, which are
polymers without permanent cross-linking, E,=0. For solid foods,
polymers with permanent cross-links, E, is a non-zero constant
(Mitchell 1980).

When the number of Maxwell elements approaches infinity,
the summation given in Eq. 1 is replaced by an integral:

E()=E, + j E(’L’)exp(— %)df -

Where E(7) is a continuous function over relaxation time T,
which may span from milliseconds to thousands of minutes. The
relaxation time 7 is usually presented on a logarithm scale. Thus,
Eq. 2 can be written as,

E)=E,+ | H(T)exp(— %)d Int 3)
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where H(t) [=7E(7)] is called the relaxation time distribution func-
tion (Fried 1995). The relaxation time spectrum is a fundamental
quantity in the linear theory of viscoelastic materials (Honerka-
mp and Weese 1993). If the relaxation time spectrum is known,
other material functions such as storage modulus (G’) and loss
modulus (G") at various frequencies can be calculated without
difficulty (Honerkamp and Weese 1993).

If the equilibrium modulus E, in Eq. 1 reflects a true material
property, then its value should be independent of the imposed
small strain (¢) in a stress-relaxation test, and the equilibrium
stress o, (= ¢E,) should be proportional to the strain. Tang and
others (1998), however, observed that this was not true for
polysaccharide gellan, carrageenan, and agar gels. Instead, the
equilibrium stress o, was independent of strain up to & = 10%, al-
though the initial stress o (0) was proportional to the imposed
strain . Therefore, o, may represent an intrinsic property, which
is directly related to the cross-linking properties of polysaccha-
ride gels below 10% strain (Tang and others 1998). The following
equation may, therefore, be more appropriate than Eq. 1 to de-
scribe stress-relaxation tests in polysaccharide gels:

i=1 i

o(ty=0,+0, exp(— TLJ @

Similarly, when n approaches infinity, Eq. 4 can be written as:

o(t)=o0, +I0(T)exr>(— %)df 5)

o(t)=o0,+ I F (f)exp(— %)d Int ®)

where F(t) [ =10 (7) ] is the relaxation time distribution function.
The difference between F(7) and H(r) is a proportional constant e
[F(x) = eH(7)].

Most stress-relaxation decay curves can be well fitted to Eq. 4
with 2 to 3 exponential terms. However, the fitting results may
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provide little information relevant to the characterization of in-
trinsic material properties (Peleg and Pollok 1982). In addition,
the derived parameters o; and 1; are strongly affected by the
usually arbitrary chosen number of exponential terms, that is, n
in Eq. 4. Therefore, multi-exponential analysis of stress-relax-
ation experiments is subjective. This problem can be overcome
by using Eq. 5 or 6. By avoiding the arbitrarily chosen 7, the re-
laxation time distribution function o (7) or F(t) may represent
true material properties. The challenge is to mathematically ob-
tain o (1) or F(7) in Eq. 5 and 6 from an experimentally determined
stress-time relationship o (#). This can be achieved through in-
verse Laplace transform by a numerical method. Provencher
(1982a) pointed out that numerical inverse Laplace transform on
an experimental curve was generally an ill-posed problem. That
is, one may obtain a number of solutions that all fit the data with-
in experimental error, yet these solutions may be significantly
different. Several computer programs (Provencher 1982a, 1982b;
Weese 1993) are available to solve some ill-posed problems, in-
cluding inverse Laplace transform problem.

CONTIN is a general-purpose program developed by
Provencher (1982a, 1982b) and originally used in polymer sci-
ence research. It can be used to invert general noisy linear alge-
braic and integral equations such as:

b N,
¥(t) = [5G, 1)de + 3 BL (1) @

where s(t) is an unknown function to be solved, y(;) is a known
function or an experimentally measurable relationship, and G(x,
t) is a known kernel function, depending on the physical mean-
ing of a specific question. The optional sum over N; known func-
tions L;(t;) permits additional time dependent and/or indepen-
dent terms to be considered. For a single constant term, Eq.(7)
becomes,

b
)= [s(0)G(z.1,)de + B ®)

CONTIN is used successfully to solve many ill-posed prob-
lems. For example, it was used to analyze dynamic light-scatter-
ing data to determine polymer molecular weight distribution
(Provencher and others 1978), to determine diffusion coefficient
distribution (Provencher 1979; Bodycomb and Hara 1995), to de-
termine angular frequency distribution of polymer gels and par-
ticle-size distribution of polymer solutions (Mao and others
1998), and to monitor both diffusion-limited and reaction-limit-
ed cluster aggregation processes of colloidal aggregates (Ju and
others 1992). Recently, CONTIN was also used to analyze experi-
mental data other than dynamic light scattering, such as obtain-
ing free-volume radius distribution from positron annihilation
lifetime measurements (Wang and others 1996; Cao and others
1997), and obtaining kinetic and affinity spectra from ion ex-
change processes (Haber-Pohlmeier and Pohlmeier 1997). CON-
TIN usually produces 10 to 20 physically permissible solutions
and chooses the most appropriate solution based on statistical
evaluations (Provencher 1982a, 1982b, 1984). Most CONTIN us-
ers accept the computer “chosen solution” as the final answer.

A relaxation time spectrum of dough was obtained from
stress-relaxation tests (Safari-Ardi and Phan-Thien 1998). Dis-
crete relaxation time spectra of mozzarella cheeses were ob-
tained by Subramanian and Gunasekaran (1997) using the gen-
eralized Maxwell model and nonlinear regression analysis. To the
best of our knowledge, there are no reports on the use of CON-
TIN analyses in food science and food engineering research. The

objectives of this study were to explore the application of CON-
TIN analysis to obtain relaxation time distribution spectra from
experimental stress-relaxation data, to test the reliability of
CONTIN analysis by comparing the CONTIN results with multi-
exponential fitting results, and to obtain the characteristics of re-
laxation time spectra of selected food gels.

Results and Discussion

CONTIN results

Typical stress decay curves, fitted by CONTIN method, and
the corresponding relaxation time distribution spectra for gellan
gels, carrageenan gels, whey protein gels, and gelatin gels are
presented in Fig. 1 to 4, respectively. Each figure represents a sin-
gle test. In the stress-relaxation tests for gellan gels (Fig. 1a) and
carrageenan gels (Fig. 2a), the fully or nearly fully decayed states
were not reached until the remaining stresses were reduced to
about 30% of the initial stresses o(t=0). Gelatin gel was very elas-
tic, and the gel stress was reduced to about 80% of the initial
stress before the fully decayed state was reached (Fig. 4a). Whey
protein gel (Fig. 3a) was far from the equilibrium state at the end
of the 270-min test. The CONTIN analyses were effective for all
these data, as indicated by the perfect fitting and various relax-
ation time spectra (Fig. 1 to 4, b). Usually, one main peak is ob-
served in the CONTIN derived relaxation time spectra with sev-
eral minor adjacent peaks. The main peak represents the major
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Fig. 1—Stress relaxation of 1% gellan gel with 4mM Ca?*, subjected
to 5% strain. (a) Scattering data points are experimental data; con-
tinuous curve is the fitting curve from CONTIN analysis; horizontal
line is the calculated equilibrium stress. (b) Relaxation time distribu-
tion function F(r) obtained from CONTIN analysis.
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relaxation process, and the corresponding relaxation time at
peak position may be called as characteristic relaxation time ..
Minor peaks in relaxation time spectra represent early (t < t,) or
late (v > 7,) relaxation processes other than the major process.
Several observations can be made when comparing the exper-
imentally determined stress decay curves and the CONTIN de-
rived relaxation time spectra. The characteristic relaxation time
(t.) was positively correlated to the time needed for a gel to reach
the fully decayed state, and the area under the relaxation time
spectrum curve is positively correlated to total relaxable stress,
that is, the difference between the initial stress and the equilib-
rium stress. For example, the total relaxable stress for the test of a
gellan gel shown in Fig. 1a (4.95kPa) is several times higher than
that of a carrageenan gel shown in Fig. 2a (0.90kPa). This results
in a higher and wider main distribution peak and larger area un-
der the distribution curve for gellan gel than those for carrag-
eenan gel in the relaxation time spectra (Fig. 1b and Fig. 2b). The
time needed to reach the fully decayed state for the test of gellan
gel (Fig. 1a) was much shorter than that of carrageenan gel (Fig.
2a). As a result the characteristic relaxation time for gellan gel
(Fig. 1b) was about one magnitude smaller than that of carrag-
eenan gel (Fig. 2b). The stress decay curve of whey protein gel
(Fig. 3a) had two general decaying periods separated by a sud-
den change of slope in the curve at about 1,000 s decay time. Ac-
cordingly, the CONTIN-derivedrelaxation time distribution
function showed two similar peaks, one at 237 s and another at

31,600 s (Fig. 3b). The relaxation time of the second peak was
well beyond the longest time of test duration (16,200 s). The
small amount of relaxable stress for the test of gelatin gel (Fig.
4a) corresponded to a small distribution peak in the relaxation
time spectrum (Fig. 4b).

For a relaxation process with only one relaxation time 7, the
ratio (R,) of total relaxable stress to the relaxed stress at test time
t=1,should be,

_o(0)-o,

= =e= 2718
o(t,)-o,

(10)

c

In the presence of multiple relaxation times, however, the val-
ue of R, may deviate from e. For example, the characteristic relax-
ation times 7, for the tests of gellan, carrageenan, whey protein,
and gelatin gels shown in Fig.1 to 4b were 178, 1780, 237, and 237
s, and their corresponding R, values were 3.18, 5.29, 1.77, 2.61,
respectively. The small amount of early relaxation process in gel-
lan gel before the major relaxation process (Fig. 1b) caused the R,
value to be bigger than e. For the test of carrageenan gel (Fig. 2b),
the early relaxation processes were much stronger and the R, was
much larger than e. For the test of whey protein gel (Fig. 3b), a
very large late relaxation process resulted in the R, value much
smaller than e. For the gelatin gel (Fig. 4b), on the other hand, the
CONTIN-derived relaxation time spectrum appeared to be a sin-
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Fig. 2—Stress relaxation of 1% carrageenan gel with 8mM Ca?', sub-
jected to 5% strain. (a) Scattering data points are experimental data;
continuous curve is the fitting curve from CONTIN analysis; horizon-
tal line is the calculated equilibrium stress. (b) Relaxation time dis-
tribution function F(7) obtained from CONTIN analysis.
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Fig. 3—Stress relaxation of 20% whey protein gel subjected to 5%
strain. (a) Scattering data points are experimental data; continuous
curve is the fitting curve from CONTIN analysis; horizontal line is the
calculated equilibrium stress. (b) Relaxation time distribution func-
tion F(7) obtained from CONTIN analysis.



gle peak, and the R, value was closest to e.

While the stress decay curves appeared similar in shape, the
CONTIN-derived relaxation time spectra were different for the
tested gels, which implies that relaxation mechanisms were dif-
ferent among those gels. For linear polymers, the longest relax-
ation time corresponds to the relaxation on the entire polymer
chain, while the shorter relaxation time corresponds to the relax-
ation of shorter parts of the macromolecule (Matsuoka 1992;
Kontou 1998). Food gels may contain junction zones of various
strength, and the strong junction zones may be responsible for
the equilibrium stress after relaxation (Mitchell 1976). A wide
range of stress-relaxation time spectra suggests a broad range of
junction zone strengths and more heterogeneous microstruc-
ture. Polysaccharide polymers generally contain more regular
chain structure than proteins. For example, gellan and carrag-
eenan are polytetrasaccharide and polydisaccharide, and their
polymer chains contain repeating units with four and two sugar
residues, respectively. Whey protein and gelatin, on the other
hand, are mixtures of proteins. Even a single protein chain may
contain 20 different amino acid residues. Therefore, protein gels
may contain more heterogeneous junction zones than polysac-
charide gels. This may, in part, explain why whey protein and gel-
atin gels exhibited wider relaxation time distributions (Fig. 3 to 4,
b) than those of gellan and carrageenan gels (Fig. 1 to 2, b).

An exothermic crystal formation peak at about 20 °C was ob-

served in the heating DSC curves of carrageenan gels but not in
the DSC curves of gellan gels (Nishinari and others 1996), sug-
gesting a more heterogeneous structure in carrageenan gels.
This may explain multi-peak relaxation time distribution for the
test of carrageenan gels (Fig. 2b) but not for gellan gels (Fig. 1b).

Reproducibility

For the inverse Laplace transform, it is important to be able to
obtain repeatable solutions from replicated experiments, al-
though it is unrealistic to expect 2 exact solutions from 2 replicat-
ed experimental measurements. However, if a small experimen-
tal error causes large deviations in the solutions, the analysis pro-
cedure is unreliable. From the CONTIN analyses of many repli-
cated experimental stress-relaxation data, we found that the cal-
culated relaxation time spectra were reproducible, provided that
the experimental results were close. Figure. 5 shows 2 typical rep-
licated stress-relaxation test results and the corresponding solu-
tions from CONTIN analyses of 1% gellan gels with 4mM Ca2+. It
indicates a good reproducibility for the CONTIN analysis results.

Equilibrium stress

It is sometimes difficult to conduct a stress-relaxation test to a
completely or nearly completely decayed state. Biological materi-
als may be particularly difficult because they may undergo rapid
biochemical changes, and true equilibrium stress cannot be de-
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Fig. 4—Stress relaxation of 10% gelatin gel subjected to 5% strain.
(a) Scattering data points are experimental data; continuous curve is
the fitting curve from CONTIN analysis; horizontal line is the calcu-
lated equilibrium stress. (b) Relaxation time distribution function
F(7) obtained from CONTIN analysis.

Fig. 5—Replication of stress relaxation of 1% gellan gel with 4mM
Ca?*, subjected to 5% strain. (a) Scattering data points are experi-
mental data; continuous curve is the fitting curve from CONTIN analy-
sis; horizontal line is the calculated equilibrium stress. (b) Relaxation
time distribution function F(r) obtained from CONTIN analysis.
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termined experimentally. Much like fitting a multi-exponential
model, CONTIN analysis is able to predict the equilibrium stress.
The horizontal lines in Fig. 1 to 5 represent the equilibrium
stresses for individual gels in stress-relaxation tests (0,=2.25,
0.32, 1.14, 1.02, 2.26 kPa for gels in Fig. 1 to 5, respectively). As
shown in Fig. 1 to 5, stresses in gellan gels (Fig. 1 and 5), carrag-
eenan gels (Fig. 2), and gelatin gels (Fig. 4) were relaxed to a near
equilibrium state so that the calculated equilibrium stresses
were close to the stresses recorded at the end of those tests.
Whey protein gels, on the other hand, required a much longer
time to reach a completely relaxed state (Fig. 3), and the stress is
very difficult to be fully decayed within normal practical experi-
mental time frame. Thus, a large difference was observed be-
tween the stress at the end of the experiment period (4.5h) and
the calculated equilibrium stress (Fig. 3a).

Influence of the test time duration

Whenever possible, a stress-relaxation test should be carried
to the fully or near fully decayed state. However, some food gels
require longer time than is practically permissible to reach such a
state. An important question arises as to how long a test should
last in order to gain most important information. To study the ef-
fect of the test time duration on the relaxation time spectra, the
test data for the carrageenan gel (Fig. 2a) was shortened to 8 dif-
ferent test periods, ranging from 1000 s to 14,000 s. Carrageenan
gel was selected because its relaxation time spectrum was the
most complicated among the gels tested, and the CONTIN anal-
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Fig. 6—CONTIN-derived relaxation time distribution functions influ-
enced by different duration of test time for 1% carrageenan gel with
8mM Ca?* subjected to 5% strain.
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ysis was hypothesized to be most sensitive to the change of test
period. The relaxation time spectra derived from the test results
corresponding to those 8 different test periods were shown in Fig.
6, and the predicted equilibrium stresses were listed in Table 1.
The main peak position of the relaxation time spectra can be lo-
cated even for the very short duration of 1000 s test time, at
which the stress was far from being fully decayed (Fig. 6). The
equilibrium stresses were also predicted well (Table 1). There-
fore, CONTIN analysis of the results from an incomplete stress-
relaxation tests can still provide some fundamental information
about the relaxation time spectrum. With an increase in test du-
ration, the peaks of relaxation time spectra become higher and
narrower (Fig. 6), suggesting an improved resolution of the spec-
trum is with an increased test duration.

Setting relaxation time range

The CONTIN program does not require initial assumptions
about the relaxation time distribution function, nor does con-
temporary non-linear regression software. The CONTIN pro-
gram, however, requires an input of the lower and upper limits
for the relaxation time spectrum, that is, @ and b in Eq.(8). If the
time range [a, b] does not include all possible relaxation times, in
other words, if the distribution function F(t)isnot0 att<a or T >
b, the obtained distribution spectrum may be distorted. The lim-
itsof a=0.01 s and b = 10,000 s are appropriate for most gels test-
ed in this work. However, the upper limit of b = 10,000 s was too
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Fig. 7—Inappropriate set relaxation time limits for analyzing the stress-
relaxation data of 20% whey protein gel subjected to 5% strain. (a)
Scattering data points are experimental data; continuous curve is the
fitting curve from CONTIN analysis; horizontal line is the calculated
equilibrium stress. (b) Relaxation time distribution function F(r) ob-
tained from CONTIN analysis.



Table 1 —CONTIN-predicted equilibrium str
time for 1% carrageenan gel with 8mM Ca?* subjected to 5% strain

P
nr

for the stress-relaxation test of 1% gellan gel with 4mM Ca?*

d by test Table 2—A summary of the results from multi-exponential analyses

Duration of test (s) a, (kPa) Standard error (kPa)
1000 0.27 0.014
2000 0.27 0.004
4000 0.27 0.002
6000 0.31 0.003
8000 0.31 0.001
10000 0.32 0.001
12000 0.32 0.001
14000 0.32 0.001

small for the selected whey protein gel (Fig. 7). This can be seen
clearly from the corresponding relaxation time distribution spec-
trum F(7) (Fig. 7b). Only a small portion of a peak in F(7) was in-
cluded in the specified time limits. When the upper time limit b
was set to 1,000,000 s, more complete F(7) was obtained (Fig. 3). It
should be noted that although the relaxation time limits a and b
were inappropriately set and an incorrect relaxation time spec-
trum was obtained (Fig. 7b), the stress decay curve was still fitted
very well (Fig. 7a). This example demonstrates well the ill-posed
nature of inverse Laplace transform, that is, good fitting cannot
always guarantee the solution was correct.

Comparison of CONTIN result with multi-
exponential fitting results

The regression procedure of the SigmaPlot 4.0 (SPSS Inc.
1997) was chosen to fit the multi-exponential model of Eq. 4 to
the stress decay curve for the gellan gel shown in Fig. 1. The cho-
sen exponential term n ranged from 2 to 6. These values repre-
sent the range for n often used in the literature for multi-expo-
nential models. Table 2 lists the results of the analyses. The val-
ue of R2 indicated that all curve fittings were very good, but the
calculated T; and o; varied significantly as the value of n
changed. Theoretically, the multi- exponential analysis becomes
inverse Laplace transform when n approaches infinity. At first
glance, the results from multi-exponential analysis (Table 2) can-
not be seen to be approaching the CONTIN results, except that
the equilibrium stress o, approached the CONTIN obtained val-
ue (2.25 kPa, Fig. 1a) as n increased. However, when the scat-
tered points were connected with smooth curves for each 7, it be-
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n 2 3 4 5 6

O Ti g; Ti O Ti O Ti O Ti
i (kPa) (s) | (kPa) (s) (kPa) (s) | (kPa) (s) (kPa) (s)
1 130 26.7| 051 273 | 035 090| 026 054 | 016 0.31
2 319 230 | 1.76 58.8 | 0.49 120 031 450 | 024 184
3 252 294 | 201 87.0| 070 319| 032 102
4 2.04 356 | 2.05 121 | 0.98 50.9
5 1.60 419 1.92 153
6 1.31 472
o, 2.39 2.33 2.30 2.29 2.27

(kPa)

R2 0.998 0.9998 0.99998 0.999996 0.999998

came evident that the outlines of the results of multi-exponen-
tial analysis approached the CONTIN results as n increased (Fig.
8). This suggests that CONTIN results indeed represent the con-
tinuous relaxation time distribution when n approaches infinity
and further justifies the CONTIN analysis.

Influence of the calcium concentration in gellan gels
The potential for using CONTIN analysis to correlate relax-
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Relaxation time distribution function F(t) (normalized, arbitrary units)
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Fig. 8—Multi-exponential fitting results and the CONTIN analysis re-
sult for 1% gellan gel with 4mM Ca?* subjected to 5% strain.

Fig. 9—CONTIN-derived relaxation time distribution function of 1%
gellan gels with 4 to 40 mM Ca?* subjected to 10% strain.
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ation time spectra to gel compositions was examined, using gel-
lan gel as a model. The relaxation time distribution spectra of 1%
gellan gels prepared with calcium concentrations ranging from 4
to 40 mM are presented in Fig. 9. The characteristic relaxation
time 7, shifted to a shorter time as Ca* concentration increased
from 4 mM to 14 mM, then 1, value remained almost constant
with further increase in Ca2* concentrations to 40 mM. This
trend is similar to the change in failure strain of gellan gels with
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Fig. 10— CONTIN-derived equilibrium stresses of 1% gellan gels with
4 to 40 mM Ca?* subjected to 10% strain.

respect to the changes in Ca2* concentrations (Tang and others
1994, 1995). Similar results were observed in stress-relaxation
tests of whey protein isolate gels, where gels with large relaxation
time corresponded to high failure strain (Foegeding 1992).

Tang and others (1998) observed a linear relationship be-
tween the equilibrium stresses from stress-relaxation tests and
the failure stresses from compression tests for gellan gels. A simi-
lar result was observed in the equilibrium stresses from CONTIN
analysis with respect to the calcium concentrations for 1% gellan
gels (Fig. 10). This is very reasonable because the equilibrium
stresses obtained from the CONTIN analyses were very close to
the experimental observed final stresses in gellan gels.

The correlations between characteristic relaxation time and
failure strain, and between equilibrium stress and failure stress
of gellan gels, suggest that the mechanisms between the stress-
relaxation test and compression test are interrelated. These
mechanisms may include seepage of water from the gels, dissoci-
ation of weak bonds, and the breaking of cross-links. The multi-
ple peaks in the relaxation time distribution spectra for gellan
gels (Fig. 9) suggests more than one mechanism responsible for
the stress-relaxation process. The underlying mechanism for
these peaks requires future research.

Conclusions
RELAXATION TIME DISTRIBUTION SPECTRA CAN BE DERIVED
FROM stress-relaxation studies using CONTIN analyses. The
CONTIN results may provide insight into the mechanism of
stress relaxation in food gels. The CONTIN results from stress-re-
laxation tests were correlated to the failure properties of com-
pression tests in respect to calcium concentrations of gellan gels.

Materials and Methods

Preparation of gels

Gellan gum (KELCOGEL E, NutraSweet Kelco Company, San
Diego, Calif., U.S.A)) or k- carrageenan (Gelcarin GP-812NE
FMC Corporation, Newark, Del., U.S.A.) was dispersed in
deionized distilled water at room temperature (22 °C) to make
1% solutions. The solutions were heated to the boiling point
(98 °C) and held for 1 min. A pre-weighed amount of CaCl, was
added to the boiling solutions and stirred for another min to
prepare 4, 6, 8, 14, 20, 30, 40 mM Caz2+ gellan gels or 8 mM Ca?2+
carrageenan gel. The solutions were weighed, and hot water at
about 90 °C was added to make up the lost water due to vapor-
ization. The solutions were briefly mixed, poured into metal
tubes with an inner dia of 21 mm, and cooled in running tap
water (15 °C) for 15 min to set the gels. A 10% gelatin (BDH
inc.) gel was made similarly, except no CaCl, was added. Whey
protein concentrate (ALACEN 882, New Zealand Milk Products
Inc., Santa Rosa, Calif., U.S.A.) was dispersed into deionized
distilled water, vigorously stirred at room temperature (22 °C)
for 20 min, and held until the air bubbles disappeared. The
suspension containing 20% whey protein concentrate was
poured into the metal tube of 21 mm dia, sealed at both ends,
and heated in a water bath at 80 °C for 1 h to form a gel. All gels
were stored at room temperature (22 °C) for 24 h prior to
stress-relaxation tests.

Stress-relaxation test
The gels were removed from the metal tubes and sliced

into 21 mm long cylindrical specimens. Each gel specimen was
placed between 2 lubricated Teflon plates fitted to The TA.XT2
Texture Analyzer (Texture Technologies Corp., Scarsdale, N.Y.,
U.S.A./Stable Micro Systems, Godalming, Surrey, U.K.) with a 5
kg load cell interfaced with Texture Expert software (version
1.17). To avoid water evaporation from the gel during pro-
longed testing, the gel specimen and the Teflon plates were
immersed in a 22 °C water bath. To ensure accurate measure-
ments, distance measurement was calibrated in air, while the
force measurement was calibrated when the Teflon plate was
immersed in the water bath to the same position as the gel
samples to eliminate the effect of buoyant force imposed by
the water.

Tang and others (1998) observed that when 1% gellan gels
were subjected to strains up to 15% during stress-relaxation
tests, the gel matrixes were not permanently damaged. The
tested gels could regain their lost water and restore their struc-
tures when immersed in water after relaxation tests. There-
fore, in our tests a constant compression strain of 5% or 10%
was imposed on the gels at 5 mm/s crosshead speed. This
strain was maintained for test times ranging from 0.5 to 4.5 h,
depending the stress-decay rate. The decaying force-time
curve was recorded by a personal computer. The time corre-
sponding to the maximum force was selected as 0 time.

Data processing

In a stress-relaxation test, the stress in a gel decays very
rapidly at the initial stage, and the data must be collected at
very small time intervals. The stress decay, however, slows
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down as the test progresses. The Texture Expert software can
collect up to 30,000 data points in one test at equal time inter-
vals. It is time-consuming and unnecessary to use all data
points for calculating the relaxation time distribution function
in the CONTIN analyses. The data points used in these analy-
ses were selected in a quasi logarithmic manner, that is, the
time interval between selected adjacent data points was dou-
bled after every 10 selected data points. In this way, a total of
100 to120 data points were selected for calculations. The force
at each selected data point was converted to true normal
stress according to Tang and others (1997).

CONTIN was used to invert both Egs. 5 and 6. Comparing
Eq. 8 to 5 or 6, B, corresponds to o, and y(t;) corresponds to
o(?). To invert Eq. 5, s(7) corresponds to o (7), and G(7, ;) corre-
sponds to exp(—t/7).

Eq. 6 can be re-written as,

T 1 t
o(t)=0, + [ F(z) —exp(~—) ldr )

therefore, s(t) corresponds to F(7) and G(r, ;) corresponds to
1/ exp (—t/7).

Preliminary results indicated that the resulted o () from in-
verting Eq. 5 is not sensitive to the gel composition. Therefore,
only Eq. 6 was analyzed by CONTIN to obtain the relaxation
time distribution function F(7). Like many CONTIN users, the
computer “chosen solution” (Provencher 1984) was accepted
as the final solution.
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