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Abstract 

η1ε changes in the rheological dynamic propertiεS of Alaska pollack surimi gel such as storage modulus (0’), 
loss modulus (0") and complex viscosity (11) upon the different storage temperatures (5-25"C) were measured 
using a Bohlin Rheometer as a function of moisturε content (75-80%), and an외yzed by time-temperature su­
peφosition theory with storage modulus. The Iinear viscoelastic region was determined by a sηe않 sweep, and 
osciIlatory measurements (0.01-10 Hz) were carried out within a linear viscoelastic ranges. As the storagε 
temperature increased from 5 to 250 C and moisture content was increased from 75 to 80%, the lower va1ues 
of each dynamic properties were observed. The master curve was constructed by moving each storage mo­
dulus curve horizonta11y on the basis of reflεrence temperature (15'C) and reference moisture content (77.5%) 
using shift factors. Activation energies of each surimi gεIwεre ca1culated as a function of tεrnperature and 
moisture content, and revealed that the addition of moisture content in surimi gel caused higher activation en­
ergy values but sharply decreased it to a lower level as storage lemperature was increased 
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Introduction 

Surimi gel is a heated fish myofibrillar protein 

and is gradually increasεd in its consumption dur­

ing last decade (park, 1995a). The textural quality 

of surimi seafood is commonly evaluated by rheo­

logical properties of final cooked gε1 propεrtics 

such as failure stress and strain (Montejano el al. , 
1985: Hamann, 1992; Howε ct al. , 1994; Yoon ct 

al., 1996), or static properties during hea디ng period 

such as compressive stress, rigidity, and εlastic mo­

dulus (Hamada and Inamasu, 1983; Niwa et al. , 
1987, 1988; Sano et al., 1990; Nowsad et al. , 1(94). 

Howζver， rheological propεrtlεs of surimi sεafood 
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were dramatically changed due to storagε tempera­

ture and storage time (Niwa et al. , 1987). Howe et 
al. (1994) found that even test temperature affect­

ed final gε1 properties, in that surimi gels tεsted at 

5()OC wεre more brittle than those tested abovε 

5()OC, and changes in rheological propeπies of gels 

at the testεd temperatures wεrε depεndent upon 

fish species (Park, 1995b). 

Moisturε content also considεred to be of great­

εr important parameter influencing mechanical pro­

pertics such as viscoelastic responses (Herum νt 

al. , 1979; Pappas and Rao,1989), microbiological 

stability as well as rupture properties of surimi sea­

food (Yoon et al., 1996), and εnergy absorption 

(Hoag, 1972). Herum et al. (1979) studied thc vis­

coεlastic behavior of soybεan due to temperaturε 

and moisture contεnt， showεd a single mastcr curve 
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r~presented the relaxation modulus of whole soy­
bean. Pappas and Rao (1989) also constructed the 
single master response cmve using the temperature 
and moisture shift factors. Also, viscoelastic proper­
ties changes of other food such as ovalbumin gel 
(Gringberg et al., 1988), whey protein gel (Katsuta 
et al., 1990), rice starch 쩌ong et al., 1992) and 
soybean curd (Jang et al. , 1995) were studied for 

the viscoelastisi깨 and tirne‘ temperature superposi­
tion application. Protein foods like a surimi gel also 
have both elastic and viscous characteristics when 
mechanically stressed. These viscoelastic properties 
of surimi gel were also affected by various storage 
conditions. However, changes in viscoεlastic pro­
perties of surimi gel duiing storage have not been 
thoroughly studied. Therefore, the overall objective 
of this study was to measure the dynamic property 
changes during storage as a function of moisture 
and storage temperature, and to demonstrate the tem­
perature and moisture dependency of viscoelasti­
city of surimi seafood from the master curve ob­
tained using shift factor. 

Material and Methods 

Material 
A high grade (FA) of surimi from Alaska pol­

lack (Arctic Storm, Seattle, W A) was used to εva­
luate the dynamic rheological properties. Block of 
surimi (700 g) was stored at -250 C until used. πle 
moisture content of pollack surirni was 75%, meas­
ured by AOAC method (1990) and moisture con­
tent of surimi samples were adjustεd to 75 , 77.5 

and 80% using an ice. 

Measurement of dynamic rheological properties 
Preparation 뻐d measurement of dynamic viscoe­

lastic properties of surimi gel were directly per­
formed in a Bohlin Rheometer (Model CS-50, Boh­
lin instrument, Crenbery, NJ), equipped with an au­
tomatic controlled by circulating water-bath and 
connected to a PC computer. The measuring units 
were the ∞ne (degree=4o, dianleter=40 mm) and plate 
(diameter=60 mm), and solvent trap was placed on 
the top of the plate to minimize thε moisture loss. 
The frequency sweep experiment at different storage 
temperatures (5-250C) was conducted with surimi 

gel made from different moisture contents (75-85 
%). Linear viscoelastic range at each moisture con­
tent was obtained from stress sweep (1-1500 Pa). 

Time-temperature superposition theory using shift 

factor 
The tirne-temperature superposition theory was 

applied to investigate the storage temperature de­
pendency of storage modulus (G’) of surirni gel, ac­
cording to Jang et al. (1995). 뀌1ε temperature of 
surimi gel was controlled by circulating water-bath 
and dynamic properties of surimi gel were measUT­
εd 따 the specific storage temperature (5강oc). Shift 
factor (aT) indicating thε temperature dependency 
was calculated by equation 1 (Katsuta and Kinsella, 

1990). 

ar=h/ho 
n ” ( 

where tr is the time required to reach a particular 
response at temperature T, and Ìro is the tirne re­
quired to reach the same response at reference tem­
perature To and the G' value at the 0.1 Hz was usεd 
as a reference response. The correlation between aT 
and (T-To) was expressed as follows (Feπy， 1980) • 

Iρg aT=-C.(T-To)/[C2+(T-To)] (2) 

where C1 and C2 are the temperature dependent 
constants and (T-To) is the difference between ob­
seπed temperature and reference temperature. 

Rearranged the equ. (2) and then, following equa­

tion was obtained. 

-(T-To)α..og aT==CdC1+(T-To)/C, (3) 

Linear relationship between the -(T-To)/(Log aT) 
versus (T-To) indicated that the surimi gels at these 
ranges of moisture contents followed WLF C'N피때m­
Landel-Ferry) equation and then CL and C2 were 
obtained from the slope and intercept. 

Based on the values of C and C2 the activation 
energies were obtained from thε equ. (4) as a func­
tion of moisturε. 

!"\H:::(2.303.R.C.T.To)l[C2+(T-To)] (4) 

Results and Discussion 

Measurement of viscoelastic prope매es of surimi gel 
The typical viscoelastic properties of Alaska pol-
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lack surimi gel (75% moisture content) at different 
frequencies was shown in Fig. 1. Storage modulus 
(G’) is defined as the stress in phase with thε 

strain in a sinusoidal deformation divided by the 
strain and is a measure of the energy stored and re­
covered per cycle, whereas loss modulus (G") is 
defined as the stress 900 out of phase with the 
strain divided by the strain and is a measure of thε 
energy dissipated or lost as heat per cycle of sinu­
soidal deformation (Ferry, 1980). Log 0 ’ value 
showed the range of 5 .27-5.6 Pa at a11 frequency 
levels (0.01-10 Hz) and the slope was approached 
to zero, represented the phase angle between stress 
and strain approaches 0 as the stored energy per 
cycle of deformation becomes predominant, com­
pared with that of dissipated as heat (Hamann, 

1992) In such regions G" values (4.7-4.72) tended 
to be considerably less than G’ value, rεpresented 
surimi gel is correspondεd to thc rubber-like gcl 
characteristics, showing a large dcformability with 
essεntia11y complete rεcovery ， and can be trcated 
by the thcory of rubber-like elasticity (Ferry, 1980, 
Katsuta and Kinsella, 1(90). 

The dynamic viscosity can be described by the 
ratio of stress divided by the rate of strain at each 
frequency. Dynamic viscosity was inversely propor­
tional to the frequency in regions where 0" was 
tlat, reached valuεs many orders of magnitude 
sma11er than those at the lower frequencies (Fig. 1). 
The decrease in complex viscosity exhibited a vis­
cous tlow of uncross-linked polymer above the 
glass transition temperature (Ferry, 1980) and tlow 
may result from rearrangement of rupture of tcm-

6.0 

5.5 

에 

~ 5.0 
m 
잉 
g 4.5 
...J 

4.0 

3.5 
-2.。 -1.0 

.... 

0.0 1.0 

Log freQuency(Hz) 

7 ‘ 0 

6.5 

6.0 '{:' 
어 

c.. 
5.5 ìi 

ëjj 
。

5.0 없 
>

4.5 당 
-' 

4.0 

3.5 
2.0 

Fig. 1. Dynamic properties of A1aska pollack surimi 
gel (75% moisture content) at different frequenCÎes. 
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Fig. 2. The changes in sωrage modulus values at dif­
ferent storage temperatures (5-250 C). 

porary cross-links between proteins and from tlow 
of water in thε polymer. However, since viscosity 
is related to uncross-linkεd viscous material, but 
surimi gel has an infinitive viscosity valuε and 
many cross-linked protein bonds arε developed dur­
ing heating and cooling, only 0' value of surimi 
gel was sεlected in this study for the time-tem­
perature superpoSltlon. 

The change in G’ values at different storage tem­
peratures (5-250C) was shown in Fig. 2. Each value 
was strongly tεmpεrature dependent in that thε mag­
nitudes of G’ values were increased at a11 frequency 
levels as storage temperatures were lower from 25 
to 5"C. Zoon et al. (1990) mεasured the stress re­
laxation of skim milk ge:l and reported that strong­
εr g깅1 was formed at lower storage temperature, 
and Colwell (1969) demonstratεd the formation of 
stronger wheat starch gel at lowεr storage tem­
peratures and explained this phenomenon as a cry­
stallization of starch, Generally, viscoelastic pro­
perties for many food products, such as whey pro­
tein (Katsuta and Kinsella, 1990), pectate (Michell 
and blanshadrd, 1(76), cow pea (Pappas and Rao, 
1989) and soybean (Hεrum et al. , 1979), were dc­
creased with increasing storage temperatures. 

Construction of master curve using shift factors 
Thε time-temperature superposition theory was 

applied to demonstrate storage modulus (G’) at larg­
er ranges of frequencies from short frequεncy mεas­
urements at various temperatures. When the G’ 
value at 15"C was sεt as a reference response and 
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Fig. 3. Master curve of surimi gel having 75% mois­
ture content superposed on the reference temperature 
curve (150C). 

other curves were shifted along thζ logarithmic fre­

quency scalε ， a single master curve of surimi gel 

was constructed, based on the 150 C and 75% mois­

ture contεnt (Fig. 3). πle shift factor at the ref­

erence temperature was 1, and the shift factor was 

larger than 1 at the storage temperature lower than 

15"C, and was smaller than 1 at the storagε tem­

perature higher than 15"C (Jang et al. , 1995). πle 
singlε mastεr curve of surimi gε1 showεd a Iinear­

ly temperature-dependency of storage modulus with 

larger frεquency scales. Katsuta and Kinsella (1990) 

demonstrated the master curve for the tεmperature 

dependency of whey protein gel, and temperature 

dependency of whey protein gε1 was related to the 

concentration of protεin. 

Three master curves of surimi gel at difflεrεnt 

moisturε contents were obtained from the same cal­

culation using each different temperature shift fac­
tors (Fig. 4). An increase in moisturε content from 

75 to 80% in surimi gel produced lowεr storage 

modulus at a11 storage tempεrature rangεs， and the 

slope (G땀εquency) at the higher moisture content 

(80%) was steeper than that of lower moisture 

(75%), indicating the more rubbεr-like gel product 
at lowεr moisture contents in surimi gε1. The storage 

modulus master curves for each moisture content 

were convεrted to a single master curvε by using 

the moisturε shift factor, with 77.5% as thε ref­

erence moisture content (Fig. 5). Thus three curves 
were reduced to a single mater curve, which repre-
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Fig. 4. Three master curves of surimi gel at ditferent 
moisture contents obtained using each ditferent tem­
perature shifting factors. 
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Fig. 5. The single master curve of surimi gel as a func­
tion of frequency at a reference tempe때ture (150 C) 
and reference moisture content (77.5%). 

sented both temperature and moisture effect on the 

storage modulus of surimi ge1. Moisture 왜ift fac­

tor was plotted as a function of moisture content 

to verify the moisture-time superposition (Fig. 6), 
and showed a linear relationship betweεn moisture 

shift factor and moisture content (corr.=O.995), 
like a linear relationship bεtween temperature shift 

factor and temperature (Fig. 7). Herum et al. 
(1979) and Pappas and Rao (1989) demonstrated 

the master curve as a function of temperature and 

moisture content using soybean and cow peas. rc­

spεctively and both implied that these agricultural 

products arε thermo- and hydro-rheologica11y sim­
plε biological materials. Sincε surimi gel showed a 
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highly homogeneity and isotropic behavior, com­

pared to other biomaterial the time-temperature su­

perposition theory could be furtheI extended 10 ob. 

tain the activation energy. 

Activation energy using WLF equation 
Generally, activation energy (úH) was obtained 

from the slope between shift factor and tempera­

ture. Howεver， the activation energy of high mole. 
cular materials such as soybean curd (Jang et al. , 
1995), whey protein (Katsuta and Kinsella, 199이， 
alginate gel (Mitchel and Blamschard, 1976) and k. 

carragεεnan g'ε1 (Watase and Nishinari, 1981) wcre 

changed with an increasing temperature. Thus, the 
activation energy was obtained from the storagε 
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modulus of surimi gel based on the time-tempera­

ture superposition theory (Williarms et a1., 1955). 
According to the equ. 3 the linear relationship 

(corr.=0.97) was obtained from the -(T-TO)/LogaT 

vs (T-To) plot (Fig. 8). From the slope (l/C) and 

intercεpt (CJC) in Fig. 8, C, and C2 values were 

calculated at different moisture contents (Tablε 1 ). 

A" the moisture increased from 75 to 80% both C 
and C2 values were decreased from 14.3 to 3 .35, 
and .61.1 to 17.8, respectively. Using each C and 

C2 values at different moisture contεnts， the activa­

tion energy of surimi gel as a function of tem­

perature was calculated using the equation 4 (Table 

2). In the surimi gel contained 7β% moisture con­

tent, the activation enel'gy changed from 92 to 83 

kcal/mol as the temperature increased from 5 to 

Table 1. Constant values of C, and C2 in WLF equa­
tion at different moisture content of surimi gel 

Moisture (%) C, (、2

75 14.3 

11.5 
3.35 

61.1 
52 .1 

17.8 
77.5 
80 

Table 2. Activation ene영y changes as a function of 
moisture content in surimi gel at different moisture con­
tents 

Temperature Moisture content (%) 

(C) 75 77.5 80 

5 92 l()() 157 
10 89.5 91.5 97 
15 87 R1 71 
20 85‘ 77.5 56 
25 83 72 45 
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Fig. 9. Effects of temperature on apparent activation 
energies of surimi gels made with 75% moisture con­
tent. 
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250C (Fig. 9). Further increasing the moisture to 77.5 

% and 80%, the activation energy changed from 

100 to 72 kcal!mol and from 158 to 45 kcal!mol, 
respectively, as thε storage temperaturε increased 

from 5 to 250 C σable 2). This indicated that ad­

dition of moisture content in surimi gel causεd 

higher activation energy, but sharply decreased ac­

tivation energy to a lower level as storage tem­

perature was increased. The decrease in thε activa­

tion enεrgy at the higher storage tεmperature re­

t1ected thε non covalent bond likε a hydrogen 

bonding which has a predominant forcε at the lower 

storage temperatures (Hamann, 1992). The abrupt 

reduction of activation εnergy due to higher mois­

ture content revεaled that compositional change in 

surimi gel affected the activation energy which ìs 

intrinsic valuε in food systems. 
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