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Introduction

EXTRUSION COOKING HAS BEEN USED FOR PROCESSING FOOD FOR

many years. Food products like ready-to-eat cereals, some
snacks, dry or semimoist pet foods, confectionery products, mac-
aroni products, and texturized soy protein products can be made
with extrusion cooking. Texturized soy protein products such as
meat analogs have been considered the most creative use of soy
protein (Simonsky and Stanley 1982). Soy protein products could
be texturized either at low moisture conditions (< 35%) by single-
screw extruders or at high moisture conditions (> 50%) using
twin-screw extruders (Noguchi 1989; Lin and others 2000). The
products from low moisture extrusion are usually expanded,
have a sponge-like structure and absorb water very rapidly. They
are often used as a meat extender to prevent shrinkage and im-
prove water-holding capacities of processed meat products such
as sausages and beef patties (Gnanasambandam and Zayas
1994). High moisture extrusion can prevent expansion of prod-
ucts, reduce viscous dissipation of energy while facilitating pro-
tein gelation, restructuring, and fat emulsification (Cheftel and
others 1992). It is capable of producing a wide range of cooked
foods with a highly fibrous texture simulating meat, poultry, or
fish muscle (Roussel 1996).

Texture and sensory properties of extrusion-texturized soy
protein meat analog are important for their consumer accep-
tance. Texture properties of texturized vegetable products have
been reported to be closely related to their microstructure
(Chabot and Jones 1981). A popular tool for studying the micro-
structure of food products is the scanning electron microscope
(SEM). It has been used to study the protein matrices, structural
integrity, carbohydrate distribution, and fibrous structure (Stan-
ley 1989). Both texture profile analysis and microstructure of tex-
turized soy protein products produced under low moisture con-
ditions have been investigated by many researchers (Aguilera
and others 1976; Breene and Barker 1975; Kazemzadeh and oth-
ers 1986; Simonsky and Stanley 1982).

While texture properties and microstructure of texturized soy
protein products extruded at low moisture are well known, those
extruded at high moisture are not. In addition, quantitative rela-

tionships among process parameters, product texture, and mi-
crostructure, and sensory properties for high moisture texturized
meat analogs have never been reported. Thus, the objectives of
this study were to investigate high moisture extrusion of soy pro-
tein meat analog using a twin-screw extruder, to study the effect
of moisture and extrusion temperature on the qualities of meat
analog which include water absorption, microstructure, instru-
mental texture, and sensory properties, and to analyze their in-
terrelationship.

Materials and Methods

Materials
The soy protein isolate (500E) was obtained from Protein

Technologies International (St. Louis, Mo., U.S.A.) and unmodi-
fied wheat starch (Midsol 50) was from Midwest Grain Products
(Atchison, Kans., U.S.A.). The ingredients (soy protein isolate
and wheat starch) were blended in 9:1 ratio using an 18.9 L
Hobart Mixer (Model A-200-F, Hobart Corp., Troy, Ohio, U.S.A.)
for 10 min to ensure the uniformity of the feeding material.

Sample preparation and extrusion
The blend of soy protein isolate (SPI) and wheat starch was

extruded at various temperatures and moisture contents using
an APV Baker MPF 50/25 twin-screw extruder (APV Baker, Grand
Rapids, Mich., U.S.A.). The extruder had a barrel length-to-dia
ratio (L/D) of 15:1 and a cooling die was attached at the end of
the extruder. The screw profile comprised of (from feed to exit):
225 mm, twin lead feed screw; 25-mm, 90� paddles; 75-mm, sin-
gle lead screw; 50-mm, 30� reversing paddles; 100-mm, single
lead screw; 50-mm, 30� forwarding paddles; 100-mm, single lead
screw; 75-mm, 30� reversing paddles; and 50-mm, single lead
screw. The dimensions of the cooling die were 30 × 10 × 300 mm
(W × H × L). Cold water (4.4 �C) was used as the cooling media for
the die. The dry blend feed rate was fixed at 6.8 kg/h and the
screw speed was 150 rpm. Water was injected 0.108 m down-
stream from the center of the feed port to the extruder and ad-
justed to give the desired moisture content in the feed. The tem-
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perature profile in the extruder from the first zone to the fourth
zone before reaching the cooking temperature was 27, 60, 107,
and 129 �C, respectively. The last 2 zones (fifth and sixth) were
set at the desired cooking temperature (CT). The extruder re-
sponses, including die pressure, percent torque, and product
temperature before the cooling die, were recorded. About half of
the extruded samples were dried in a convection oven at 40 �C for
about 24 h until the moisture content was 10 ± 0.5% (wet basis).
The rest were stored in an airtight plastic container without de-
hydration in a walk-in freezer at - 18 �C.

Experimental design
This was a 3 (moisture content)×3 (cooking temperature) fac-

torial experiment with 2 replications. The feed moisture contents
were 60, 65, and 70% (wet basis) and the cooking temperatures at

the last 2 zones of the extruder barrel were set at 138 or 149 or
160 �C. The complete experimental design is shown in Table 1.

Water absorbing capability (WAC)
About 25 g of dried samples from each treatment were

weighed and rehydrated in 50 �C distilled water for 12  h, fol-
lowed by draining for 5 min. The WAC was recorded as gram of
water retained per gram of dried sample using the equation
shown as follows:

WAC = [(Wb – Wa)/Wa] × 100%,

where Wa and Wb are weights of sample before and after rehydra-
tion, respectively. The 12 h rehydration time was chosen after a
preliminary experiment indicating the WAC value of dried sam-
ples became constant beyond 10 h of rehydration in 50 �C dis-
tilled water.

Sensory evaluation
Descriptive analysis was used to evaluate texture properties

of samples. Four training sessions were conducted before the for-
mal evaluation to generate the descriptors. Nine trained judges
from the Dept. of Food Science and the Dept. of Biological Engi-
neering were chosen to participate in the descriptive analysis.

Frozen samples (without dehydration) were thawed at room
temperature for 2 h first and then were boiled for 2 min in dis-
tilled water. About 50 g of sample from each treatment were dis-
pensed into small plastic cups with a 3-digit code on the side and
served to judges. A total of 4 evaluation sessions (2 replications)
were conducted. Judges were scheduled to evaluate the samples
at a certain time. All 9 samples were evaluated in a session. The
evaluation sessions were conducted in individual booths at room
temperature under red lighting. Drinking water was provided for
mouth rinsing between samples.

Structural studies - Light microscopy (LM)
LM was performed using a Zeiss (Thornwood, N.Y., U.S.A.)

Stemi 2000 stereoscope with a MC 80 camera attached on top.
The film used was Kodak Gold 200. Defrosted samples (without
dehydration) were cut into small pieces (about 7 x 7 x 7 mm). The
pictures were taken on the samples with the cutting side facing
up and the extrusion direction perpendicular to the X-axis. The
exposure time was set at 1 sec.

Scanning electron microscopy (SEM)
SEM was performed using an Amray 1200 (Bedford, Mass.,

U.S.A.) scanning electron microscope for viewing the microstruc-
tures of the products with different formula and extrusion condi-
tions. Defrosted (without dehydration) samples were cut into
small pieces in 0.2 cm thick, 0.4 cm wide, and 0.6 cm high. The
samples were then freeze-dried at – 60 �C, 10 µm Hg vacuum for
72 h by a freeze drier (Lyph-Lock12, Labconco Corp., Kansas City,
Mo., U.S.A.). Each sample was fixed on an aluminum sample
holder with the cutting side facing up. All samples were coated
with gold at 2.5 kV and 20 mA for 1.5 min. The pictures were tak-
en with the extrusion direction parallel to the X-axis. The SEM
was operated at 15 keV of Back Scatter Electron (BSE)/Secondary
Electron (SE) with a tilt angle of 45�.

Data Analysis
The data generated from various analyses were analyzed with

analysis of variance (ANOVA), general linear model (GLM), multi-
variate analysis of variance (MANOVA), and principal component

Table 1—Processing conditions and sample coding

Sample Moisture content Cooking temperature
coding (%) (°C)

1 70 138
2 70 149
3 70 160
4 65 160
5 65 149
6 65 138
7 60 138
8 60 149
9 60 160

Figure 1—The effects of moisture content and cooking
temperature on (A) product temperature, (B) die pressure,
and (C) percent torque
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analysis (PCA) in SAS®  program. Partial Least Square (PLS) in
SAS®  was used to determine the relationship between the data
from different analyses.

Results and Discussion

Extrusion process parameters
Analysis of variance indicated that the extrusion moisture

content was significant to product temperature, die pressure,
and percent torque while the cooking temperature was only sig-
nificant to the product temperature (p < 0.001, data not shown).
Figure 1 shows the response surfaces of product temperature,
die pressure, and product temperature as functions of extrusion
moisture content and cooking temperature. As the moisture con-
tent increased from 60 to 70% (wb), the percent torque, die pres-
sure and product temperature significantly decreased. This was
because water serves as a lubricant in the extruder (Lin and oth-
ers 1997; Hayashi and others 1993). An increase in the extrusion
moisture reduced the friction between the extruded material
and both screw shaft and cooling die. This would reduce the per-
cent torque and die pressure. The reduced friction also reduced
the conversion of extruder mechanical energy to heat energy,
and thus the product temperature became lower.

Increasing cooking temperature from 138 to 160 �C signifi-
cantly increased product temperature. Die pressure and percent
torque, on the other hand, revealed little changes. This was con-
trary to the general expectation that a higher product tempera-

ture would have a lower viscosity resulting in a lower percent
torque and die pressure. This was probably because of the in-
creased protein denaturation and texturization as the product
temperature was increased. While increasing product tempera-
ture reduced the viscosity, this was more or less counteracted by
the simultaneous increase in protein denaturation and texturiza-
tion, which increased viscosity.

Noguchi (1989) found that soy flour at 60% moisture melted
at 130 �C when determined with a differential scanning calorime-
ter. This temperature was recognized to be the lowest tempera-
ture for extrusion texturization of soy flour in his experiment. A
close examination of samples from different treatments in this
study all showed some fibrous structure even though the prod-
uct temperature of some samples did not reach 130 �C before en-
tering the cooling die, and the moisture content was equal to or
higher than 60%. This could be due to differences in the protein
content of the raw materials. In this study, SPI with about 85 to
90% protein content was used. The higher the protein content
the greater chance for the proteins to form the chemical bonds
that were required for texturization. Petruccelli and Anon (1995)
also reported that increasing soy protein content increased the
thermal aggregation. However, the product extruded at the mois-
ture content of 70% appeared more pasty than others, which
may be due to incomplete texturization. It was reported (Ki-
tabatake and others 1985) that at 80% moisture, the protein de-
naturation appeared to be incomplete.

According to Soeda (1994), both 7S and 11S subunits of soy
proteins, major components for texturization, started to unfold
when heated above 100 �C and became totally unfolded at
140 �C. This explains why the fibrous structure was formed even
when the product temperature did not reach 130 �C in this study.
Nagano and others (1995) found that at a temperature as low as
65 �C, the ��conglycinin in 11S of soy protein started to dena-
ture. With the help of shear and pressure inside the extruder, the
protein could be more easily denatured and texturized. On the
other hand, as the moisture content increased, the product in-
side the cooling die became less viscous; therefore, the shear and
the friction inside the die that were critical for texturization were
reduced and the fiber formation was less at a higher moisture
content.

Water absorption capacity (WAC)
The water absorption capacity of a product is related to its tex-

ture after rehydration (Ning and Vilota 1994; Neumann and oth-
ers 1984). Both moisture content and cooking temperature were
significant factors for the WAC (Table 2). Table 3 shows the LSD
grouping for each sample. As shown, the samples that were ex-
truded at 138 �C (the lowest cooking temperature) had consis-
tently lower WAC values than other treatment samples from
higher temperatures. This was because at higher cooking tem-
peratures samples tended to expand slightly upon exiting from
the cooling die, which created more open spaces in the sample
structure (Ning and Villota 1994). This would cause these sample
to imbibe more water when rehydrating. Ning (1993) also found
that the WAC was mainly dependent on the size of the air cells in
the samples from a cooling die.

The samples extruded at the highest moisture (70%) at the 2
highest cooking temperature (149 and 160 �C) had the highest
WAC (Table 4). Both showed more expanded and less dense
structure when exiting from the cooling die of the extruder. It is
also interesting to note that when comparing samples that were
extruded at the same temperature (such as between samples 4
and 9, 5 and 8, as well as 6 and 7), all possessed similar water ab-

Table 2—The mean square values of the analysis of vari-
ance (ANOVA) for water absorption capacity (WAC)

DF Mean Square

Cooking temperature 2 2.12**

Moisture content 2 4.92***

Moisture content × cooking temperature 4 0.10
Error 9 0.11
**Significant at p < 0.01, ***Significant at p < 0.001.

Figure 2—The principal component analysis (PCA) results
of samples, extruder responses (bold), water absorption
capacity (WAC) and attributes in sensory evaluation (Italic).
The numbers represent the sample number as coded in
Table 1.

Extrusion Process Parameters . . .
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sorption capacity (Table 3). In addition, no significant difference
in water absorption capacity was found between samples extrud-
ed at 60 and 65% moisture (Table 4). This was due to their simi-
larity in their physical structure. Ning and Vilota (1994) also sug-
gested that the water absorption capacity was directly affected
by the porosity of the extrudate.

Sensory evaluation
A descriptive analysis study with 2 replications was conduct-

ed. The terms generated from the descriptive analysis were
“tough,” “mushy,” “moist,” “layered,” “cohesive,” “springy,” and
“chewy.” According to MANOVA (data not shown), only the extru-
sion moisture content had a significant effect on the overall tex-
ture characteristics. Those samples that had high scores in
“mushy” and “moist” were low in “tough,” “chewy,” “springy,” “co-
hesive,” and “layer.” The ANOVA results (Table 5) indicate that
the moisture content was a significant factor for every attribute.
The mean scores and LSD grouping of the products for each at-
tribute are shown in Table 6.

Samples 1 to 3 were extruded at the highest (70%) moisture
content. Therefore, it was not surprising that they had higher
scores on “moist” and “mushy” and lower scores on the rest of the
attributes. Samples 7 to 9 extruded at the lowest (60%) moisture
content, and thus had lower scores on “mushy” and “moist” but
higher scores on the rest of the attributes. In addition, as the
moisture decreased from 70 to 60%, the friction and shear inside
the cooling die that was responsible for the texturizaton or form-
ing the layering structure were expected to increase (Baird and
Reed 1989; Chen and others 1990). Therefore, the products ex-
truded at 60% moisture had the highest score on “layered” at-
tribute (Table 6). Samples 4 to 6, extruded at 65% moisture con-
tent, had medium scores on all attributes. The products from
different cooking temperatures could not be distinguished by
judges because the effect of moisture content on texture was
much greater than the cooking temperature (Table 5).

The principal component analysis (PCA) was used to analyze
the relationship among samples, attributes, water absorption ca-

pacity, and the extruder responses. The results from the PCA of
sensory evaluation showed that samples could be assigned into
3 groups according to their texture properties (Figure 2). As seen,
the attributes were assigned into 2 clusters. “Moist” and “mushy”
were grouped together, while “tough,” “springy,” “chewy,” “cohe-
sive,” and ”layered” were grouped together. Factor 1 explained
more than 90% of the total variance and represented the mois-
ture content of the sample while factor 2 represented the cooking
temperature. The effect of cooking temperature was revealed
here using PCA on sensory attributes, WAC, and extruder re-
sponses, which was not significantly observed in each single
analysis. Samples 1 to 3 were positively correlated to “moist” and
“mushy” because they were extruded at the highest moisture
content (70%) and they were negatively correlated to the rest of
the attributes. Samples 7 to 9 had an opposite relation to the pre-
vious group, because they were extruded at the lowest moisture
content (60%) while samples 4 to 6, extruded at the medium 65%
moisture, were in the middle of the 2 sample groups and at-
tributes. The die pressure was positively and highly correlated to
the attributes “tough,” “chewy,” “layered,” “cohesive,” and
“springy,” indicating higher die pressures would result in prod-
ucts with tougher, chewier, and more layered texture than those
produced from lower die pressures. Higher product temperature
and die pressure conditions tended to produce products with a
lower WAC that were less mushy and moist.

Using partial least square (PLS) regression, the relationships
between the sensory evaluation and extruder responses was ex-
plored. It was found that the judges usually scored the product
attributes based on their moisture contents. When using extrud-
er responses data to predict the sensory evaluation data, the per-
centage of total variance was 100% for extruder responses and
94% for sensory evaluation.

Structural studies
Figures 3A to 3C and Figures 3D to 3F show the structure of

samples 1 to 3, extruded at 70% moisture, and samples 7 to 9, ex-
truded at 60% moisture, respectively, under light microscope

Table 3—The least significant difference (LSD) grouping of samples for water absorption capacity (WAC)

Sample Cooking Temp (°C) Moisture (%) Mean of WAC (%)

1 138 70 478bc

2 149 70 588a

3 160 70 584ab

4 160 65 455cd

5 149 65 398cde

6 138 65 315e

7 138 60 349de

8 149 60 389cde

9 160 60 453cd

a-eMean WAC values with the same superscripts are not significantly different at p < 0.05.

Table 4—The least significant difference (LSD) of water absorption capacity (WAC) at different moisture contents and
cooking temperatures

Moisture content Mean WAC Cooking Temperature Mean WAC

70%  550a 138 °C 381b

65% 389b 149 °C 458a

60% 397b 160 °C 497a

a,bMean WAC values with the same superscripts in the same column are not significantly different at p < 0.05.

Extrusion Process Parameters . . .

jfsv67n3p1066-1072ms20010112-BW.p65 5/3/2002, 11:57 AM1069



1070 JOURNAL OF FOOD SCIENCE—Vol. 67, Nr. 3, 2002

Food Engineering and Physical Properties

Table 5—The analysis of variance (ANOVA) results of cooking temperature and moisture content and their interac-
tions with sensory attributes

DF* Tough Mushy Moist Layered Cohesive Springy Chewy

Temperature 2 0.02 0.07 0.10 0.26 0.25 0.005 0.019
Moisture 2 143.5*** 117.4*** 109.7*** 55.09*** 45.44*** 92.8*** 116.2***

Temperature×
Moisture 4 0.94 0.54 0.78 0.21 0.69 0.54 0.75
Error 9 1.05 1.94 1.35 0.29 0.72 1.03 1.28
*DF = degrees of freedom, *** Significant at p < 0.001 level.

Table 6—Mean scores and least significant difference (LSD) of sensory attributes for each sample

Sample Tough Mushy Moist Layered Cohesive Springy Chewy

1 2.2de 9.8a 10.4a 2.7c 3.7c 3.2cd 2.7cd

2 1.5e 10.0a 10.5a 2.6c 3.7c 2.8d 2.1d

3 2.8d 8.7a 9.6a 3.6c 4.6c 4.0c 3.4c

4 7.2c 3.6b 5.1b 6.8b 6.7b 7.3b 7.4b

5 8.5bc 3.0b 3.7c 6.6b 8.1ab 8.1b 8.2b

6 7.8bc 3.4b 4.2bc 6.7b 7.0b 7.8b 7.4b

7 12.2a 0.8c 1.5d 8.9a 9.5a 11.2a 11.7a

8 11.8a 0.9c 1.9d 9.1a 9.5a 11.2a 11.5a

9 11.6a 1.1c 2.2d 9.0a 9.5a 11.0a 11.3a

Values with the same superscripts in the same column are not significantly different at p < 0.05.

with a magnification of 30x. As shown, the effect of cooking tem-
perature on the structure was not apparent. On the other hand,
as the moisture content decreased from 70 to 60%, the layered
structure became clear. At 70% moisture, the average product
temperature of these samples was only 120 �C (Figure 1A). Thus,
the cross-linking reaction might have not completed throughout
the extrudate. Besides, due to its high moisture content, the ex-
trudate could not build up a high enough die pressure before in
the cooling die (Figure 1B) to form very distinct fibrous structure.

Therefore, these products were more sponge-like and water
filled up most of the void space and the layered structure was not
easily seen (Figures 3A to 3C). Thus, it was not surprising that all
these samples had high scores of  “moist” and “mushy” in the
sensory evaluation (Table 6). In addition, these products also
had higher mean water absorption capacity (Table 4) because
they had more void space after dehydration.

The average product temperatures of samples 7 to 9 were all
close to140 �C which is the temperature for protein to be unfold-

Figure 3—Light microscopy (LM) of samples extruded at (A) 70% moisture and 138 °C, (B) 70% moisture and 149 °C, (C)
70% moisture and 160 °C, (D) 60% moisture and 138 °C, (E) 60% moisture and 149 °C, and (F) 60% moisture and
160 °C at 30x magnification

Extrusion Process Parameters . . .
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ed completely (Soeda 1994). Due to their lower extrusion mois-
ture (60%), and thus a higher friction and shear in the cooling die
and a higher die pressure (Figure 1B), these products had a fine
and directional structure. This was also confirmed in the sensory
evaluation as these products had higher scores of “tough,” “lay-
ered,” “cohesive,” “cohesive,” “springy,” and “chewy.”

Freeze drying was chosen for the sample preparation for scan-
ning electron microscopy because preliminary studies showed
this method revealed a better fibrous structure than fixing sam-
ples with ethanol and OsO4. Freeze-dried samples were exam-
ined with a magnification of 200x so the networked structure of
extrudates could be observed. Again, the SEM pictures of sam-
ples 1 to 3 and 6 to 9 are shown in Figure 4. The microstructure of
each sample with the extrusion direction parallel to the X-axis
was illustrated. The effect of moisture content on the product
structure was easily observed by comparing Figures 4A and 4D
(samples 1and 7, extruded at 138 �C), Figures 4B and 4E (sam-
ples 2 and 8, extruded at 149 �C), and Figures 4C and 4F (samples
3 and 9, extruded at 160 �C). At the same cooking temperature, as
the moisture content decreased, more fibrous and directional
structure could be observed. This was because a lower extrusion
moisture caused an increase in friction and shear inside the cool-
ing die, resulting in a greater velocity gradient and a higher de-
gree of texturization and fiber formation.

Effect of cooking temperature was not evident for samples 7
to 9 extruded at 60% moisture. All showed a very fine and tightly
connected network structure (Figures 4D to 4F). At 70% moisture,
as the cooking temperature increased from 138 to 160 �C (sam-
ples 1 to 3), it can be seen that the structure became more orga-
nized. This was probably due to increased product temperature
due to increased cooking temperature (Figure 1A) causing great-
er protein texturization.

Conclusion

IN CONCLUSION, THE STRUCTURAL CHANGE IN PRODUCTS CAUSED

by different processing conditions related to the texture of the
products. As the extrusion moisture content decreased, the
structure of the products became more directionally aligned. The
cooking temperature did not show a significant effect on the
structure. The fibrous structure was observed in most of the
products, except the product extruded at the highest moisture
content (70%) and lowest cooking temperature (138 �C) where
the die pressure and product temperature were too low for tex-
turization. According to the structure studies and the sensory
evaluation, the products that were higher in hardness or chewi-
ness had a more orderly directional structure. However, it should
be cautioned that the most texturized products might not be
necessary the ones that consumers like best. Thus, a consumer
evaluation of this kind of product is recommended in the future.
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