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Summary. The paper presents the results of measurements of 
process efficiency and energy consumption during the extru-
sion-cooking of corn snacks enriched with fibers and the effect of 
additives on the texture of snacks. For enriched extruded snacks 
corn meal was used as base raw material and various types of 
fiber were added: wheat bran, barley bran, oat bran and inulin 
from chicory, in an amount of 5, 10, 15 and 20% of sample mass. 
Extrusion was performed using a single screw extruder TS-45, 
L/D=16:1 at a screw speed of 120 rpm. During processing the 
determined efficiency and specific energy consumption were 
registered depending on the additives applied. To evaluate the 
texture Warner – Bratzler knife was used to determine the cut-
ting forces of extrudates. There was a higher process efficiency 
during the extrusion of corn snacks with rye bran addition, and 
greater specific energy consumption was determined during the 
extrusion of snacks with addition of wheat and oat bran. The 
best crunchy characteristic and low hardness was evaluated for 
corn snacks enriched with oat bran in an amount from 5 to 15%. 
Key words: extrusion-cooking, snacks, cereal bran, energy con-
sumption, texture.

INTRODUCTION

One of the popular snacks are crunchy corn snacks pro-
duced using extrusion-cooking technology, which is the mod-
ern method of production of a wide range of food and feed 
products. This method allows for the production of products 
based on vegetable raw materials, like crisps and puffs, pel-
lets, breakfast cereals, instant noodles, modified starches, 
pet food and fish feed and many others [6, 9, 14, 15, 25].

Implementation of extrusion-cooking technology has 
allowed manufacturers to enrich food products with all kinds 
of additives which enabled to vary the products in terms of 
physical properties, taste and nutritional properties. The 
introduction of new types of additives allows for continu-
ous development of the wide range of extruded products. 
These additives affect not only the extrudates properties, 

but also on the thermo-mechanical treatment conditions 
and characteristics of the process [1, 5, 6, 10, 19, 20]. Ex-
trusion-cooking process increases the soluble fiber fractions 
content, as well as affect on antioxidant activity of obtained 
extrudates [3, 4, 16, 18].

Nowadays, with the intensity of the civilization diseases, 
scientists began to explore functional additives that allow to 
improve the nutritional characteristics of products or give 
it healthy characteristics [2, 19, 25]. One of such additive 
is a fiber that is present in the whole grain cereal milling 
products, in the bran from outher layer of cereal seeds and 
specially prepared high-fiber preparations isolated from 
plant parts, like inulin from Chicory [17]. Dietary fiber is 
a valuable component of the low-fat diet, helps maintain 
adequate level of sugar in blood and body weight. 

The benefits of fiber consumption are primarily to protect 
against the development of coronary heart disease and many 
cancers, reducing the level of bad cholesterol in the blood, 
and it has beneficial effects on insulin level protects against 
diabetes type 2 [16, 18, 19]. Fibres, although valuable for 
health, cannot be absorbed in raw form, e.g. in the form 
of unprocessed bran, because it contains phytates limiting 
minerals uptake, which disappear after heating

The impact of the pressure-thermal treatment during 
snacks extrusion-cooking can reduce to a minimum the 
influence of unfavorable components to the body and at 
the same time allows for significant improvement of ex-
truded products stability [23]. Selection of the appropriate 
extrusion-cooking conditions makes it possible forming 
and shaping of the final product characteristics, affects the 
expansion of the material, the creation of porous structure 
and shape of final extrudates [9, 18, 19, 21, 25]. 

The aim of the study was to determine the process effi-
ciency and specific energy consumption during the extru-
sion-cooking of corn snacks enriched with varying amounts 
of fibers from wheat bran, rye bran, oats bran and inuline, 
and an effect of fiber addition on texture of products. 
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MATHERIALS AND METHODS

As a basic material corn grits was used (protein – 
11.39%, fat – 1.06%, ash – 1.65%, fiber – 9.3%). Wheat 
bran, rye bran and oat bran were ground in a laboratory 
grinder to particle size less than 1 mm, inulin was powdered. 
Mixtures of raw materials containing added wheat bran, rye 
bran, oat bran (Sante, Sobolew) and inulin ( ) at 5, 10, 15 and 
20% of the sample mass has been prepared. Raw materials 
were moistened and mixed to obtain a moisture content 
of 14%. After mixing the raw materials were processed 
using a modified single screw extruder TS-45 (Metalchem, 
Gliwice, Poland) with L/D=16:1, compression ratio 3:1, at 
a temperature range from 120 to 150°C [7]. Snacks were 
shaped using a die with a hole having 3 mm in diameter. 
During the extrusion-cooking process efficiency and specific 
energy consumption SME was evaluated in triple for each 
recipe [12, 22].

Produced corn snacks with addition of different formu-
lations of fiber functional additives were tested for texture; 
hardness was defining as the maximum force during the 
cutting test. For cutting test universal testing machine Zwick 
BDO-FB0.5TH (Zwick GmbH & Co. KG, Ulm, Germany) 
was used with a Warner-Bratzler knife (1 mm thick) to de-
termine the force [21, 23, 25]. The cutting force evaluation 
was carried out depending on the type and amount of addi-
tive used in snacks formulations. Single snack was placed 
on the table at 90° relative to the cutting blade and tested. 
Cutting force value Fmax was determined at the moment of 
sample breakage. The distance between the grips during the 
test was 210 mm. Tests were carried out at a head speed of 
100 mm·min-1 in 10 replications. 

Based on the data collected during multiple measure-
ments the influence was determined of type and amount 
of additives on the tested parameters and the relationship 
between the tested characteristics by determining the regres-
sion equations and correlation coefficients [8]. Polynomial 
correlation coefficients were determined and statistical anal-
ysis was performed using Statistica 6.0 software determining 
the significance of differences between the means and the 
p- values at confidence interval of 95% using the F test. 

RESULTS

The extrusion-cooking process of corn snacks with the 
addition of various fibers proceeded uniformly; there were no 
disturbances in raw materials feeding, or large temperature 
fluctuations for the tested formulations with fiber addition. 
The collected snacks were characterized by an even surface, 
and the expansion was dependent on the type and amount of 
fiber additive used in the recipe. The process efficiency of 
the extrusion-cooking of snacks was determined in triplicate 
for each part of the processed materials, the measurement 
results are shown in Figure 1. Process efficiency during 
the extrusion-cooking of snacks with added bran showed a 
tendency to decrease with increasing participation of bran 
in the recipe. For all of the additives significant differences 
were observed in process efficiency (Table 1). Efficiency at 

120 rpm and 14% of initial moisture content of raw materials 
varied in the range of 26 to 34 kg.h-1. 

The most intensive lowering of process efficiency was 
determined during the extrusion-cooking of snacks with oat 
bran and rye bran addition. For extrudates with rye bran ad-
dition the highest efficiency was determined over the entire 
range of applied shares. In the case of wheat bran additive, 
decreased efficiency was noted when the additive was used 
in 15% of the sample weight, application of 20% amount of 
wheat bran in the formulation increased process efficiency to 
the level obtained for corn snacks without additives. During 
efficiency measurements of snacks processed with the ad-
dition of inulin a significant reduction was observed of the 
tested parameter when 10% of additive was used, whereas 
further increasing of the amount of inulin in the formulations 
influenced the increase in efficiency of the process. General-
ly, it can be stated that the use of fiber additives in an amount 
of 5% in the recipe resulted in increasing the efficiency of 
the extrusion-cooking process of enriched corn snacks. 

There were also negative correlations between the pro-
cess efficiency and the specific mechanical energy require-
ments during extrusion-cooking of snacks with additions of 
fibers; particularly high values of correlation coefficients 
were determined during the analysis of the measurements 
results of snacks with the addition of wheat bran, oat bran and 
inulin (Table 2). Wójtowicz and Juśko [20] leading efficiency 
testing of extrusion-cooked precooked pasta with using of 
single screw extruder reported for commercial refined wheat 
flour the lowest process efficiency (12 kg.h-1) and the highest 
efficiency was achieved during the extrusion-cooking of 
whole wheat flour and spelt pasta, even up to 32 kg.h-1.

SME values, designated as the specific mechanical en-
ergy requirements during extrusion-cooking of corn snacks 
enriched with cereal bran and inulin ranged from 0.23 to 
0.31 kWh.kg-1 and depended both on the type and on the 
quantity of fiber additive used. The measurement results 
are summarized in Figure 2. The differences between the 
values of the SME were small, but statistically significant 
(Table 1). Only at using rye bran as additive the results were 
not significantly different at a given level of significance 
(p-value= 0.068). The highest SME values were determined 
during the extrusion-cooking of snacks with added wheat 
bran and oat bran in the amount of 15% in the mixture of 
raw materials. The greater amount of bran caused a slightly 
lower specific energy requirement (R2 = 0.968).

Fig. 1. Process efficiency of processing of corn snacks with 
various type and amount of fiber additives
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During the single screw extrusion-cooking of different 
botanical origins of starch the observed SME remained in 
the range of 0.083 to 0.275 kWh.kg-1 for potato starch [12] , 
0.075-0.297 kWh.kg-1 was the energy consumption of wheat 
starch [13] and 0.08-0.29 kWh.kg-1 was determined using 
corn starch [11] depending upon the processing parameters. 
Stojceska and coworkers [19] used the twin screw extruder 
for the manufacture of snack products containing red cab-
bage and brewery wastes. SME for these extrudates varied 
from 0.06 to 0.10 kWh.kg-1 for extrusion-cooking of corn 
starch snacks with brewery wastes, while the use of cabbage 
waste addition decreased SME values to the level from 0.029 
to 0.035 kWh.kg-1. Additionally, the higher the moisture 
content of raw materials, the lower requirements of SME 
were. By using cauliflower waste as a fiber source in snacks 
SME values were obtained ranging from 0.07 to 0.13 kWh.

kg-1, depending on the conditions of the extrusion-cooking 
process [18]. 

Altan and others [1] obtained the SME values from 0.16 
to 0.37 kWh.kg-1 during the extrusion-cooking of barley meal 
snacks containing tomato skins as a source of fiber, which 
declined with increasing temperatures and lower screw ro-
tational speed. SME values determined during the extrusion 
of precooked pasta using a single screw extruder TS-45 
at the initial moisture content of 30% ranged from 0.06 
to 0.21 kWh.kg-1 and depended both on the raw materials 
used (purified or whole grain flour) and extrusion-cooking 
screw speed applied [20]. The highest SME was determined 

when purified spelt flour was used, a greater amount of fiber 
resulted in lower specific mechanical energy requirements 
during the extrusion-cooking of instant pasta. 

To measure the hardness of snacks in the present work 
cutting test was used, the hardness was determined as the 
maximum force required to break the sample [21]. Figure 3 
shows the results of cutting force measurements of snacks 
enriched with various types and amount of fibers. The mois-
ture content of snacks, important when assessing texture 
characteristics of the tested products, ranged from 7.8 to 
8.5%, proper for the storage stability of processed cereals 
and did not cause any deterioration of their crispness. 

Cutting force of corn snacks reached 10.36 N, sup-
plementation of snacks with fiber enrichments resulted in 
a differentiated way on the hardness of snacks extruded 
with the addition of various bran types and inulin. Using 
wheat bran, increasing the amount of additive resulted in 
lowering the hardness, the lowest cutting forces were de-
termined during testing of snacks with 15% of wheat bran 
in the recipe, but the differences between the measurements 
were not statistically significant (Table 1). Similar trends 
were observed using oat bran as additive in an amount up to 
15%, while increasing the share of this additive up to 20% 
resulted in an increase of snacks hardness. Application of 
rye bran in an amount not exceeding 10% also resulted in 
a reduction of cutting force of extrudates, a greater amount 
of the additive significantly increased the hardness of the 
tested snacks (R2=0.919). Inulin used as an additive resulted 

Fig. 2. SME values during processing of corn snacks with various 
type and amount of fiber additives
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in the greatest differences in the hardness of snacks; with 
the addition of inulin in amount from 5 to 15% hardness of 
extrudates was higher than corn crisps without additives 
(10,9-12,8 N) and the increase of additive up to 20% resulted 
in a significant decrease in hardness of snacks (8.8 N). In 
this case a significant decrease was observed of the cutting 
force with increasing amount of inulin in the mixture of raw 
materials (R2 = 0.910).

The radial expansion ratio of extrudates, which also af-
fected the results of cutting force measurements, reached the 
value of 5.8-4.7 for snacks with the addition of wheat bran, 
5.7-4.3 in the case of rye bran, 5.8-4.8 when oat bran was 
used and 5.5-4.1 using the additive of inulin. The greater 
the bran additive in the recipe formulation of raw materials, 
the lower expanding of snacks was observed, only the ad-
dition of inulin in an amount of 20% resulted in expansion 
increase, which had also the effect of lowering the hardness 
of snacks determined in the cutting test. The hardness of 
snacks was also correlated with the process efficiency results 
depending on the type of bran applied, most significantly for 
snacks enriched with wheat bran (Table 2). The relationships 
were also visible when determining the correlation of SME 
values with the results of snacks hardness, in this case also 
depending on the bran type.

Ta b l e  2 .  Correlation coefficients of relationships between the 
tested parameters depend on the fiber type used

Evaluated parameter Fiber type
wheat bran rye bran oat bran inulin

SME/Efficiency -0,906 -0,205 -0,826 -0,979
SME/Hardness -0,716 0,734 -0,606 0,744
Efficiency/Hardness 0,827 -0,690 0,234 -0,610

Comparing the obtained results with the literature data it 
can be concluded that the lower hardness of snacks enriched 
with fiber was obtained in the presented study. Corn snacks 
enriched with addition of defatted flax seeds processed with 
single screw extrusion-cooker using a similar processing 
conditions showed hardness values in the range of 10 to 32 
N, the higher forces required for breakage of extrudates were 
determined at a higher speed test. The highest hardness was 
determined during the cutting test of snacks enriched with 
addition of 10 and 12.5% of flax seeds [25]. Corn-buckwheat 
snacks processed under similar conditions with the addition 
of buckwheat in an amount from 10 to 50% showed an in-
crease of the cutting forces with the increase of the amount 
of additive from 18.4 to 23.3 N [21]. For these products, the 
lowering of expansion ratio was observed from 6.5 to 5.1 
with increasing participation of buckwheat in the mixture 
of raw materials, which probably increased the hardness 
of snacks.

For precooked pasta fortified with wheat bran addition 
lowering of the hardness was determined during the cutting 
of dry pasta with the increasing amount of bran in the mix-
ture with values varied from 16.8 N at 5% bran added to 
4.2 N by using 25% of wheat bran in the recipe [23]. The 
addition of bran to such products led to obtaining a looser 
internal structure, as confirmed by microstructure analysis, 

the increased portion of bran component disrupted the for-
mation of a stable structure of starch-protein matrix which 
is responsible for forming and maintaining the shape of 
the extrudates. When using twin screw extruder to prepare 
snacks containing cauliflower waste the hardness was sim-
ilar to the one presented in the study and ranged from 6.38 
to 12.60 N depending on the extrusion-cooking process 
conditions [18]. The hardness of extruded snacks based on 
corn starch with brewery waste addition ranged from 8.0 to 
14.0 N and using the addition of red cabbage lowered the 
hardness, which ranged from 5.1 to 8.8 N [19].

CONCLUSIONS

Investigation of the effect of additives on the process 
efficiency of fiber enriched corn snacks prepared with the 
extrusion-cooking process, the demand of SME and texture 
of corn snacks showed a significant effect of both the type 
and quantity of cereal bran and inulin on the characteristics 
of the process and the quality of snacks. Use of single screw 
extruder TS-45 to produce corn snacks enriched with fibrous 
additives allowed obtaining products with acceptable texture 
characteristics at low cost energy. The best texture with 
the lowest hardness was determined during the test of corn 
snacks with addition of oat bran at 10 and 15%.
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WPŁYW DODATKÓW BŁONNIKOWYCH 
NA WYDAJNOŚĆ I ENERGOCHŁONNOŚĆ PROCESU 

EKSTRUZJI ORAZ TEKSTURĘ WZBOGACANYCH 
CHRUPEK KUKURYDZIANYCH

Streszczenie. W pracy przedstawiono wyniki pomiarów wy-
dajności oraz energochłonności procesu ekstruzji chrupek 
kukurydzianych z dodatkiem preparatów błonnikowych oraz 
wpływ zastosowanych dodatków na teksturę przekąsek. Do 
wzbogacenia chrupek ekstrudowanych z kaszki kukurydzianej 
zastosowano różne rodzaje preparatów błonnikowych: otręby 
pszenne, jęczmienne, owsiane i inulina z cykorii w ilości 5, 10, 
15 i 20%. Ekstruzję prowadzono z zastosowaniem ekstrudera 
jednoślimakowego TS-45 z L/D = 16:1 przy prędkości ślima-
ka 120 obr.min-1. W trakcie ekstruzji wyznaczano wydajność 
oraz energochłonność procesu określając jednostkowe zapo-
trzebowanie energii w zależności od zastosowanych dodatków 
wzbogacających. Do oceny tekstury zastosowano nóż Warner-
-Bratzler’a do wyznaczenia siły cięcia wzbogacanych ekstruda-
tów. Obserwowano wyższą wydajność procesu podczas ekstruzji 
chrupek kukurydzianych z dodatkiem otrąb żytnich, natomiast 
większą energochłonność wyznaczono podczas ekstruzji chrupek 
z dodatkiem otrąb pszennych i osianych. Najniższą twardoś-
cią charakteryzowały się chrupki z dodatkiem otrąb owsianych 
w ilości od 5 do 15%. 
Słowa kluczowe: ekstruzja, chrupki, otręby, energochłonność, 
tekstura.




