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A b s t r a c t. Potato starch and corn starch are popular basic 
raw materials in the processing of biopolymers. One of the pro-
cessing methods employed in the manufacture of biopolymers 
is extrusion-cooking technique. With specific parameters and 
equipment configurations, it is possible to obtain a wide variety 
of starch-based biopolymers. Loose fill foams are usually pro-
duced with the use of polystyrene, but the adverse environmental 
effects of conventional plastics provide an incentive for the deve- 
lopment of new, environmentally friendly raw materials. The aim 
of the study was to apply the extrusion-cooking technique to pre-
pare starch-based foams from potato starch and corn starch under 
various extruder screw speeds applied during processing. Process 
efficiency and energy consumption were also tested during pro-
cessing. The expanded foams were analysed by means of cutting 
and compression tests to evaluate selected mechanical properties. 
The type of starch used and the processing screw speed had an 
impact on the efficiency and specific energy requirements of the 
process. The results showed that the screw speed had a significant 
effect on the cutting forces in the tested foams as well as on its 
compression properties. Higher hardness of foams was observed 
when potato starch was used as the basic raw material. Moreover, 
corn starch foams proved to be more elastic in compression tests.

K e y w o r d s: corn starch, potato starch, foams, compression 
test, elastic modulus

INTRODUCTION

Recent years have seen a growing application of plas-
tics in all areas of human activity. At present, it is difficult to 
imagine life without plastics: packaging, toys, cars, medi- 
cal products, etc. have become part of everyday reality. 
However, besides their unquestionable benefits, they may 

also pose a threat due to their ubiquity. The problem of pack- 
aging waste management is ranked among the major chal-
lenges of 21st-century society. In recent decades, the global 
population has grown rapidly; and global consumption has 
also increased to an even greater extent, which, stimulated 
by a variety of marketing tools, is contributing to the manu-
facture of an unprecedented volume of packaged products. 
The end of the 20th century is considered to have brought 
significant changes to the development of the packaging 
industry (Combrzyński et al., 2018a). The environmental 
awareness of consumers, which has been growing for many 
years, and the fashion for “green products” has fostered 
the design of plastics, which undergo rapid decomposition 
(biodegradation) after their life cycle expires. 

One of the groups of biodegradable materials has a na- 
tural origin and is produced from various types of starch 
(Combrzyński et al., 2018b; Chocyk et al., 2015; Oniszczuk 
et al., 2013). Starch has many possible applications, for 
example, in the food, paper, textile, and pharmaceutical 
industries. Griffin (1994) was the first to use starch as a filler 
in plastics. At present, polyethylene films with an addition 
of starch and other products based on this polysaccharide 
are widely available on the market. The technologies, which 
use native starch as an additive, maintain its quantity below 
10% of final product weight. However, at the present time, 
researchers are striving to produce a purely starchy material 
that is suitable for the production of disposable commercial 
items, such as plates, forks, cups, and garden items, e.g. 
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pots or foil (Gładyszewska et al., 2013; Muszyński et al., 
2017; Rejak et al., 2013; Oniszczuk and Pilawka, 2013). 
One of the applications of starch could be the production of 
foams as protective materials instead of traditional polysty-
rene foams. There are some reports about the application of 
starch foam products for use in cushioning and insulation 
applications (Nabar et al., 2006; Pushpadass et al., 2008; 
Willett and Shogren, 2002; Zhang and Sun, 2007).

In order to undergo further processing as a biodegrad-
able material, unprocessed starch must be transformed into 
thermoplastic starch (TPS). Biopolymers are obtained after 
mixing starch with a plasticizer (often glycerol or water) 
to allow for the melting of the material at a temperature 
lower than the decomposition temperature of starch, e.g. 
during the extrusion-cooking process (Mościcki et al., 
2007). The main advantages of starch are: biodegradability, 
broad availability, relatively low cost and straightforward 
chemical modification (Teixeira et al., 2007; Mościcki et 
al., 2012). The properties of TPS depend on the natural 
origin of the starch, more specifically, on the ratio of its 
main two components: linear amylose and branched amyl-
opectin. Numerous studies have been published concerning 
the effect of amylose and amylopectin content on the final 
properties of starch-based materials (Zou et al., 2012). TPS 
obtained from high-amylose starch has been proven to have 
better thermal and mechanical properties; however, its pro-
cessing requirements (extrusion, in particular) are much 
more demanding (Stasiak et al., 2013). Unfortunately, pure 
thermoplastic starch has several disadvantages. These are: 
low mechanical strength (fragility) and high sensitivity to 
environmental factors, e.g. moisture (Carvalho et al., 2003; 
Muszyński et al., 2016).  

In order to improve the physical properties of starch 
biopolymers, and possibly even reduce the price of the 
finished product, various types of fillers are added to the 
materials. Fillers have an impact on the mechanical, tech-
nological, physical and chemical properties of the final 
product (Oniszczuk et al., 2015; Stasiak et al., 2017). 
Depending on their origin, fillers may be organic or inor-
ganic, and supplied in the powdered, fibrous, or lamellate 
forms. Emulsifiers, cellulose, plant fibre, bark, kaolin, 
pectin, or wood waste may all be used as fillers (Szyszlak-
Barglowicz et al., 2013). They have a major impact on the 
technological properties of polymers (Ayse and Mohini, 
2008; Zhang et al., 2005).

Starch biopolymers are obtained using the same machi- 
nery as synthetic polymers but also with food extruders, 
which is a novel approach (Mitrus and Mościcki, 2014). 
Traditional extruders used in  the manufacture of plastics 
are not suitable for processing starch material in a man-
ner that is reasonably likely to produce the intended quality 
characteristics. Food extruders have a specific plasticizing 
system, i.e. a cylinder grooving arrangement, and a variable 
screw configuration.

During extrusion-cooking at high temperature, pressure 
and shear forces, a process of the gelatinization of starch 
occurs, which alters its physical and chemical characteris-
tics. The extrusion-cooking conditions can have an impact 
on the final properties of the product. Variable configuration 
of single or twin-screw extruders, screw profiles, the heat-
ing or cooling of different sections of the extruder and the 
use of dies with various shapes allow to produce a variety 
of products (Combrzyński et al., 2018a). The involvement 
of scientific and industrial developers in furthering green 
technologies has  the potential to establish an appropri-
ate balance between economic interest and environment 
protection. Natural materials, previously considered too 
expensive and unprofitable, will most likely be the only 
realistic possibility to maintain optimum social develop-
ment without the gradual degradation of the environment.

The aim of the study was to apply the extrusion-cook-
ing technique to produce starch-based foams with various 
types of starch and processing conditions applied. The 
starch foams were made using potato starch and corn starch 
at various extruder-cooker screw speeds applied during 
processing.

MATERIALS AND METHODS

Two types of starch were used in the study as raw mate-
rials: potato starch (Superior Standard, PPZ Trzemeszno, 
Poland) and native corn starch (C*Gel03401 type, Cargill 
Poland Sp. zo.o., Poland). The moisture content was 16.7% 
and the pH was 7.4 and 15.2% and pH 7.2 for potato starch 
and for corn starch, respectively. The starch was moistened 
with water till it reached a value of 18% moisture content 
(the starch was then set aside for 24 h) and mixed before 
processing. 

The processing of the starch foams was performed using 
the TS-45 single screw extruder-cooker (Gliwice, Poland) 
with an L/D ratio of 12. The foams were processed in a tem- 
perature range between 80-120°C with various screw 
speeds (70, 100 and 130 rpm) using a circular forming die 
(3 mm in diameter), the length of the samples were 25 mm. 

The process efficiency (kg h-1) was evaluated as the 
mass of a sample collected at a specific time in 3 repeti-
tions, and specific mechanical energy (SME, kWh kg-1) 
was calculated for each run as described by Kręcisz et al. 
(2015). 

Selected mechanical properties of the foams obtained 
were evaluated. The cutting force and resistance to 
compression were measured using the Zwick/Roell BDO-
FBO0.5TH universal testing machine (Ulm, Germany). In 
order to perform the cutting test, Warner-Bratzler’s equip-
ment was used (Jin et al., 1995; Mitrus and Moscicki, 
2014). The samples were placed at an angle of 90° to the 
cutting knife and tested at a working head speed of 100 
mm min-1. The initial force was set at 0.1 N before the 
results were recorded. Force-displacement curves were 
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used to analyse the results with testXpertIIv3.3 software. 
Selected characteristics of the foams were evaluated, such 
as the maximum cutting force (N), strain at the maximum 
cutting force (%), the cutting force at the breaking point 
(N) and strain at the cutting force at the breaking point (%). 
The strain at the maximum cutting force was registered as 
the displacement recorded at maximum cutting force with 
respect to the diameter of the tested sample. The strain 
at the cutting force at the breaking point was recorded as 
the displacement at the breaking point of the sample with 
respect to its diameter. These results were obtained at the 
defined dimension of each sample.

A compression test was performed with two flat plates 
to evaluate the elastic modulus (kPa), the maximum com-
pression force (N), strain at the maximum compression 
force (%), and work at the maximum compression force (J). 
Strain at the maximum compression force was registered as 
the displacement recorded at maximum compression force 
with respect to the diameter of the tested sample. Work at 
the maximum compression force was defined on the basis 
of the area under the compression curve until maximum 
force was reached. The testXpertIIv3.3 software was used 
for the analysis of the results. The compression test was 
carried out at up to 50% of the original sample height with 
a test speed of 100 mm min-1 and with an initial force of 
0.1 N before the results were recorded (Filli et al., 2011; 
Mitrus and Moscicki, 2014; İbanoğlu et al., 2006). The rele- 
vant measurements were made in the transverse direction to 
the diameter of extrudates produced  All of the mechanical 
properties were replicated 10 times for each sample.

The results obtained during these multiple tests were 
analysed using Statistica 13.3 (StatSoft, Poland). Linear 
equations were adapted to the data. For the analysis of the 
effect of starch type and screw speed, the F-test was applied 
at a level of α = 0.05. 

RESULTS AND DISCUSSION

The significant effects on process efficiency of the 
different screw speeds applied during the processing of 
starch foams were reported for both potato and corn starch 
(Table 1). The foams extruded from potato starch revealed 
a higher efficiency than the corn starch foams (Fig. 1a). In 
both cases, a significant increase in efficiency was observed 
with increasing screw speed applied during processing. The 
efficiency reported for potato starch foam varied from 13.6 
to 27.4 kg h-1 with almost 200% higher efficiency achieved 
when the highest screw speed (130 rpm. v.s. the lowest 
speed of 70 rpm) was applied. For corn starch foam, the 
results were much lower and ranged from 10.2 to 14.8 kg h-1, 
thus, the increase in efficiency was only 48% when the 
highest screw speed was used. 

As regards energy requirements, SME was lower when 
potato starch was processed (Fig. 1b). Higher energy 
requirements were observed during the processing of corn 

starch, especially at a low screw speed. The application of 
130 rpm for the extrusion-cooking of foams showed similar 
specific mechanical energy requirements but with a much 
higher process efficiency being observed for potato starch. 
This may be attributed to the effect of the lower gelatiniza-
tion temperature of potato starch compared with corn starch 
and, thus, the lower viscosity of melted starch inside the 
extruder-cooker barrel. Therefore, a less dense mass can be 
pushed through the barrel sections and forced through the 
die more easily, which means that a higher level of efficien-
cy and lower energy consumption is observed for potato 
starch. The SME values increased along with the rising 
screw speed during processing. The F-test confirmed that 
the effect of the screw speed was significant for both potato 
and corn starch (Table 1). 

Cutting tests allow for the evaluation of the hardnessof 
tested samples. The cutting force values required to break 
the structure of the tested foams are presented in Fig. 2a. 
A much lower force at the breaking point (four times low-
er on average) was measured for corn starch foams than 
for potato starch foams. A significant decrease in the cut-
ting force at the breaking point from 196.2 to 149.3 N 
was observed when the screw speed was increased during 

Fig. 1. Processing efficiency (a) and energy consumption (b) 
during processing of potato and corn starch foams under various 
screw speeds.

a

b
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the processing of potato starch foams. Much lower cut-
ting forces at the breaking point were noted when corn 
starch foam was tested (from 49.1 N at 70 rpm up to 31.2 
N at 130 rpm) and for these samples the significant effect 
of the screw speed was also observed (Table 1). Similar 
trends were observed in the results for the maximum cut-
ting force (Fig. 2b), but the differences between the starch 
types were lower. The maximum cutting force ranged from 
104.8 to 80.6 N for corn starch foams processed at 70 and 
130 rpm, respectively. Higher results, ranging from 206.4 
to 126.5 N, were noted for potato foams processed at 70 
and 130 screw speeds, respectively. The results of the cut-
ting tests were evaluated at the defined diameter of each 

sample. Corn starch foams were less brittle and easier to 
break than the potato-based samples. Potato starch has 
a lower gelatinization temperature than corn starch (Mitrus 
and Moscicki, 2014). For corn starch foams higher diam-
eter foams were observed with smaller air cells and 
thinner cell walls as compared to potato foams and this 
was the effect of a more intensive expansion of the corn 
starch when processed with extrusion-cooking due to the 
mechanical shearing and thermal treatment of the starch. 
This could be connected with the lower glass transition 
temperature of potato starch and thus the more intensive 
changes, which occurred inside the extruder barrel, result-
ing in gelatinized starch entering an amorphous state and 

Ta b l e  1. Statistical analysis of the effect of screw speed on selected properties of starch foams

Characteristic Starch type Equation r F-test p

Efficiency 
(kg.h-1)

Potato -3.96+0.234x 0.981 1277.64 0.0000

Corn 5.684+0.0698x 0.976 1187.53 0.0000

SME 
(kWh.kg-1)

Potato 0.024+0.001x 0.822 22.13 0.0017

Corn 0.136 + 0.0004x 0.721 23.83 0.0014

Maximum cutting force 
(N)

Potato 292.712 - 1.248x -0.962 83.06 0.00004

Corn 124.367 - 0.295x -0.790 6.87 0.0281

Strain at max. cutting 
force (%)

Potato 88.900 - 0.428x -0.951 66.74 0.00008

Corn 21.087 - 0.107x -0.824 7.97 0.0204

Cutting force at the 
breaking point (N)

Potato 249.795 - 0.806x -0.918 18.34 0.0028

Corn 67.242 - 0.287x -0.725 3.38 0.1039

Strain at cutting force at 
the breaking point (%)

Potato 82.838 - 0.321x -0.989 147.45 0.00001

Corn 24.644 - 0.121x -0.882 10.63 0.0107

Maximum compression 
force (N)

Potato 369.998 - 1.742x -0.984 127.75 0.00001

Corn 167.782 - 0.643x -0.919 19.15 0.0025

Strain at max. 
compression force (%)

Potato 60.933 - 0.213x -0.928 19.07 0.0025

Corn 43.0411 - 0.247x -0.921 19.33 0.0024

Elastic modulus (kPa)
Potato 7539.067 - 37.937x -0.969 1626.72 0.0000

Corn 2310.311 - 15.689x -0.939 116.39 0.00002

Work at max. 
compression force (J)

Potato 0.7389 - 0.0031x -0.888 34.40 0.0005

Corn 0.1967 - 0.0005x -0.596 1.75 0.2519
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also the lower expansion capacity due to the formation 
of less porous extrudates (Mercier et al., 1989; Thomas 
and Atwell, 1999). Della Valle et al. (1995) reported that 
potato starch processed using a twin-screw extruder-cooker 
showed higher values of viscosity compared with other 
starches processed under the same extrusion-cooking con-
ditions, which were attributed to higher molecular weights 
of amylose and amylopectin. Moreover, they found potato 
starch in a molten state in sections in which other starch 
origins are usually conveyed under a solid form. In both 
kinds of tested foams, a decrease in hardness was observed 
along with increasing screw speed during processing. This 
may be attributed to a more porous internal structure and 
greater expansion when the material is extruded at a higher 
screw speed (Wójtowicz et al., 2015). 

The cutting test causes the intense deformation of sam-
ples until they break. The strain is expressed as a % of the 
difference between the sample height and dimensions at the 
cutting force at the breaking point as well as at the maxi-
mum cutting force. The results are presented in Fig. 3a and 
3b. In both cases, a decrease in foam elasticity was observed 
along with the increasing screw speed applied during pro-
cessing. The effect of the screw speed was significant for 

potato starch (Table 1). Important parameters that affect 
the final dimension and qualities of the extrudate are die 
geometry, material properties, and processing parameters 
(especially screw speed) (Wang et al. 2005). Agbisit et al. 
(2007) reported that an increase in extruder-cooker screw 
speed would lead to a higher level of mechanical energy 
input, and therefore increased expansion. Similar obser-
vations have been made in the presented study. For corn 
starch foams a higher diameter was observed compared to 
the potato starch foams formed due to higher SME during 
processing.

For potato starch foams the results showed a similar 
strain during cutting which ranged from 61.8 to 42.3% 
and from 57.6 to 34.2% depending on the increasing screw 
speed measured at the breaking point and at the maximum 
force applied, respectively. The strain was reduced as the 
screw speed increased. A much lower strain, which ranged 
from 17.2 to 9.1% and 13.1 to 8.2%, was observed for corn 
foams, and the differences between the samples were less 
significant due to the higher screw speed. A higher strain 
was noted for potato foams, which were characterized by 
a higher cutting force due to a denser internal structure and 
fewer air bubbles. In summary, under the cutting test the 

a a

b b

Fig. 2. Cutting force at the breaking point (a) and maximum cut-
ting force (b) of potato and corn starch foams processed at various 
screw speeds.

Fig. 3. Results of strain at cutting force at the breaking point (a) 
and at maximum cutting force (b) of potato and corn starch foams 
processed at various screw speeds.
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structure of corn foams were less elastic and samples broke 
very easily because of the large size of the empty cells 
inside the foams. Therefore,  a lower strain was recorded.

Similar trends were observed when a compression test 
was used to evaluate some selected mechanical proper-
ties of potato and corn extruded foams. Figure 4 show the 
effects of the screw speed and starch type on the maximum 
compression force and strain at the maximum compres-
sion force. The mean maximum compression force values, 
which ranged from 244.6 to 141.2 N for the potato foam, 
were twice as high as the values observed for the corn foam. 
For corn-based foamed materials, the mean values of the 
maximum compression force ranged from 126.1 to 81.4 N. 
A statistical analysis demonstrated the significant effect of 
the screw speed on the maximum compression force for 
both potato and corn starch foams (Table 1). A lower resist-
ance to compression was more visible (43.1%) in potato 
starch foams than in corn starch foams (29.6%) with the 
increase in screw speed being applied during the foam pro-
cessing. A higher level of efficiency at higher screw speeds 
resulted in a more expanded structure (Combrzyński et al., 
2018a), although samples were less resistant to compres-

sion. Foam strain during the compression test was lower 
than that observed in the cutting test for potato foams; how-
ever, it was higher than for corn starch. Mean values ranging 
from 45.9 to 33.8% were obtained and higher results were 
noted for potato foams compare to the corn starch foams. 
For corn materials, the strain at maximum compression 
force ranged from 25.6 to 11.3%. This lower strain result 
may be the result of the more compact structure of corn 
foams, demonstrated a lower porosity, which raises the 
strain under constant compression as opposed to breaking 
during the cutting test. The strain values in samples made 
from potato starch were twice as high as the ones observed 
for corn starch foams (Fig. 4b). The strain at compression 
decreased significantly with increasing screw speed during 
processing (Table 1). The results of the compression test 
obtained confirmed the differences between the extrusion-
cooking of potato and corn starch foams (Agbisit et al., 
2007; Della Valle et al., 1995; Mercier et al., 1989; Thomas 
and Atwell, 1999; Wang et al., 2005).

The values of the elastic modulus, as shown in Fig. 5a, 
decreased significantly when a higher screw speed was 
applied during the processing of starch corn foams. A ma- 
jor difference was reported between the starch types. The 

a

b

Fig. 4. Results of maximum compression force (a) and strain at 
maximum compression force (b) of potato and corn starch foams 
processed at various screw speeds.

Fig. 5. Elastic modulus (a) and work at maximum compression 
force (b) of potato and corn starch foams processed at various 
screw speeds.

a

b



MECHANICAL PROPERTIES OF STARCH-BASED FOAMS 239

elastic modulus evaluated during the compression test of 
potato foams ranged from 4789 to 2455 kPa, and a rapid 
decrease was observed with increasing screw speed applied 
during processing. A significantly lower elastic modulus 
was observed when corn foams were compressed. It varied 
from 1280 to 485 kPa if 70 and 130 rpm were used for 
extrusion-cooking, respectively. A higher elastic modulus 
was noted for potato foams, similar to the strain results 
registered under the cutting test because the potato foams 
were characterized by a denser structure and a lower degree 
of expansion as compared to the corn foams. The elastic 
modulus of the corn foams was lower, similar to the results 
of the strain, due to the tendency towards easier breaking 
under compression.   

The negligible effect of the screw speed was noted 
when measuring the work values at the maximum compres-
sion force of starch corn foams (Table 1). The work values 
were very low, around 0.16-0.13 J, for corn starch foams 
and from 0.55 to 0.32 J for potato starch foams. This may 
be attributed to the low elasticity of starch foams as com-
pared to polymer foams as they yield to breaking instead 
of elastic compression. It could also be connected with the 
action of moisture contained in the air on starchy biopoly-
mers, which may affect product elasticity and resistance to 
compression (Mitrus, 2012). 

CONCLUSIONS

1. Starch foams processed by the extrusion-cooking 
technique exhibit various mechanical properties depending 
on screw speed and starch type.

2. The processing efficiency and specific mechanical 
energy increased at higher screw speeds during foam extru-
sion-cooking. A higher level of efficiency and lower energy 
requirements were reported when potato starch was used.

3. Higher values of mechanical properties were observed 
when potato starch foams were tested, both in cutting and 
compression tests.

4. The best properties with regard to high efficiency 
level, low energy consumption and high resistance to break-
ing were found if potato starch was used for the processing 
of foams at a screw speed of 100 rpm.

Conflict of interest: The Authors do not declare con-
flict of interest.
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