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Abstract This study investigated the influence of extru-

sion operating condition [barrel temperature (BT)

(50–90 �C), feed moisture content (FM) (25–35%, w.b.),

feeder speed (FS) (8–16 rpm) and screw speed to feeder

speed ratio (SS:FS) (8–12)] on quality of pearl millet pasta

[cooking time (CT), cooking loss (CL), hydration capacity

(HC), swelling capacity (SC), hardness, springiness (SP),

chewiness (CH) through response surface methodology

(CCRD design)]. The results indicated that raising BT and

FM reduced CT, CL, but increased HC, SC, hardness, SP,

CH of pearl millet based pasta. HC, SC, hardness, SP and

CH of pasta were increased as FS and SS:FS increased,

whereas, CT and CL showed decreasing trend. The opti-

mum operating conditions for pear millet based pasta was

obtained at BT of 70 �C, FM of 30% (w.b.), FS of 12 rpm

and SS:FS ratio of 10 with low CT (B 5.25 min), CL

(B 7.45%) and high HC (C 2.30 g g-1), SC

(C 3.14 ml g-1), good hardness (C 11.11 N), SP

(C 1.24 N) and CH (C 6.09 N mm).

Keywords Pasta � Pearl millet � Extrusion � Response
surface methodology

Introduction

Pearl millet (Pennisetum glaucum), commonly known as

bajra is mostly cultivated in arid and semi-arid regions. It is

cultivated under varied environmental conditions, with

recurrent drought, high temperature and poor soil fertility

(Kaur et al. 2018). India is the largest producer (current grain

production of 9.1 MT) of pearl millet in the world (Anony-

mous 2016). Pearl millet constitutes carbohydrate (67.5 g),

protein (11.6 g), fat (5 g), fiber (1.2 g), mineral (2.3 g),

calcium (42 mg), iron (8 mg), zinc (3.1 mg), vitamins B,

especially niacin, B6, folic acid (Gopalan et al. 2004). It

provides 361 kcal energy per 100 g which is higher than the

major consumed cereals such as rice (345 kcal/100 g),wheat

(346 kcal/100 g), sorghum (349 kcal/100 g) and maize

(125 kcal/100 g) (Gopalan et al. 2004). It is a gluten free

grain with low glycemic index (Kaur et al. 2018).

Pasta is one among the ready to cook cereal food. It is well

accepted worldwide because of its easy preparation, inex-

pensiveness, versatility, sensory attributes and long shelf-life

(Bergman et al. 1994). Pasta with ideal physical and sensory

quality is characterized by strength and elasticity in the

dough form, high tensile strength in the dried form, minimal

cooking loss and stickiness with good firmness after cooking

(D’Egidio et al. 1990; Feillet and Dexter 1996; De Noni and

Pagani 2010). Pasta is being traditionally produced using

durum wheat (Triticum durum) semolina, which contains

gluten as protein. Deficiencies of essential micronutrient

ions or excesses of toxic ions are of concern in wheat

(Abecassis et al. 2000). Therefore, substitution of semolina

from pasta with pearlmillet was thought for current research.

Authors in their earlier study reported (Jalgaonkar and Jha

2016) a blend composition of 50:50 (Wheat semolina: Pearl

millet flour) could be used to make pasta with accept-

able quality with better nutritional benefits.
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Extrusion process has been reported for numerous

applications, including infant food, pasta, instant noodles,

texturized vegetable protein, ready to eat cereals, snacks

products, pet food, precooked flour, meat products, etc.

(Meng et al. 2010). In the extrusion process, the dough is

subjected to significant shear stresses, which possibly

weaken the protein structure (Pagani et al. 1989), but,

simultaneous application of pressure (9–10 MPa), provide

the product a high compactness allowing it to withstand

cooking (Petitot et al. 2009).

The quality of pasta is greatly affected by extrusion pro-

cessing variables (De Noni and Pagani 2010) such as feed

moisture content, barrel temperature, feed rate, screw rota-

tional speed. The water requirement for the pasta making

depends upon type of raw ingredients (Gopalakrishnan et al.

2011). Barrel temperature is another important variable

during pasta extrusion. Milatovic and Mondelli (1991) sug-

gested that extrusion temperature should not exceed 55 �C,
whereas Medvedev et al. (1987) suggested barrel tempera-

ture up to 70 �C for making pasta of satisfactory quality.

Similarly, Nasehi et al. (2009) produced full fat soy flour

added spaghetti at 70 �C temperature, 31% of water content

and 40 rpm of screw speed. Wojtowicz (2012) prepared

buckwheat pasta products at the barrel temperature ranging

from 90 to 110 �C on single-screw extrusion-cooker (l/

d = 18:1) using different screw speed (60 to 120 rpm).

Barrel temperature range varying from 80 to 100 �C was

used for development of corn–broad bean pasta (spaghetti

type) using single screw extruder (Gimenez et al. 2013).

Wang et al. (2012) reported best quality pea starch noodles

through twin screw extrusion at 95 �C barrel temperature,

150 rpm screw speed and 35% feed moisture content.

Reviews clearly indicate that optimum extrusion pro-

cessing parameters differ with ingredients used and the

intended final product quality. Thus for the selected com-

bination of ingredients, appropriate extrusion process

condition need to be established. Also, limited work has

been carried out on effect of extrusion processing param-

eters on the quality of pearl millet based pasta. Hence, the

present study was formulated with the objective to opti-

mize the extrusion processing conditions (barrel tempera-

ture, feed moisture content, feeder speed and screw speed

to feeder speed ratio) for the production of pearl millet

based pasta.

Materials and methods

Raw materials

Pearl millet grains (cv. Pusa composite) were obtained

from Indian Agricultural Research Institute (IARI), New

Delhi, India. The grains were carefully cleaned and freed

from foreign materials. Wheat semolina (WS) was pro-

cured from local market (Kendriya bhandar) in New Delhi,

India.

Extruder and processing conditions

Grinding of cleaned pearl millet grains was done using a

hammer mill (Sanco, India). Pasta was prepared using a

mixture of wheat semolina (WS) and pearl millet flour

(PMF) in the ratio of 50:50 having particle of 425 lm size

(Jalgaonkar and Jha 2016).

Moisture content of flour was determined initially. A

calculated amount of water was added slowly, and mixed

into homogenous mixture to adjust the moisture content of

flour to pre-determined level. Moistened flour was passed

through a sieve (1 mm aperture size) by manually pressing

and it was ensured that the flour blend did not contain any

lumps. The moisture content of the conditioned sample was

determined. The difference between targeted and actual

conditioned moisture content was found to be approxi-

mately 0.5%. The conditioned mixture was passed through

twin screw extruder (BTPL make, Kolkata, India) by a

twin-screw feeder equipped with it. Prepared dough was

extruded through a concentric double cylinder type die into

cylindrical hollow product wall thickness of 0.91 mm and

cut into 15 mm length using knife. The extruded pasta was

dried in tray dryer (MSW-216, Macro Scientific Works,

New Delhi) at 50 ± 2 �C for 2 h to attain the moisture

content of 8–9% (Jalgaonkar et al. 2018). The dried sam-

ples were cooled, packed in biaxially oriented polypropy-

lene (BOPP) packaging material and stored for further use.

Experimental design and statistical analysis

Response surface methodology (RSM) was used to deter-

mine the optimum extrusion condition and to investigate

the effects of extrusion variables on the product responses

of the pasta. Experiment was laid down with four inde-

pendent factors at five levels using central composite

rotatable design. The independent variables were barrel

temperature (BT) (50–90 �C), feed moisture content (FM)

(25–35%, w.b.), feeder speed (FS) (8–16 rpm) and screw

speed:feeder speed (SS:FS) (8–12).Total number of

experimental runs (Table 1) came out to be 30 (6 central, 8

axial, and 16 factorial points). The range of variables was

decided on basis of review of literature and initial pre-

liminary experimental trials.

Effect of extrusion variables on cooking time (CT),

cooking loss (CL), hydration capacity (HC), swelling

capacity (SC), hardness, springiness (SP), chewiness (CH)

was determined. Regression analysis was done to assess the

effects of BT, FM, FS and SS:FS on all the dependent

variables.
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Experimental data was fitted into a second order poly-

nomial model (Eq. 1) to generate prediction equations.

Y ¼ bo þ
Xn

i¼1

biXi þ
Xn

i¼1

Xn

j¼1

bijXiXj ð1Þ

where Xi, XiXi and XiXj are linear, quadratic and interaction

effects of the input variables which influence the response

Y, and bo, bi and bij are the regression coefficients. Data

was analyzed using a commercial statistical package,

Design-Expert version 9.0.7 (Stat-Ease Inc., Minneapolis,

USA). The adequacy of the model was determined using

model analysis, lack-of-fit test and coefficient of determi-

nation (R2) values.

Determination of responses

Cooking time

Minimum time required for starch gelatinization is defined

as cooking time (CT). CT was determined by pressing

cooked pasta between two glass plates. Disappearance of

the white core of the pasta indicated the completion of

cooking and the corresponding time was taken as cooking

time (Abecassis et al. 1994).

Cooking loss

Standard method (BIS 1485 2010) as mentioned in Eq. 2

was used for measuring cooking loss (CL). Data were

recorded in triplicates.

CL ¼
W1�Wð Þ � V � 100

Volume of gruel taken for estimation�Weight of uncooked pasta

ð2Þ

where W1 = mass of petri dish with total dry solids (g);

W = mass of empty petri dish (g); V = total volume of

gruel (ml).

Hydration capacity

Hydration capacity (HC) (g g-1) was calculated using a

modified version of the American Association of Cereal

Chemists Method 56-20 for Hydration Capacity of Prege-

latinized Cereal Products using Eq. 3 (AACC 2003).

Measurements were carried in triplicates.

HC ¼ Weight of tube and wet sample�Weight of tube

Weight of pasta

ð3Þ

Swelling capacity

Swelling capacity (SC) was measured according to the

method reported by Nwabueze and Anoruoh (2011).

Weighted pasta sample (one gram) was taken into a cali-

brated 50 ml measuring cylinder. Ten milliliters of distilled

water was added to the sample and the volume was noted.

The cylinder was left to stand undisturbed for about 1 h.

Volume occupied by the sample was noted and SC

(ml g-1) was determined using Eq. 4. Measurements were

taken in triplicates.

SC ¼ Volume occupied by the sample after swelling

Initial volume occupied by sample�Weight of sample

ð4Þ

Table 1 Experimental design with coded (in parenthesis) and actual

values of extrusion variables

S. no. BT (�C) FM (% w.b.) FS (rpm) SS:FS

1 70 (0) 30.0 (0) 16 (2) 10 (0)

2 60 (-1) 32.5 (1) 10 (-1) 9 (-1)

3 80 (1) 32.5 (1) 10 (-1) 9 (-1)

4 60(-1) 32.5 (1) 10 (-1) 11 (1)

5 70 (0) 30.0 (0) 12 (0) 10 (0)

6 70 (0) 25.0 (-2) 12 (0) 10 (0)

7 60 (-1) 27.5 (-1) 10 (-1) 9 (-1)

8 80 (1) 32.5 (1) 14 (1) 11 (1)

9 60 (-1) 27.5 (-1) 10 (-1) 11 (1)

10 70 (0) 30.0 (0) 12 (0) 10 (0)

11 70 (0) 35.0 (2) 12 (0) 10 (0)

12 50 (-2) 30.0 (0) 12 (0) 10 (0)

13 70 (0) 30.0 (0) 12 (0) 10 (0)

14 60 (-1) 27.5 (-1) 14 (1) 11 (1)

15 80 (1) 32.5 (1) 10 (-1) 11 (1)

16 60 (-1) 27.5 (-1) 14 (1) 9 (-1)

17 80 (1) 32.5 (1) 14 (1) 9 (-1)

18 60 (-1) 32.5 (1) 14 (1) 9 (-1)

19 70 (0) 30.0 (0) 12 (0) 10 (0)

20 70 (0) 30.0 (0) 12 (0) 8 (-2)

21 80 (1) 27.5 (-1) 14 (1) 9 (-1)

22 80 (1) 27.5 (-1) 10 (-1) 9 (-1)

23 90 (2) 30.0 (0) 12 (0) 10 (0)

24 80 (1) 27.5 (-1) 14 (1) 11 (1)

25 70 (0) 30.0 (0) 12 (0) 10 (0)

26 60 (-1) 32.5 (1) 14 (1) 11 (1)

27 70 (0) 30.0 (0) 12 (0) 12 (2)

28 70 (0) 30.0 (0) 12 (0) 10 (0)

29 70 (0) 30.0 (0) 8 (-2) 10 (0)

30 80 (1) 27.5 (-1) 10 (-1) 11 (1)

BT barrel temperature, FM feed moisture content, FS feeder speed,

SS:FS screw speed:feeder speed

J Food Sci Technol

123



Textural properties

Texture Analyser (Model: TA?HDi�, Stable Micro Sys-

tems, UK) were used to measure the textural properties of

cooked pasta using cylindrical probe (p/75 mm) at pre-test

speed: 3 mm/s; test speed: 1 mm/s; post-test speed:

10 mm/s; distance: 50% in compression mode; time: 1 s.

From the TPA test, hardness, springiness and chewiness

were determined. Hardness (maximum peak force during

the first compression), springiness (distance at which a

deformed sample went back to its non-deformed condition

after the deforming force was removed during the second

compression) and chewiness (hardness 9 cohesive-

ness 9 springiness) were measured from TPA curve as

indicated by Limroongreungrat and Huang (2007).

Optimization of extrusion variables

Optimization of extrusion variables was carried through

numerical as well as graphical techniques using Design-

Expert software (9.0.7) (Yadav et al. 2014a). Optimization

was based on minimizing cooking time and cooking loss

but maximizing hydration capacity, swelling capacity,

hardness, springiness and chewiness.

Results and discussion

Second order polynomial models for the responses were

obtained through regression analysis (Table 2). Models for

cooking time (CT), cooking loss (CL), hydration capacity

(HC), swelling capacity (SC), hardness, springiness (SP),

chewiness (CH) were found highly significant (p B 0.01)

with high coefficient of determination (R2 C 0.75)

(Table 2). F values reflected that all the models are sig-

nificant. Coefficient of variation (CV) was found less than

10% indicating reasonable accuracy and reproducibility of

the models. Lack of fit was found insignificant for all the

models, which too indicated the appropriateness of the

models.

Effect of extrusion process variables on cooking time

Cooking time (CT) is important in terms of relative speed of

cooking and tolerance to overcooking (Donnelly and Ponte

2000). CT for pearl millet–semolina pasta varied from 5.15

to 7.43 min. The optimum cooking time for durum wheat

semolina pasta was reported to be 10 to 10.8 min (Manthey

et al. 2004). Thus the cooking time of pasta was reduced by

almost half in comparison to semolina pasta. This

Table 2 ANOVA and regression coefficients of the polynomial models for the process and product responses

Parameters CT (min) CL (%) HC (g g-1) SC (ml g-1) Hardness (N) SP (mm) CH (N mm)

Intercept 5.242 7.445 2.300 3.142 11.055 1.235 6.040

X1 0.053 0.143 0.013 - 0.005 0.285*** 0.059*** 0.435***

X2 - 0.064 0.028 0.013*** 0.113*** - 0.229*** - 0.060*** - 0.492***

X3 0.007 - 0.098 - 0.008 0.026* 0.350 0.055 0.417

X4 - 0.043 0.045 - 0.010 0.019 0.096*** 0.003*** 0.022***

X1 X2 - 0.095 0.105 0.003 0.039** 0.012 0.018 0.129

X1 X3 0.129 0.025 - 0.010 - 0.028 - 0.094 - 0.036 - 0.261

X1 X4 0.060 0.006 - 0.005 0.004 - 0.001 - 0.002 - 0.037

X2 X3 - 0.216** 0.094 0.020 0.024 - 0.006 0.018 0.076

X2 X4 - 0.080 0.030 - 0.010 0.028 0.048 0.019 0.143

X3 X4 0.114 - 0.015 1.39E-16 0.021 0.064 - 0.009 - 0.035

X1
2 0.279*** 0.652*** - 0.062*** - 0.134*** - 0.877*** - 0.136*** - 0.802***

X2
2 0.427*** 0.283*** - 0.050*** - 0.114*** - 0.741*** - 0.099*** - 0.677***

X3
2 0.267*** 0.374*** - 0.015 - 0.099*** - 0.277*** - 0.054*** - 0.169

X4
2 0.133** 0.467*** - 0.026** - 0.078*** - 0.377*** - 0.089*** - 0.363***

R2 0.8687 0.8756 0.7515 0.9446 0.9623 0.9009 0.8866

Model F-value 7.09*** 7.54*** 3.24*** 18.25*** 27.32*** 9.74*** 8.38***

C.V. (%) 4.91 4.74 2.90 2.56 3.47 9.53 13.78

Lack of fit 0.0589 0.0505 0.0639 0.3848 0.0506 0.0505 0.0524

X1: barrel temperature; X2: feed moisture content; X3: feeder speed; X4: screw speed: feeder speed; CT: cooking time; CL: cooking loss; HC:

hydration capacity; SC: swelling capacity; SP: springiness; CH: chewiness

***Significant at 1% (p B 0.01); **significant at 5% (p B 0.05); *significant at 10% (p B 0.10)
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difference may be due to the physical disruption of the

gluten matrix by pearl millet flour providing a path of water

absorption and resulting in reduced cooking time (Manthey

et al. 2004).

ANOVA (Table 2) shows that the linear terms of

extrusion variables had non-significant whereas quadratic

terms had significant effect on CT. Effect of interaction

terms of FM and FS on CT was also found to be significant.

The increase in BT from 50 to 70 �C led to decrease in

cooking time from 7 to 5 min approximately (Fig. 1a).

This could be attributed to the decrease of viscosity of

molten mass which generally increase the degree of starch

gelatinization but lower degradation of starch within the

temperature range. However, BT above 70 �C resulted in

increase in CT. During extrusion process, higher barrel

temperature caused increased mechanical effort hence

greater starch degradation as also reported earlier (Car-

valho and Mitchell 2000). The damaged starch granules

may assist by allowing the cooking water to invade deeply

into granular interior which leads in slowing down of

hydration process (de la Pena and Manthey 2017). Wang

et al. (1999) too reported that increasing barrel temperature

from 90 to 110 �C increased the cooking time of pasta-like

products made from pea flour.

CT decreased with increase in FM from 25 to 30% but

increased in FM range 30–35% (Fig. 1a). Melt viscosity

decreases with increase in moisture content, which

accounts for lower starch degradation and provides a path

of water absorption into the pasta resulting in less cooking

time. Increase in the CT beyond 30% feed moisture content

attributed to over-hydration resulted in a sticky pasta pro-

duct having low mechanical strength which ultimately

reduced cooking qualities (Walsh et al. 1971; Debbouz and

Doetkott 1996). Similarly, increase in the dough hydration

level from 30 to 32 or 34% resulted in increased cooking

time of nontraditional spaghetti (de la Pena and Manthey

2017). Manthey et al. (2004) reported cooking time of 10.8
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Fig. 1 Contour plots showing the effect of barrel temperature (BT), feed moisture content (FM), feeder speed (FS) and screw speed:feeder speed

(SS:FS) on various quality parameters of pasta
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and 10 min respectively for spaghetti prepared from

semolina at moisture content of 29% and 30 or 31%.

With increase in FS from 8 to 12 rpm and SS:FS from 8

to 10, there was reduction in cooking time of pasta from 7

to 5 min (Fig. 1b). At constant FS, increase in SS:FS leads

to increase gelatinization and thus reduced cooking time.

However, CT increased with FS above 12 rpm and SS:FS

above 10 (Fig. 1b) may be caused by increased shear

resulting in structural modification of the starch leading to

lower uptake of water by pasta. The results are in accor-

dance with Wang et al. (2012), who reported that cooking

time of pea starch noodles increased from 3 to 6 min with

increasing moisture content (30–40%) and screw speed

(100–200 rpm) but was not affected by barrel temperature

(85–100 �C).
It was inferred from above discussion that lowest

cooking time (\ 5.15 min), a desirable trait of pasta was

obtained in the range of extrusion processing variables, BT

from 67 to 70 �C, FM from 29 to 30%, FS from 11 to

12 rpm, and SS:FS from 9 to 10.

Effect of extrusion process variables on cooking loss

Cooking loss (CL) is related to leaching of solids during

cooking and is widely used as an indicator of the overall

cooking performance (D’Egidio et al. 1982). As per Indian

standard [BIS: 1485 (2010)], cooking loss in wheat based

pasta has been suggested to be B 8%.

Experimental observations showed that CL in the pasta

ranged from 7.03 to 10.04%. Quadratic terms of BT, FM,

FS, and SS:FS ratio had significant positive effect (p

B 0.01) on CL (Table 2). However, linear and interaction

terms had no significant effect on CL. It is evident from the

regression coefficients that BT had maximum influence on

CL followed by SS:FS, FS and FM, respectively.

Increase of BT from 50 to 69 �C showed decrease in the

cooking loss approximately from 10 to 7% (Fig. 1c). The

increase in barrel temperature leads to decrease in the melt

viscosity of starch resulting in lowering of the friction or

shear stress in the extruder and lower molecular degrada-

tion and therefore decreased cooking loss (Wang et al.

2012). Debbouz and Doetkott (1996) too reported that

increase in the BT from 35 to 50 �C and water absorption

from 30 to 32%, decreased the CL of spaghetti made of

wheat semolina from 6.1 to 5.6%. Wang et al. (2012) found

that increase in barrel temperature from 85 to 100 �C led to

decrease in the cooking loss of pea starch noodles from 16

to 12% (approximately).

BT above 69 �C led to gradual increase in the CL

(Fig. 1c). The increase in CL could be due to the more

degradation of starch, denaturation of gluten as well as

deterioration of surface condition which might have

resulted in the release of loosely bound gelatinized starch

granules from the surface of the product into cooking

water.

There was decrease in the CL with increase in the FM

from 25 to 30% but increase in the FM range of 30 to

35% (Fig. 1c). The decrease in CL may be attributed to

lesser degradation of starch with decrease in melt vis-

cosity at higher moisture content. Similar result was

demonstrated for pea starch noodles (Wang et al. 2012).

Abecassis et al. (1994) suggested that high feed moisture

content of semolina provides beneficial effect on cooking

quality by reducing the viscosity of dough. However, with

further increase in FM from 30 to 35%, increase in CL

may be attributed due to over-hydration resulting in

development of sticky pasta having low mechanical

strength which has increased the CL. de la Pena and

Manthey (2017) also reported that CL increased with

dough hydration level (30–32 or 34%) and that may be

dependent on the raw material formulation and did not

follow a particular trend. Too high feed moisture, espe-

cially in short length extruders creates low pressure and

faster feed flow, which may cause unstable texture after

drying and hence increase the solid losses during cooking

(Wojtowicz and Moscicki 2008).

With increase in the FS from 8 to 12 rpm, cooking loss

decreased (Fig. 1d). Further increase in FS from 12 to 16

resulted in increase in the CL from 7 to 10%. FS and

SS:FS together determines the degree of fill in the

extruder barrel (Yeh and Jaw 1999). At constant SS:FS, if

the FS increases, the degree of fill increases. Only up to

particular degree of fill corresponding to FS up to 12 rpm

(Fig. 1d), there was decrease in cooking loss but

increased thereafter. With degree of fill increasing, there

is increase in pressure inside extruder barrel that could

have resulted in degradation of starch and subsequently

increased cooking loss.

With increase in SS:FS ratio from 8 to 10, there was

decrease in CL, reaching to minimum value (7%),

approximately at 10 but increased thereafter with increase

in SS:FS ratio from 10 to 12 (Fig. 1d). If SS:FS increases,

there was increase in screw speed and consequently

increase in the friction or shear stress in the extruder. A

decrease in the melt viscosity was observed with increase

in the shear rate (Akdogan 1996). Yeh and Jaw (1999)

reported that either decreasing feed rate or increasing screw

speed results in greater degree of gelatinization and

reduction in intrinsic viscosity and as a result decrease in

cooking loss.

Within experimental range, CL B 8% was found in BT

range 60–78 �C, FM 27–33% (w.b.), FS 10–15 rpm and

SS:FS 9–11.
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Effect of extrusion process variables on hydration

capacity

Hydration capacity (HC) is defined as the ability of a solid

matrix to absorb liquids (Wojtowicz and Moscicki 2008).

Water absorption of precooked pasta is mostly dependent

on the intensity of baro-thermal treatment and degree of

starch gelatinization during its processing (Wojtowicz

2006).

HC of developed pasta ranged from 1.96 to 2.36 g g-1.

Hydration capacity of wheat flour pasta was 1.71 g g-1

(Bagdi et al. 2014). Yadav et al. (2014b) reported that

hydration capacity of pasta prepared from wheat and pearl

millet flour in the ratio of 9:1 was 1.13%. The difference in

the value could be due the difference in the flour compo-

sition used for preparation of pasta.

The regression analysis (Table 2) demonstrated that

linear effect of FM and quadratic effect of BT, FM and

SS:FS had significant effect on HC of pasta. Regression

coefficients revealed that FM had maximum influence on

HC and was followed by BT, SS:FS, respectively.

HC of pasta increased from 1.96 to 2.30 g g-1 with

increase in FM from 25 to 30% and BT from 50 to 70 �C
(Fig. 1e). At higher moisture content water acts as a plas-

ticizer during extrusion cooking, reduces the melt viscosity

and degradation of starch granules and results in an

increased capacity for water absorption (Hagenimana et al.

2006). Increasing the moisture in the dough would increase

both granule swelling and amylose leaching and, as a

result, degree of starch gelatinization. The degree of starch

gelatinization also increased as barrel temperature

increased, resulting in increased hydration capacity of

pasta.

Beyond the specified range of BT ([ 70 �C) and FM

([ 30%), any further increase resulted in decrease in the

HC of pasta (Fig. 1e). Higher temperature ([ 70 �C) pos-
sibly damaged starch, which reduced hydration of pasta

(weight gain). Gimenez et al. (2013) reported that hydra-

tion capacity of corn–broad bean spaghetti type pasta

increased from 2.13 to 3.47 g g-1 with increase in feed

moisture from 28 to 34% and with increase in extrusion

temperature from 80 to 90 �C but reduction of HC with

further increase in temperature.

At constant FS, increase in SS:FS from 8 to 10 increased

the screw speed, led to increased HC of pasta (Fig. 1f). The

increase in screw speed resulted in decrease in degree of fill

and increased SME, thus higher the degree of gelatiniza-

tion. Further increase in SS:FS (above 10) resulted in

decrease in HC of pasta.

Higher HC of pasta ([ 2.30 g g-1), a desirable trait was

observed at BT and FM ranging between 69.54 and

72.54 �C, and 29.90 and 30.74%, respectively at constant

FS (12 rpm) and SS:FS ratio (10) (Fig. 1e).

Effect of extrusion process variables on swelling

capacity

Swelling capacity (SC) measures the amount of water

absorbed by starch granules in excess of water, which can

be used as an index of gelatinization (Van den Einde et al.

2003). SC of pasta was found to be varying from 2.46 to

3.20 ml g-1. ANOVA showed significant linear positive

effect of FM and FS, negative effect of quadratic terms of

BT, FM, FS, SS:FS, and interaction term effect of BT and

FM (Table 2).

SC of pasta increased with increase in FM from 25 to

31.25% and FS from 8 to 12 rpm (Fig. 1g). With increas-

ing moisture content, increased SC may be attributed to

decreasing viscosity of the starch, which allows extensive

internal mixing and uniform heating with enhanced starch

gelatinization (Lawton et al. 1972). Further increase in FM

beyond 31.25% and FS above 12 rpm led to decrease in the

SC. Too high moisture reduces the pressure inside the

extruder, whereas too high feeder speed increase the degree

of fill resulting in more damaged starch, which subse-

quently results in reduction of SC of pasta.

Figure 1h shows that SC of pasta increased with the

increase in extrusion temperature and reached at peak value

when BT was 70.65 �C. This was mainly due to the gela-

tinization of starch. Furthermore, when the BT increased

from 71 to 90 �C, SC of pasta showed declining trend. It

indicated degradation in the cooking quality of pasta took

place at barrel temperature of more than 70 �C as also

reported by Medvedev et al. (1987). The damaged starch

produced in this temperature range (Lintas and Appolonia

1973) could be responsible for reduction in swelling

capacity of pasta.

At constant FS (12 rpm), SC of pasta increase with

increase in SS:FS and reached maximum value (3.14

ml g-1) at 10.44 ratio and further increase showed decline

trend (Fig. 1h). SS:FS influenced the degree of fill and

residence time in the extruder used, indicating the higher

degree of starch gelatinization which further changed the

melt rheology and thus SC of pasta increased.

It was observed that higher SC of pasta ([ 3.14 ml g-1)

could be achieved at BT varying in the range 69.2–71.6 �C,
FM 30.75–31.65%, FS 11.7–12.9 rpm and SS:FS 9.8–10.4.

Effect of extrusion process variables on hardness,

springiness (SP) and chewiness (CH)

Hardness of the food is considered as a sensory perception

of the human being. Springiness (SP) expresses product

tendency to return to a deformed state or shape after a

biting force is removed or after biting down (Guo et al.

2003). The elastic strength of the protein is characterized

by chewiness (CH) (Sozer et al. 2007). A good quality
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pasta is characterized by higher hardness, springiness and

chewiness.

Hardness, SP and CH of pasta varied between 6.50 and

11.40 N, 0.48 and 1.32 mm, 1.33 and 6.10 N mm,

respectively. ANOVA (Table 2) showed that BT, FM and

SS:FS had significant (p B 0.01) linear effect on hardness,

SP and CH. Quadratic terms of BT, FM, FS and SS:FS had

significant (p B 0.01) effect on hardness, springiness and

chewiness of pasta.

Barrel temperature had maximum influence on hardness,

SP and CH of pasta followed by FM, SS:FS. Positive

regression coefficients indicate that harness, SP and CH

increased with increase in barrel temperature up to speci-

fied temperature range (50–72 �C). Negative coefficients of
quadratic terms indicate that after specified temperature

range, the hardness, SP and CH decreased.

Increase in BT from 50 to 72 �C showed increase in

hardness, SP and CH approximately from 6 to 11 N, 0.48

to 1.32 mm and 1.33 to 6.10 N mm, respectively. The

increase in temperature has been reported to provide

improved strength and firmness of spaghetti (Lamacchia

et al. 2007) by increasing degree of gelatinization. The

increase in BT from 72 to 90 �C showed decrease in

hardness, SP and CH. The decrease in textural properties

could be due to leaching of more gelatinized starch in

cooking water at higher temperature which deteriorates the

surface characteristics of pasta.

Increasing FM from 25 to 30% or decreasing FM from

35 to 30% led to an increase in hardness, SP and CH

(Fig. 1i, k, m). The increase in hardness, SP and CH could

be due to at higher moisture content, the starch viscosity in

extruder barrel is relatively low and thus, higher degree of

gelatinization. Moisture content (above 30%) could reduce

shear effect in the extruder, which decreased the degree of

starch gelatinization (Ilo et al. 1996). Similarly, Wojtowicz

(2012) reported that highest value of hardness (420 N) and

chewiness (160 N) of buckwheat pasta at 30% of feed

moisture content. Debbouz and Doetkott (1996) reported

that firmness of spaghetti decreased from 6.5 to 4.7 N with

increase in feed moisture content from 30 to 34%. Also,

spaghetti prepared from semolina–buckwheat bran flour

hydrated to 29 or 30% had higher firmness than when

hydrated to 31 or 32% (Manthey et al. 2004).

With increase in SS:FS from 8 to 10, hardness, SP and

CH increased and achieved the maximum value when FS

was approximately at 12 (Fig. 1j, 1 l, 1n). At higher SS:FS,

there is increase in screw speed and thus rate of shear as

well as degree of gelatinization and thus produces pasta

with firmer texture. Wojtowicz (2012) emphasized that

chewing ability of buckwheat pasta mostly affected by

screw speed applied during processing, higher value of

chewiness was obtained at higher screw speed. Debbouz

and Doetkott (1996) emphasized the critical role of gluten

on the cooking quality of pasta. At lower screw speed,

gluten is perhaps not sufficiently developed whereas at

higher extrusion speed it is overworked. Hence, with fur-

ther increase in the SS:FS from 10 to 12, hardness, SP and

CH of pasta decreased.

The results showed that the maximum hardness

([ 11.10 N), springiness ([ 1.32 mm) and chewiness

([ 6 N mm) of pasta was predicted when BT maintained at

68–75 �C, FM from 28 to 31%, FS from 11 to 15 rpm

(except chewiness) and SS:FS from 9 to 11. For the

chewiness, FS should be maintained between 12 and

15 rpm. Wojtowicz (2012) reported that best textural

properties of buckwheat pasta were obtained at 30–32% of

flour dough moisture content and 80–100 rpm of screw

speed.

Hardness (r = - 0.75), springiness (r = - 0.74) and

chewiness (r = - 0.62) was negatively correlated with

cooking loss. Hardness, SP and CH of pasta decreased with

increase in the cooking loss. Limroongreungrat and Huang

(2007) reported that firmness and springiness of sweet

potato fortified soy protein pasta was negatively correlated

with cooking loss (r = - 0.84 and r = - 0.44, respec-

tively). Wang et al. (2012) too reported the similar result

for pea starch noodles.

Overall effect of extrusion variables (BT, FM, FS

and SS:FS) on responses

Temperature of water circulated in the barrel jacket gov-

erns the temperature of pasta during extrusion. Throughout

the process, due to an intense mechanical action, product

has been heated. Increase in BT (50–72 �C) resulted in the

reduction of CT and CL, whereas HC, SC, hardness, SP

and CH of pasta increased. However further increase in BT

showed negative effect on quality aspects in terms of CT,

CL, HC, SC, hardness, SP and CH.

Feed moisture content has a significant role in pasta

processing. At lower moisture values, formation of partial

gluten has been reported by Pagani et al. (1989). In this

study, increase in FM (25–31%) was negatively correlated

with CT as well as CL, however positive correlation with

hardness, SP and CH was observed. FM had maximum

influence on HC and SC. Also, increasing FM beyond 31%

resulted in the increase of CT and CL, while decreasing

trend has been observed for HC, SC, hardness, SP and CH.

When the effect of FS and SS:FS was taken into con-

sideration, similar trends were noticed for all responses.

Increase in FS (8–12 rpm) and SS:FS (8–10) resulted in

reduction of CT and CL, however an increase in HC, SC,

hardness, SP and CH was observed. Going beyond the

specified range of FS and SS:FS, CT and CL increased and

decreasing pattern for HC, SC and textural properties of

pasta was observed.
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Optimization of extrusion process

For process optimization, the colour of dry pasta, cooking

quality and texture of cooked pasta were considered the

important quality characteristics, as also suggested by

Wang et al. (2012). Pasta should be non-sticky, remain firm

when standing after cooking, and have minimum cooking

time with less loss of solids in the cooking water (Galvez

and Resurreccion 1992; Wang et al. 2012). Initially the

optimization was done through numerical optimization

technique in which the goals were laid as indicated in

Table 3.

The optimum solution was arrived at 70 �C BT, 30%

(w.b.) FM, 12 rpm FS and 10 SS:FS ratio. At the optimum

point, product was prepared and the responses were

determined. The predicted as well as experimentally

determined quality parameters at this level are given in

Table 3. Closeness between the experimental and predicted

values of the quality parameters indicated the suitability of

the obtained result.

Predicted values of responses obtained through numer-

ical optimization were used as constraints in graphical

optimization. The constraints thus used were, CT B 5.25

min., CL B 7.45%, HC C 2.30 g g-1, SC C 3.14 ml g-1,

hardness C 11.11 N, SP C 1.24 mm and CH C 6.09

N mm. In the graphical optimization, the contour plots of

responses were generated and superimposed. The contour

plots were drawn by first holding FS (12 rpm) and SS:FS

(10) at constant and then plotting the simultaneous effects

of the BT and FM (Fig. 2a). Also keeping BT and FM at

Table 3 Goal for optimization,

solution along with predicted

and actual values of responses

Constraints Goal Lower limit Upper limit Predicted values Actual values % variation

BT (�C) In range 50 90 70.33 – –

FM (% w.b.) In range 25 35 30.13 – –

FS (rpm) In range 8 16 12.38 – –

SS:FS In range 8 12 10.02 – –

CT (min) Minimize 5.15 7.43 5.25 ± 0.30 5.31 ± 0.20 1.14

CL (%) Minimize 7.03 10.04 7.45 ± 0.42 7.56 ± 0.04 1.48

HC (g g-1) Maximize 1.96 2.36 2.30 ± 0.06 2.26 ± 0.05 1.74

SC (ml g-1) Maximize 2.46 3.20 3.14 ± 0.07 3.09 ± 0.03 1.59

Hardness (N) Maximize 6.50 11.40 11.11 ± 0.32 10.95 ± 1.21 1.44

SP (mm) Maximize 0.48 1.32 1.24 ± 0.09 1.21 ± 0.04 2.42

CH (N mm) Maximize 1.33 6.10 6.09 ± 0.68 6.15 ± 0.61 0.98

Values are mean ± standard deviation

BT barrel temperature, FM feed moisture content, FS feeder speed, SS:FS screw speed:feeder speed, CT

cooking time, CL cooking loss, HC hydration capacity, SC swelling capacity, SP springiness, CH chewiness
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fixed level, the contour plots were drawn for varying levels

of FS and SS:FS and superimposed subsequently (Fig. 2b).

The region which satisfied the above laid criteria for pasta

quality was obtained as the common area of the superim-

posed contour plots shown in Fig. 2a, b. The common area

in Fig. 2a, b suggested the optimum range of variables

(Table 4) in which the product with desirable quality traits

can be prepared.

Conclusion

This research investigation found significant effect of

extrusion variables (barrel temperature, feed moisture

content, feeder speed, screw speed to feeder speed ratio)

on the quality attributes of pasta prepared from semolina–

pearl millet flour (50:50). Second order polynomial

models developed were found to be statistically valid and

provided adequate information regarding the behaviour of

the responses upon variation in the extrusion processing

variables. Barrel temperature and screw speed:feeder

speed had effects on cooking loss, hardness, springiness

and chewiness of pasta. Whereas, cooking time, hydration

capacity and swelling capacity were significantly affected

by feed moisture content. Low cooking time, cooking loss

and higher HC and SC, desirable hardness, springiness

and chewiness of pasta was found to be at 70 �C barrel

temperature, 30% feed moisture content, 12 rpm feeder

speed, and 10 screw speed: feeder speed ratio. The

developed pasta will have higher contents of micronutri-

ents (especially iron and zinc), lower gluten content and

can be utilized as a diversified product from underutilized

pearl millet.
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