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Abstract
Extruded snacks are commonly made with cereals with good expansion properties but low in essential nutrients such 
as protein and vitamins. The incorporation of legume and vegetable crops into cereal improves the nutritional value of 
cereal-based extruded snacks. This study aimed to develop a nutrient-rich optimized extruded snack by incorporating 
orange-fleshed sweet potato, finger millet, and soybean flour. The extrusion processing conditions were barrel tem-
perature (90–130 °C) and feed moisture content (20–26%). Thirteen treatment combinations were generated for this 
experiment using a face-centered central composite design. Standard methods were used to evaluate the effect of 
barrel temperature and feed moisture content on extruded snacks’ nutritional, anti-nutritional, physical, functional, and 
sensory acceptability. The data were analyzed, and processing conditions were optimized using the response surface 
methodology of Design Expert software version 13. Multiple regression analysis showed significant effects (p < 0.05) of 
the independent variables on moisture, protein, fat, beta-carotene, bulk density (BD), hardness, expansion ratio (ER), 
water absorption index (WAI), water solubility index (WSI), and overall acceptability of the extrudates. The optimum 
response of 14.06% protein, 3.26% ash, 69.12% carbohydrate, 6.477 mg/100 g beta-carotene, 0.36 g/ml bulk density, 
2.72 Expansion ratio, 87.28 N hardness, 4.34 g/g Water absorption index, 22.34% Water solubility index, and overall 
acceptability of 3.30 was achieved at an optimal barrel temperature of 114.5 °C and feed moisture content of 20%. The 
obtained result suggests that barrel temperature and feed moisture content had a significant influence (p < 0.05) on the 
measured quality properties of the extrudates.

Article Highlights

1. The study developed a nutrient-rich extruded snack using orange-fleshed sweet potato, finger millet, and soybean 
flour.

2. The optimized conditions showed substantial improvements in the nutritional and physicochemical qualities of the 
extrudates.

3. These findings underscore the potential of optimizing extrusion processing conditions for better-quality snack prod-
ucts.
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1 Introduction

Cereals are commonly used in extrusion processing to produce snack foods because of their high starch content. How-
ever, they lack other essential nutrients, such as proteins and micronutrients [1]. To address this issue, researchers have 
extensively studied the inclusion of legumes like soybeans, lentils, and peas in extruded foods due to their high protein 
content and other nutritional benefits [2]. In recent years, there has been a growing interest in incorporating alternative 
ingredients like orange-fleshed sweet potato and soybean into cereal blends to enhance the overall nutritional value of 
extruded snacks; this is an essential step towards promoting healthy food choices and addressing malnutrition, which 
is a significant health problem in developing countries like Ethiopia [3].

Finger millet (Eleusine coracana L), or ragi, is a highly nutritious cereal crop grown and consumed widely in India and 
Africa. It is considered one of the best plant-based sources of fiber, carbohydrates, calcium, and iron [4]. Due to the high 
fiber content in finger millet flour, it is characterized by high bulk density. Orange-fleshed sweet potatoes (Ipomoea 
batatas L) are an excellent source of beta-carotene, a type of carotenoid that converts to vitamin A. The nutritional com-
position of orange fleshed sweet potato is not only limited to this one but is also a good source of starch and fiber. Since 
this vegetable crop is rich in starch and fiber, they have a high water solubility index and bulk density [5–7]. Soybean 
(Glycine max) is a versatile and nutritious crop that has been used as a source of protein for centuries. In addition to being 
a good source of high-quality proteins, it is also a good source of oils, carbohydrates, and minerals. From a functional 
point of view, soybeans have a high water absorption capacity and a low water solubility index [8].

Extrusion cooking is a popular method for producing a wide variety of ready-to-eat food products, including extruded 
snack products like puffs and runs, breakfast cereals, instant soups, meat analogs, and sports foods [9]. This thermal and 
mechanical cooking process combines raw materials and forces them through a screw die under different combinations 
of moisture, heat, pressure, and mechanical shear [9]. Several studies have been conducted to identify the key factors 
that affect the quality of extruded snack foods. According to Muteki et al. [10], the raw materials, blending ratios, and 
processing conditions are the most critical factors to consider when controlling the characteristics of the final product. 
The processing conditions of the extruder machine significantly influence product quality. Nahemiah et al. [11] investi-
gated the effect of feed soybean composition, barrel temperature, and feed moisture content on rice-soybean extrudates’ 
nutritional quality and other characteristics. They found that feed soybean composition, barrel temperature, and feed 
moisture content significantly influenced the extrudates’ nutritional properties and other characteristics. Many authors 
described the effects of extrusion conditions on the quality characteristics of snack food [12–14]. The finding of this 
study indicates that developing new snack food products requires a thoughtful approach to ingredient selection and 
processing conditions. The extrusion processing conditions, such as temperature, pressure, and moisture content, can 
affect the product’s nutrient and physical properties. Therefore, achieving high-quality extruded snacks with optimal 
nutrient content requires carefully controlling the extrusion cooking conditions, especially the feed moisture content 
and barrel temperature. This research aims to develop nutritionally rich and optimized extruded snacks from finger mil-
let, orange-fleshed sweet potato, and soybean composite flours.

2  Materials and methods

2.1  Experimental materials

The raw materials used in this study were finger millet, Orange fleshed sweet potato (OFSP), and soybean. The finger mil-
let used was the Addis 01 variety, while the OFSP was the Alamura variety. The soybean used was the Clark 63 K variety. 
These raw materials were obtained from the Jimma Agricultural Research Centre. The selection of these varieties was 
based on their production and nutritional composition.
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2.2  Sample flour preparation

First, the soybean was cleaned and boiled for 30 min. The husk was removed, dried at 60 °C for 16 h, and milled (KARLKOLB 
D-6072 Dreich, West Germany) into flour (0.5-mm sieve) [15]. Finger millet was cleaned to remove different impurities 
that came together with grains. After draining, it was dried at a mild temperature (60 °C for 10 h) to facilitate the milling 
process and milled into flours (0.5 mm sieve) [16]. OFSP was cleaned, washed, peeled, and sliced (3-mm thick pieces), 
followed by soaking in NaCl for 30 min. Finally, it was dried at 55 °C for 8 h and milled into flour (0.5 mm) [17]. The initial 
moisture contents of finger millet, OFSP, and soybean flours (wet basis) were 10.6%, 11.4%, and 3.1%, respectively. The 
sample flours were stored at refrigeration temperature (4 °C) in airtight polyethylene bags until analysis.

2.3  Experimental design and treatment combination

The experimental design used was the design expert software version 13, which uses the Response Surface Methodol-
ogy to optimize the extrusion processing conditions. For this purpose, the central composite experimental design with 
a three-level, two-factor face-centered design was applied, generating 13 experimental runs using an expert’s design, 
which includes 8 non-central points, 5 center point total, and 1 alpha value. This study used three levels of two critical 
numerical factors: barrel temperature at 90, 110, and 130 °C and feed moisture contents at 20%, 23%, and 26%. Based 
on past literature and preliminary work, the barrel temperature and feed moisture content levels were selected [18–22].

The full-term second-order polynomial response surface models were fitted to each variable (Y) using the following 
Eq. (1).

where Y represents the response, βo—intercept, A—Barrel Temperature (°C), B—Feed Moisture contents (%) ꞵ1 and ꞵ2 
are linear, β11 and β22 are quadratic, β12 are interaction regression coefficient terms respectively.

2.4  Extrusion processing

A pilot scale co-rotating twin screw food extrusion cooker (Clextral, BC-21 NO 194, Firminy, France) was used to con-
duct the extrusion cooking (Fig. 1). The length and diameters of the screw of the extruder were 300 mm and 25 mm, 
respectively. The Length-to-diameter (L/D) ratio for the extruder was 20:1, and the diameter of the hole in the die was 
2 mm. Before extrusion processing, a mixture of 47.46% finger millet, 34.54% orange-fleshed sweet potato, and 17.99% 
soybean flour was blended and homogenized in a planetary cake mixer (H.LB20/ Hungary). This optimum blending ratio 
was obtained from preliminary experiments. The temperatures of the extruder’s third zone are controlled by a Eurotherm 
controller (Eurotherm Ltd., Worthing, UK) and displayed on the extruder’s control board. The die’s overall diameter was 
2 mm. A twin-screw volumetric feeder type (KMV-KT20) is a feeding device that transfers raw flour to the extruder inlet.

Before the extrusion cooking process was conducted, the necessary calibration and adjustment of the material feed 
and water flow rates were performed. After the preliminary test, the barrel temperature of the metering zone, located 
just before the die, was allowed to operate at different temperatures starting from 90 to 130 °C. Meanwhile, the barrel 
temperatures of zones 1 and 2 were kept constant at 70 and 80 °C, respectively. The feed moisture content was adjusted 
by water injection to give moisture from 20 to 26% using the hydration equation. This adjustment was also made fol-
lowing the preliminary test. The moisture content of the material was adjusted by altering the pump’s water injection 
rate (stroke level). A positive displacement pump (DKM- Clextral, France) delivers water into the extruder via an inlet 
port. The screw speed and feed rate were set at 300 rpm and 48.54 g/min, respectively. The torque examined from the 
control panel of the extruder was 4 bars.

The extrudates were collected and cooled on aluminum foil at ambient temperature (25 °C). Physical qualities such 
as hardness and expansion ratio were measured before milling and sieving (0.5 mm sieve). Finally, the flour was kept in 
plastic bags at 4 °C for further examination [23].

The feed moisture content was adjusted from 20 to 26% (on a wet basis) using the following hydration equation.

(1)Y = �0 + �1A + �2B + +�11A2 + �22B2 + +�12AB

(2)W
a
= S

w

M −M
o

100 −M
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where: -. Wa—the weight of water added (g);  Sw—sample flour weight (g);  Mo—original flour moisture content (%); M—
Required dough moisture level (%).

2.5  Chemical analysis

2.5.1  Proximate analysis

Moisture content, Crude protein, crude fiber, crude fat, and ash contents (on a dry matter basis) were examined following 
AOAC methods, 925.09, 923.03, 979.09, 962.09 and 923.05, respectively [24]. The carbohydrate content of the samples 
was calculated by subtracting the sum percentages of moisture (M), crude protein (P), fat (F), fiber (FI), and ash content 
(A) from 100%.

2.5.2  Beta‑carotene content determination

It is essential to determine the ß-carotene content of the product since it is used to calculate the vitamin A content of 
the extrudates. The ß-carotene content was determined according to Park [25]. Briefly, 1 g of sample flour was mixed 
with 1 g  CaCl2·2H2O and 50 ml extraction solvent (50% hexane, 25% acetone, and 25% ethanol, containing 0.1% BHT) 
and gently shaken for 30 min. To draw the calibration curve, beta-carotene standard stock solution was prepared by 
accurately weighing 0.01 g beta-carotene standard and dissolved in 20 ml solvent, which was similar to the extraction 
solvent used to extract samples (50% hexane, 25% acetone, and 25% ethanol) and made the volume to 100 ml using the 
same solvent. From the stock solution, 0, 2, 3, 4, and 5 ml were added to a 100 ml flask and diluted to give 0, 0.1, 0.2, 0.4, 
and 0.8 μg/L of beta-carotene standard in the same solvent. Extracted beta carotenes were determined using a UV–Vis 
spectrophotometer (T80, UK) at 450 nm wavelength. Finally, the β-carotene of each sample was calculated using the 
standard calibration curve equation.

Fig. 1  Pictures that illustrate extruded snacks produced at Bahir Dar University, food process engineering laboratory (II)
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2.5.3  Phytate content analysis

The procedure explained by Vaintraub and Lapteva [25] was used to calculate the phytate contents. 0.5 g of dried sample 
was weighed and extracted with 10 ml of 1% HCl in a mechanical shaker (HY-2(A) speed adjusting multipurpose vibra-
tor) for 1 h at an ambient temperature and centrifuge at (3000 rpm/30 min). A clear supernatant was used to estimate 
phytate. 1 ml of wade reagent (containing 0.03% solution of  FeCl3·6H2O and 0.3% of sulfosalicylic acid in 100 ml of water) 
was added to 3 ml of the sample solution (supernatant), and the mixture was mixed on a vortex for 5 s. The absorbance 
at 500 nm was measured using a UV–Vis spectrophotometer. A standard curve was made from absorbance versus con-
centration, and the slope and intercept were used for calculation. The sodium salt of phytic acid was used as a standard 
for constructing calibration curves. The equation of the line is y = − 0.0066x + 1.025 with  R2 of 0.992.

2.5.4  Tannin content analysis

Tannin content was analyzed according to the method disclosed by Maxson and Rooney [26]. 1 g of the sample was 
weighed and mixed with 10 ml of 2.4% HCl solution in methanol in a screw cap test tube. Then, the tube was shaken 
for 24 h at room temperature on a mechanical shaker. The solution was centrifuged at 1000 rpm for 10 min. One ml of 
supernatant was inserted into another test tube and mixed with 5 ml of vanillin-HCl reagent (prepared by combining 
an equal volume of 8% concentrated HCl in methanol and 4% vanillin in methanol). D-catechin was used as a standard 
for condensed tannin determination. A 40 mg of Dcatechin was weighed and dissolved in 1000 ml of 1% HCl solution 
in methanol, which was used as stock solution. The blank sample consisted of 1 ml of extract solution with 5 ml of 1% 
HCl without vanillin-HCl reagent (+) catechin (0.5–12 mg /100 ml) was used as a standard for the construction of the 
calibration curve. A standard curve was made from absorbance versus concentration, and the slope and intercept were 
used for calculation. The equation OF the line is y = 0.0945x + 0.0797 with  R2 of 0.999.

2.6  Physical and functional properties determination

The methods indicated by Oladele and Aina [27] were used to calculate bulk density. The bulk density was determined 
as the weight of the grounded flour in (g) divided by its volume (ml) after tapping. The expansion ratio (ER) was deter-
mined according to the procedure explained by Srivastava and Genitha [28], which defined ER as the ratio of the diameter 
of the extrudates to the diameter of the die. The QUOTEBDg∕ml =

Weight of extrudate

100−Volume of Ym

weight of sample

volume of the sample af ter trapping
 water absorp-

tion index of the flour was calculated according to Anderson [29]. It was computed as the weight of sediments (gel) per 
gram of the weight of dry sample mass. The supernatant preserved from WAI measurement was dried for 5 h at 100 °C, 
and the Water solubility index was determined as the weight of the dried supernatant divided by the weight of the dry 
sample. To calculate oil absorption capacity, one gram of flour sample was mixed in a mixer with 10 ml of oil kept at 
ambient temperature for 30 min and centrifuged at 3000 rpm for 30 min. Excess oil was decanted, and each sample was 
allowed to drain by inverting the tube over absorbent oil. Finally, Oil absorption capacity was calculated by subtracting 
the weight of the sample after centrifugation from the weight of the sample before centrifugation, dividing by the weight 
of the sample, and multiplying by one hundred [30].

2.7  Textural analysis

A Universal Texture Analyzer (TA-XT plus) was used to measure the force required to break (hardness) of the extruded 
products. The sample was placed on a specimen holder platform and operated in compression mode with a sharp test-
ing blade. The texture meter head moved the probe (compression probe) down at a 5 mm/3.38 s rate until it broke the 
extrudates [31].

2.8  Sensory quality evaluation

The sensory quality was evaluated by 20 semi-trained panelists selected from Jimma University College of Agriculture and 
Veterinary Medicine Food Science and Post-harvest Technology staff. Before the evaluation, the panelists were correctly 
oriented regarding the sensory quality determination procedure. The panelists were asked to evaluate the organoleptic 
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attributes, namely visual color, appearance, crispiness, flavor, and overall acceptability, using 5 points hedonic scale 
(5 = like very much, 4 = like moderately, 3 = neither like nor dislike, 2 = dislike moderately, 1 = dislike very much) [32]. The 
 panelist’s average age was 34 years.

2.9  Statistical analysis

The statistical data was examined using design expert software version 13. The significant effect of the independent vari-
ables on each response was determined using the ANOVA results of the regression analysis. Significance was accepted 
at 0.05 level of probability (p < 0.05). The lack of fit and R-square was determined using regression analysis to check the 
adequacy of the model. Response surface plots were generated for all parameters to show the effects of independent 
variables on the response variables.

3  Results and discussions

3.1  Proximate composition of the extrudates

3.1.1  Moisture content

ANOVA table from multiple regression analysis showed that barrel temperature and feed moisture contents had strong 
significant (p < 0.01) quadratic effects on the moisture contents of the extrudates (Table 1). The minimum and maximum 
values of moisture contents of the extruded snack ranged from 4.39 to 5.80% (Table 2). This result suggested that the 
moisture content of current studies is found below the recommended level (< 10%) and enough to have an extended 
shelf life [33]. The maximum (5.80%) moisture contents were obtained at 90 °C BT and 26% of FMC, while the minimum 
(4.39%) moisture contents were recorded at 130 °C BT and 20% of FMC. The moisture content of current studies was 
lower than that of Adem et al.[12]. Enhancing the level of barrel temperature and decreasing the feed moisture contents 
reduced the moisture contents of extrudates, whereas increasing the feed moisture contents increased the moisture 
contents of the extrudates, as shown by the 3D response surface plot (Fig. 2A). This finding is consistent with the work 
of Adem et al. [12], who found a rise in the moisture content of extrudates as the feed moisture content enhanced in 
maize-lupine extruded snacks. Maximum extrudate moisture was obtained at higher feed moisture contents (26%) due to 
high amounts of water in the dough [11]. The other probable reason is low vaporization, resulting in high feed moisture 
content since moisture acts as a lubricant that decreases the products’ vaporization.

3.1.2  Protein content

Multiple regression analysis indicated that barrel temperature had a strong negative significant quadratic effect (p < 0.01) 
while feeding moisture contents had no significant quadratic effects (p > 0.05) on the protein contents of the extrudates 
(Table 1). The recorded protein contents of the extrudates varied from 13.69 to 14.5% (Table 2). Increasing the barrel 

Table 1  ANOVA p-values,  R2, 
lack of fit, and coefficient of 
variation (CV) for proximate 
composition, beta-carotene 
content, and anti-nutritional 
factors of extrudates,

A and B stand for barrel temperature and feed moisture contents, respectively. MC stands for moisture 
content; CP stands for crude protein; CF stands for crude fat; CFI stands for crude fiber; CHO stands for car-
bohydrates; and β-car stands for beta-carotene

Source MC CP CF CFI Ash CHO ꞵ-car Phytate Tannin

Model 0.001 0.000 0.000 0.004 0.001 0.000 0.000 0.000 0.000
A 0.001 0.000 0.000 0.000 0.76 0.000 0.000 0.000 0.000
B 0.001 0.098 0.028 0.186 0.09 0.000 0.000 0.000 0.009
AB 0.455 1.000 0.667 0.730 0.851 0.513 0.978 0.054 0.679
A2 0.045 0.000 0.000 0.405 0.001 0.000 0.607 0.088 0.444
B2 0.574 0.343 0.047 0.405 0.074 0.263 0.622 0.583 0.923
R2 (%) 97.63 98.78 98.27 87.77 88.53 98.64 97.98 96.96 93.02
Lack of fit
CV (%)

0.121
0.62

0.677
0.15

0.159
0.43

0.587
0.38

0.153
0.80

0.328
0.90

0.901
0.27

0.967
1.40

0.989
4.56
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temperature resulted in a reduction of the protein contents of the extrudates. The protein contents decreased from 
14.5 to 13.69%, with the barrel temperature rising from 90 to 130 °C. This trend is shown by 3D response surface plots 
(Fig. 2B). The related results supporting these findings were noted by Rosentrater et al. [34], who reported a decrease 
in protein contents as the barrel temperature of the extrusion rose in the teff-oat extruded snack. This decline could be 
due to the Millard reaction between amino groups of proteins and reducing sugars, such as glucose and fructose, at 
high temperatures and low moisture levels. This reaction could lead to the loss of amino acids, especially lysine, which 
reduces the protein content of the food [35]. The recommended dietary intake of protein content for adolescent children 
is 34 g/day [36]. This product can provide adolescent children with a recommended dietary allowance protein require-
ment of 40.26–42.26%.

3.1.3  Fat content

The barrel temperature had a highly negative significant quadratic effect at (p < 0.01), while feed moisture contents had 
significant effects at (p < 0.05) on the fat contents of the extrudates (Table 1). The minimum and maximum values of fat 
contents of the extrudates were found to be between 4.58 and 5.51% (Table 2). The response surface plot in Fig. 2C illus-
trates that increasing the barrel temperature and decreasing the feed moisture contents decreased the fat contents of 
the extrudates. The highest fat content (5.51%) of the extrudates was recorded at the lowest barrel temperature (90 °C) 
and highest feed moisture contents (26%) and vice versa. So, increasing the barrel temperature from 90 to 130 °C, the 
fat contents of the extrudates decreased from 5.51 to 4.48%. This decline is due to losing some free oil at the die when 
exposed to high temperatures [37]. Another potential reason for reducing fat content is the formation of complexes 
between starch and lipids or protein during extrusion processing, which reduces fat extractability [35].

3.1.4  Fiber content

ANOVA table illustrates that barrel temperature had a highly negative significant quadratic effect (p < 0.01). At 
the same time, feed moisture contents had no significant effects (p > 0.05) on the fiber contents of the extrudates 
(Table 1). The statistical analysis indicates that only the barrel temperature had significant effects on the fiber con-
tents of the extrudates. The fiber content values of this study’s extrudates varied from 3.62 to 3.72% (Table 2), with 
decreased barrel temperature and increased feed moisture content, which increased fiber content retention. The 
influence of the independent variables on the fiber content of the extrudates was indicated by the response surface 
plot (Fig. 2D). The fiber content of the extrudates decreased from 3.72 to 3.62% as the barrel temperature increased 
from 90 to 130 °C. Larrea et al. [38] indicated that total dietary fiber content in orange pulps decreased under high 

Table 2  Proximate 
composition, beta-carotene 
content, and anti-nutritional 
factors of extrudates (db)

BT and FMC represent barrel temperature and feed moisture contents, respectively. MC stands for mois-
ture content; CP stands for crude protein; CF stands for crude fat; CFI stands for crude fiber; CHO stands for 
carbohydrates; and SD stands for standard deviation. All values are means of duplicates

Run
order

BT
(°C)

FMC
(%)

MC
(%)

CP
(%)

CF
(%)

CFI
(%)

Ash
(%)

CHO
(%)

ꞵ-carotene
(mg/100 g)

Phytate
(mg/100 g)

Tannin
(mg/100 g)

1 110 26 5.30 14.21 5.26 3.66 3.34 68.23 6.619 187.95 36.56
2 110 23 5.12 14.17 5.19 3.65 3.28 68.59 6.596 180.28 35.22
3 130 23 4.51 13.73 4.61 3.62 3.14 70.39 6.414 157.26 25.85
4 110 23 5.15 14.19 5.16 3.66 3.23 68.61 6.596 180.28 31.21
5 110 23 5.11 14.17 5.15 3.65 3.24 68.68 6.573 176.44 36.56
6 110 23 5.16 14.22 5.18 3.67 3.25 68.52 6.551 184.11 35.22
7 110 23 5.15 14.16 5.18 3.63 3.25 68.63 6.551 176.44 33.88
8 130 20 4.39 13.69 4.58 3.62 3.12 70.60 6.345 149.59 23.17
9 90 26 5.80 14.50 5.51 3.72 3.15 67.32 6.802 199.46 43.26
10 110 20 4.90 14.15 5.19 3.64 3.29 68.83 6.528 172.61 32.54
11 130 26 4.67 13.71 4.61 3.63 3.15 70.23 6.459 168.77 28.53
12 90 23 5.62 14.51 5.45 3.68 3.13 67.61 6.756 195.62 41.92
13 90 20 5.47 14.48 5.46 3.7 3.11 67.78 6.687 191.79 39.24
SD 0.03 0.02 0.02 0.01 0.02 0.06 0.01 2.5 1.55
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Fig. 2  Response surface plots illustrate the effect of barrel temperature and feed moisture content on the nutritional and anti-nutritional 
properties of the extrudates
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barrel temperatures and lower feed moisture contents. This decline is due to the fragmentation of insoluble dietary 
fiber into soluble dietary fiber, which could be degraded at high temperatures, leading to decreased fiber content [38]. 
The recommended daily requirement of fiber content for adolescent children is 31 g/day [36]. The produced extruded 
snack can supply about 11.6–12% of the recommended daily requirement of fiber content for adolescent children.

3.1.5  Ash content

ANOVA table has shown that barrel temperature and feed moisture contents had no significant quadratic effects (p > 0.05) 
on the ash contents of the extrudates (Table 1). The recorded result of the prepared extruded snack’s ash content was 
between 3.11 and 3.34% (Table 2). Lower results were observed from the current finding than those reported by Omohimi 
et al. (2013), who stated between 3.81 and 4.95%. Adem et al. also observed the insignificant effects of barrel temperature 
and feed moisture on the ash contents [12] in their corn-based extruded snacks. Figure 2E shows the effects of barrel 
temperature and feed moisture contents on the ash content of the extrudates.

Fig. 2  (continued)
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3.1.6  Carbohydrate content

ANOVA table indicated that the barrel temperature and feed moisture contents had strong significant (p < 0.01) quadratic 
effects on the carbohydrate contents of the extrudates (Table 1). The lower and upper results of the carbohydrates of 
the extrudates were between 67.32 and 70.39% (Table 2). The rise in barrel temperature and decrease in feed moisture 
contents enhance the carbohydrate content retention of the extrudates, as shown by 3D surface plots in Fig. 2F. The car-
bohydrate contents of the extrudates increase as the barrel temperature increases and are reduced as the feed moisture 
content rises. The increment could be due to A maximum temperature, which leads to the breakage of bonds, breaking 
some carbohydrate materials within the matrix and releasing some hitherto unavailable carbohydrate materials into the 
matrix [39]. The other potential reason is that the decrease in other proximate compositions increased the carbohydrates.

Carbohydrates are important nutrients that provide energy for our bodies. FAO/WHO [36] indicated that the recom-
mended dietary allowance of carbohydrates for adolescent children is 130 g/day. Utilization of 100 g of extruded daily 
snacks would contribute about 51.7–54.1% of the recommended daily carbohydrate intake.

3.2  Beta‑carotene content of the extrudates

ANOVA table indicated that the barrel temperature and feed moisture contents had strong significant (p < 0.01) quadratic 
effects on the beta-carotene contents of the extrudates (Table 1). The beta-carotene content of the composite flour was 
7.908 mg/100 g, while the beta-carotene content of extrudates ranged from 6.345 to 6.802 mg/100 g (Table 2). As indi-
cated by the response surface plot Fig. 2G, the increase in barrel temperature and reduction in feed moisture content 
decreased the beta-carotene contents of the extrudates. Similar findings were investigated by Singh et al. [40], who 
noted that high temperatures and low moisture content resulted in a high reduction of pro-vitamin A during extrusion 
cooking. This decline is because pro-vitamin A (carotenoids) are heat-sensitive and most likely sensitive to shear, pres-
sure, and barrel temperature [41]. Beta-carotene is an intensely colored red–orange pigment available in vegetables 
and fruits, mostly in carrots and colorful vegetables [42]. The beta-carotene contents were used to determine vitamin A, 
where one retinol equivalence (RAE) equals to12 μg of β-carotene [41]. According to FAO/WHO [36], the recommended 
dietary allowance of vitamin A for adolescent children is 600 μg per day.

The vitamin A content of the extruded snack developed from finger millet, OFSP, and soybean ranges from 528.7 to 
566.8 μg (RAE). Thus, this product will meet adolescent children’s recommended dietary allowance vitamin A require-
ment of 88.1–94.4%.

3.3  Anti‑nutritional factors of the extrudates

3.3.1  Phytate

ANOVA table implies that barrel temperature and feed moisture contents had strong significant (p < 0.01) quadratic effects 
on the phytate contents of the extrudates (Table 1). The extrudates’ minimum and maximum phytate values varied from 
149.59 to 199.46 mg/100 g (Table 2). A high temperature and low feed moisture content reduced the phytic acid contents 
of the extrudates Fig. 2H. As the barrel temperature increased from 90 to 130 °C, the phytate content of the extrudates 
decreased from 199.46 to 149.59 mg/100 g. A reduction may be attributed to the effect of extrusion temperature on 
the structure of phytic acid and hydrolysis of inositol hexa-phosphate fractions to penta and tetra inositol phosphate 
fractions [43]. Phytic acid creates an insoluble complex with particular trace elements zinc, iron, and copper, decreasing 
their bioavailability, decreasing hemoglobin production’s tune-over, and influencing the metabolic process [44].

3.3.2  Tannin

ANOVA table indicated that barrel temperature and feed moisture contents had highly significant (p < 0.01) quadratic 
effects on the condensed tannin contents of the extrudates (Table 1). According to Table 2, the extrudates’ tannin concen-
tration ranged from 23.26 to 43.26 mg/100 g. The increase in barrel temperature and reduction in feed moisture contents 
resulted in a reduction of the tannin contents of the extrudates. At 130 °C of BT and 20% of FMC, the maximum tannin 
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content reduction (75.9%) was examined. Figure 2I implies that the tannin content in the extrudates tended to decrease 
at greater temperatures. Condensed tannins may be destroyed at high temperatures or converted to other compounds, 
resulting in this reduction [16]. The reduction of tannin contents decreased as the feed moisture content level enhanced. 
Less reduction of tannin content at high feed moisture content could be due to the maximum lubricating effect of the 
high feed moisture content, which reduces tannin content degradation [33].

3.4  Physical and functional properties of the extrudates

Physical and Functional properties are essential sources of food characteristics and an important aspect in deter-
mining its competitiveness in the marketplace, as they can influence a food’s sensory and chemical properties [42]. 
They have a direct and indirect relationship with the nutritional properties of the product. For instance, higher fiber 
content in food products will have a higher bulk density and hardness. Products with high starch content will con-
stitute a high water solubility index.

Table 3  ANOVA p-values, coefficients of determination  (R2), lack of fit, and coefficient of variation for extrudates’ physical, functional, and 
sensory properties

Where: A, B, BD, ER, H, WAI, WSI, OAC, and OAA stand for barrel temperature, feed moisture content, bulk density, expansion ratio, hardness, 
water absorption index, water solubility index, oil absorption capacity, and overall acceptability respectively

Source BD ER H WAI WSI OAC Color Flavor Crispness Appearance OAA

Model 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 0.009 0.000 0.000 0.479 0.000 0.076 0.078 0.263 0.000 0.003 0.026
AB 0.580 0.010 0.048 0.000 0.204 0.806 0.629 0.720 0.001 0.133 0.741
A2 0.008 0.025 0.088 0.000 0.045 0.433 0.000 0.003 0.002 0.000 0.001
B2 0.479 0.04 0.824 0.265 0.172 0.695 0.845 0.596 0.052 0.708 0.502
R2 (%) 96.93 99.12 98.35 95.77 97.98 97.28 99.27 98.98 98.87 97.39 99.83
Lack of fit 0.756 0.277 0.187 0.145 0.407 0.443 0.142 0.911 0.123 0.564 0.122
CV (%) 3.91 1.13 0.95 0.61 0.67 0.23 0.29 0.41 0.36 0.57 0.45

Table 4  Physical, functional, and sensory properties of the extruded snack (db),

BT, FMC, BD, ER, H, WAI, WSI, and OAC stand for barrel temperature, feed moisture contents, bulk density, expansion ratio, hardness, water 
absorption index, water solubility index, and oil absorption capacity, respectively. All values are means of duplicate

Std
Order

Run Order BT (°C) FMC (%) BD. (g/ml) ER H (N) WAI
(g/g)

WSI (%) OAC (%) Color Flavor Crispness Appearance OAA

8 1 110 26 0.45 2.02 105.40 4.71 20.02 83.6 3.48 3.27 3.32 3.70 3.21
12 2 110 23 0.45 2.31 97.81 4.45 21.10 83.4 3.46 3.26 3.36 3.63 3.24
6 3 130 23 0.33 2.97 77.80 4.43 23.8 80.3 2.99 3.50 3.67 3.26 3.39
10 4 110 23 0.44 2.33 98.09 4.47 21.00 83.1 3.46 3.24 3.35 3.67 3.26
11 5 110 23 0.4 2.35 99.00 4.44 21.01 83.3 3.45 3.24 3.36 3.61 3.26
9 6 110 23 0.42 2.37 98.50 4.46 21.30 83.6 3.46 3.25 3.37 3.64 3.25
13 7 110 23 0.44 2.34 99.60 4.49 20.96 83.2 3.47 3.28 3.35 3.64 3.24
2 8 130 20 0.3 3.18 70.44 4.29 24.40 80.1 2.98 3.49 3.69 3.21 3.38
3 9 90 26 0.61 1.24 122.10 4.11 18.11 86.3 3.65 3.09 2.93 3.84 2.99
7 10 110 20 0.38 2.61 90.86 4.28 21.80 82.9 3.44 3.26 3.42 3.59 3.28
4 11 130 26 0.35 2.72 84.20 4.61 22.61 80.2 2.99 3.51 3.65 3.30 3.37
5 12 90 23 0.59 1.65 116.50 3.94 18.70 86.1 3.64 3.09 2.97 3.82 3.00
1 13 90 20 0.58 1.88 112.80 3.75 19.50 86.1 3.65 3.08 3.10 3.82 3.01
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3.4.1  Bulk density

The barrel temperature and feed moisture contents had highly significant (p < 0.01) quadratic effects on the bulk 
density of the extrudates (Table 3). The obtained extrudates’ lowest and highest bulk density values ranged from 0.3 
to 0.61 g/ml, respectively (Table 4). The study by Adem et al. [12], which found that maize-based extruded snacks 
had concentrations ranging from 0.33 to 0.92 g/ml, was in line with these results.

Fig. 3  Response surface plots show the effect of Barrel temperature and Feed moisture contents on the physical and functional properties 
of the extrudates
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The response surface plot Fig. 3A illustrates that increasing the barrel temperature and decreasing the feed moisture 
contents decreases the bulk density of the extrudates. The results show that maximum bulk density (0.61 g/ml) was 
recorded at 90 °C of BT and 26% of FMC, while the minimum BD (0.31 g/ml) was recorded at 130 °C of BT and 20% of FMC.

The current study was in line with the findings of Ding et al. [45], who noticed that High extrusion temperature and 
low feed moisture content had been stated to reduce the bulk density of rice-based extrudates. Because at high tempera-
tures, the extrudates will become more gelatinized due to more significant expansion, which reduces the bulk density 
[1]. Also, a high feed moisture content during extrusion causes plasticization. It reduces the elasticity of the melt, leading 
to decreases in the expansion and enhancing the density of extrudates [31].

Bulk density measures a material’s compactness or weight and is affected by several elements, including particle size 
and shape [46]. Foods with lower bulk densities usually have more air, making them easier to digest because they take 
up more space in the stomach and trigger feelings of fullness. On the other hand, high bulk density means the product 
is more compact and has less air, making it challenging to digest [31]. This result is particularly relevant for snack foods, 
where consumers typically want a product that is easy to eat and enjoy.

3.4.2  Expansion ratio

ANOVA table showed that barrel temperature and feed moisture contents have a strong, significant quadratic effect on 
the expansion ratios of the extrudates (p < 0.001) (Table 3). The recorded values of the expansion ratio of the prepared 
extrudates varied from 1.24 to 3.18 (Table 4). The maximum expansion ratio (3.18) was obtained at 130 °C of BT and 20% 
of FMC. At the same time, the minimum expansion ratio (1.24) was obtained at 90 °C of BT and 26% of FMC. The current 
values were similar to the findings of Balwant et al. [47], who reported between 2.16 and 3.30.

The rise in barrel temperature and decrease in feed moisture contents enhanced the extrudates expansion ratios, as 
shown by 3D response surface plots (Fig. 3B). In this study, the result showed that high feed moisture content and low 
barrel temperature reduced the expansion ratios of the extrudates. Several researchers have stated that an increase in 
barrel temperature and a decrease in feed moisture contents increase the expansion ratios of extrudates [1, 22, 23]. The 
rise in feed moisture content decreased the expansion ratio of the extrudate. The possible reason for this is a rise in the 
extrudates’ bulk density at higher feed moisture contents, which leads to a decrease in the expansion ratio [31]. On the 
other hand, the expansion ratio is amplified by enhancing the barrel temperature of the extruder. This is due to the degree 
of superheating of water at higher temperatures, which means that when it comes into contact with the starch in the 
feed material, it causes the starch granules to swell and burst, releasing their contents. This expansion ratio is directly 
proportional to the degree of superheating, so higher temperatures lead to higher expansion ratios [14]. The expansion 
ratio (the puffing factor) is a crucial quality parameter for breakfast cereals and ready-to-eat snack foods [19]. A higher 
expansion ratio is generally preferable in producing extruded snacks because it is directly related to the product’s degree 
of starch gelatinization and crispness [47].

3.4.3  Hardness

ANOVA table has shown that barrel temperature and feed moisture contents had a highly significant quadratic effect 
(p < 0.01) on the hardness of the extrudates, and a significant variation (p < 0.05) was observed in the interaction of bar-
rel temperature and feed moisture contents (Table 3). The hardness values of the extrudates ranged from 70.44 to 122.1 
N (Table 4). The product’s breaking strength decreased from 122.1 to 70.44 N as the barrel temperature rose from 90 to 
130 °C, and the feed moisture content decreased from 26 to 20%. The result obtained from the hardness test fell within 
the 60.23–222.7 N range proposed by Minweyelet et al. [22] for extruded snacks made from teff and rice.

The 3D Response surface plot below (Fig. 3C) indicates that increasing Barrel temperature decreases hardness while 
enhancing Feed moisture contents increases the breaking force of the extrudates. A temperature rise resulted in a decline 
in the breaking strength due to decreased melt viscosity, increasing expansion, and lowering the density, giving less 
hard extrudates. Hardness is the maximum force required for a probe to penetrate the extrudates [48]. When an extruded 
snack is too hard, it can reduce the crispness and increase the product’s density. This is undesirable for consumers who 
prefer a light and crispy texture.
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3.4.4  Water absorption index

ANOVA table has shown that barrel temperature and feed moisture contents had a strong, significant quadratic effect 
(p < 0.01) on the WAI of the extrudates (Table 3). The lower and upper results of the WAI of the extrudates were 3.75 and 
4.71 g/g, respectively (Table 4). The values of current studies were similar to the finding of Kharat et al. [19], who recorded 
a range of 3.51–4.18 g/g. Increasing the barrel temperature and feed moisture contents improves the WAI of the extru-
dates. The effects of process variables on the WAI are indicated by response surface plots (Fig. 3D). This finding agrees 
with the results of Kharat et al. [19], who investigated an increment in the extrudates’ WAI as the feed moisture content 
level increased. This increment is becausewater acts as a lubricant in the extrusion process, consequential in decreasing 
friction between the screw and inner wall of the barrel and starch molecules.

This results in less degradation of the amylose and amylopectin, leading to a rise in the WAI of the extrudates [49]. 
Initially, a rise in temperature increases the WAI, and further, it declines at high temperatures. This fluctuation is because, 
under lower temperatures, more undamaged polymer chains and a higher occurrence of hydrophilic groups could bind 
ample water, resulting in higher values of WAI. The water absorption index (WAI) is commonly used as an indicator of 
starch gelatinization, which is the process by which starch granules absorb water and swell, forming a gel-like structure 
[49].

3.4.5  Water solubility index

ANOVA table from Regression analysis has shown that barrel temperature and feed moisture contents had a highly 
significant quadratic effect (p < 0.01) on the WSI of the extrudates (Table 3). The minimum and maximum values of WSI 
of the extrudates were 18.11% and 24.4%, respectively (Table 4). The potential reason for the variation in WSI is the dif-
ference in the raw material, ingredient proportion, and processing condition.

The influence of process variables on WSI was illustrated in Fig. 3E using response surface plots. Increasing the barrel 
temperature and decreasing feed moisture contents enhance the WSI of the extrudates. The output of this study was 
consistent with Kebede et al. [48], who documented that the WSI of the extrudates was at its maximum at the maximum 
barrel temperature. Enhancement in WSI with extrusion temperature could expect a high level of starch degradation, 
which leads to an increased release of many soluble components [50]. In contrast, enhancing the feed moisture contents 
reduced the WSI of the extrudates. Moisture content acts as a plasticizer during extrusion cooking, making the product 
more viscous and reducing starch granules’ degradation [19]. Since starch degradation was reduced at high feed moisture 
content, releasing fewer soluble molecules may lead to a decline in the extrudates’ WSI.

The WSI measures the amount of soluble polysaccharides released from the starch and other components in the tested 
material [49]. By measuring the WSI, the degree of dextrinization or degradation of the material can be determined, which 
could provide valuable information about its suitability for various applications in the food industry.

3.4.6  Oil absorption capacity

ANOVA table has indicated that barrel temperature had a highly negative significant quadratic effect at (p < 0.01). At 
the same time, feed moisture contents had no significant quadratic effects at (p > 0.05) on the OAC of the extrudates 
(Table 3). The extrudates’ Oil Absorption Capacity ranged from 80.1 to 86.3% (Table 4). The increase in barrel temperature 
and decrease in feed moisture content reduced the oil absorption capacity of the extrudates (Fig. 3F). When the barrel 
temperature is increased, it can cause protein denaturation, aggregation, and hydrophobic group interaction. These 
changes can reduce the hydrophobicity of the sample, which in turn can result in a decline in the OAC. This result is 
consistent with Ghumman et al. [23], who observed decreased OAC with increased barrel temperature. The oil absorp-
tion capacity is an essential functional property for improving and increasing the mouthfeel and retaining the flavor 
of food products. This property is critical in extruded food products, where the interaction between oil and starch can 
significantly impact product quality [51].
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Fig. 4  A response surface plot shows the effect of barrel temperature and feed moisture contents on the sensory acceptability of the extru-
dates
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3.5  Sensory properties of the extrudates

3.5.1  Color

ANOVA table has shown that barrel temperature had a highly negative significant quadratic effect (p < 0.01). At the same 
time, feed moisture contents had no significant quadratic effects at (p > 0.05) on the color of the extrudates (Table 3). 
Increasing feed moisture content slightly enhances the color score values but has no significant effect (p > 0.05). The 
lower and upper color values of the extrudates evaluated by the panelist ranged from 2.98 to 3.65 (Table 4). The results 
showed that increasing the barrel temperature from 90 to 130 °C reduces the color acceptance of the extrudates from 
3.65 to 2.98. Color gives information about the formulation and quality of the product. Barrel temperature significantly 
affected the color acceptance of the extruded products. Figure 4A demonstrates that increasing the barrel temperature 
seems to have decreased the color acceptance of the extruded products. A higher temperature produces a darker color of 
extrudates than a lower temperature due to non-enzymatic browning, which results from the Maillard reaction between 
proteins and reducing sugar [35].

3.5.2  Flavor

ANOVA table has indicated that barrel temperature had a highly positive significant quadratic effect at (p < 0.01). At the 
same time, feed moisture contents had no significant quadratic effects (p > 0.05) on the flavor of the extrudates (Table 3). 
The recorded flavor value of the extrudates varied from 3.09 to 3.51 (Table 4). Increasing the barrel temperature and feed 
moisture contents increased the flavor of the extrudates, as indicated by the 3D response surface plot (Fig. 4B). Tadesse 
et al. [33] also reported that increasing the barrel temperature improves the flavors of the extrudates. This improvement 
is due to increased volatile compounds as the barrel temperature rises, increasing the flavor profile and intensity because 
of a high degree of Maillard and caramelization reaction.

3.5.3  Crispness

ANOVA table has shown that barrel temperature and feed moisture contents, as well as their interaction, had a highly 
significant quadratic effect at (p < 0.01) on the crispness of the extrudates (Table 3). The maximum and minimum mean 
scores by panelists for crispness were 3.69 and 2.93, respectively (Table 4). The crispness of expanded extrudates is a 
perception of the human being and is related to the expansion and cell structure of the product [52].

The effects of process variables on the crispness of the extrudates were presented by response surface plot (Fig. 4C). 
The rise in barrel temperature increased the crispness of the extrudates, while the increase in feed moisture content 
declined the crispness of the products. This result agrees with Ding et al. [52], who found that increasing feed moisture 
content significantly decreased the crispness of rice extrudates. However, increasing the barrel temperature improves 
the extrudates’ crispness due to more significant expansion. The more expanded product becomes crispier and easily 
brittle [31].

3.5.4  Appearance

ANOVA table has shown that barrel temperature and feed moisture contents had a highly significant quadratic effect at 
(p < 0.01) on the appearance of the extrudates (Table 3). The panelists’ lowest and highest score appearance of the extru-
dates was between 3.21 and 3.84 (Table 4). The result indicated that increasing the barrel temperature and decreasing 
feed moisture contents decreases the extrudates’ appearance. Figure 4D implies the influence of independent variables 
on the appearance of the extrudates. Alemayehu [16] also investigated a decrease in the appearance of the extrudates 
as the barrel temperature rose. The potential reason is a decrease in the color acceptance of the extrudates at higher 
barrel temperatures since the color is an important quality characteristic and influences the consumers’ perception of 
the product’s appearance.
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3.5.5  Overall acceptability 

ANOVA table has shown that barrel temperature had a strong positive significant quadratic effect (p < 0.01). At the same 
time, feed moisture contents had significant quadratic effects at (p < 0.05) on the OAA of the extrudates (Table 3). The 
overall acceptability of the prepared extrudate products varied from 2.99 to 3.39 (Table 4). The response surface plot in 
Fig. 4E implies that increasing feed moisture contents and decreasing barrel temperatures decline the overall accept-
ability of the extruded products. Similar trends were observed by Lotfi Shirazi et al. [53], who reported that a rise in feed 
moisture contents could decrease the OAA of the extruded snack made from barley and carrot pomace. This decrement 
is because the denser structures of the extrudates and the reduction in the crispness of the extrudates at high feed 
moisture content resulted in a reduction of the overall acceptability of the products. Meanwhile, increasing temperature 
enhances the OAA of the extrudates. This finding could be related to the higher expansion ratio of the extrudates at 
higher temperatures, which might increase the OAA of the extrudates [53]. Due to the positive relationship of the barrel 
temperature with the expansion ratio, a significant parameter that influences the panelists’ overall acceptability of the 
extrudates with a high expansion ratiowas more favorable to the consumers [54].

3.6  Optimization of the extrusion processing conditions

Optimization aims to determine the ideal values of independent variables to achieve optimum response variables. This 
study employed numerical optimization using Design Expert version 13, with a specific target for each response. The 
independent variables were optimized using this approach. All the measured parameters have been targeted for optimi-
zation. Nutritional composition such as protein, fat, ash, and beta-carotene were maximized, and anti-nutritional factors 
were minimized. Bulk density and hardness were minimized, while the expansion ratio was maximized. WAI and WSI were 
set in range. All sensory quality was maximized. Finally, the optimal processing conditions for better response values were 
obtained at 114.5 °C of Barrel temperature and 20% of feed moisture contents with the desirability of 0.611 (Table 5).

Table 5  The desirability for 
each response as well as 
the actual and predicted 
mean values of proximate 
composition, beta-carotene 
content, anti-nutritional 
factors, and physical, 
functional, and sensory 
properties of the extrudates

Parameters Actual mean values Predicted mean values Desirability

MC (%) 14.15 15.13 0.69
CP (%) 14.15 14.18 0.45
CF (%) 5.12 5.17 0.53
CFI (%) 3.66 3.64 0.79
Ash (%) 3.21 3.25 0.67
CHO (%) 68.77 68.59 1
ꞵ- carotene (mg/100 g) 6.58 6.57 0.29
BD (g/ml) 0.44 0.42 0.78
ER (mm/mm) 2.31 2.34 0.76
Hardness (N) 97.93 98.50 0.67
WAI (g/g) 4.34 4.46 1
WSI (%) 21.10 21.06 1
OAC (%) 83.25 83.31 1
Phytate (mg/100 g) 178.51 179.48 0.62
Tannin (mg/100 g) 34.09 34.48 0.64
Color 3.39 3.45 0.58
Flavor 3.27 3.25 0.51
Crispness 3.35 3.35 0.73
Appearance 3.59 3.63 0.51
OAA 3.22 3.25 0.77
Combined 0.611
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4  Conclusion

This experiment aimed to develop a nutrient-rich extruded snack by optimizing the extrusion cooking’s barrel tempera-
ture (BT) in °C and feed moisture content (FMC) in percentage. The result showed that BT (°C) and FMC (%) influenced most 
measured responses. However, the barrel temperature was the most significantfactor influencing product quality rather 
than feed moisture content. Maximum barrel temperature decreased the protein, fat, beta-carotene content, and color 
but improved the expansion ratio, WSI, flavor, crispness, and overall acceptability. Enhancing the FMC (%) level increased 
the extrudates’ WAI, hardness, and bulk density. The optimum processing conditions for better quality products were 
accomplished at 114.5 °C of Barrel temperature and 20% of Feed moisture. The current study established the potential 
of OFSP at industrial levels for manufacturing nutrient-rich extruded snacks. Small and large-scale snack food-producing 
industries could use the achieved optimum values to develop nutrient-rich snacks with acceptable sensory quality.
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