
Heliyon 9 (2023) e13160

Available online 24 January 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Mechanical properties of tef starch based edible films: 
Development and process optimization 

Kenenisa Dekeba Tafa a,*, Neela Satheesh b,c, Worku Abera a 

a Department of Food Process Engineering, College of Engineering and Technology, Wolkite University, Wolkite, Ethiopia 
b Faculty of Chemical and Food Engineering, Bahir Dar Institute of Technology, Bahir Dar, Ethiopia 
c Department of Food Nutrition and Dietetics, Faculty of Agriculture, Sri Sri University, Cuttack, Odisha, India   

A R T I C L E  I N F O   

Keywords: 
Central composite design 
Edible film 
Mechanical properties 
Response surface methodology 
Tensile strength 
Elongation at break 

A B S T R A C T   

The non-biodegradable synthetic plastic is one of the greatest challenges facing the food pack
aging business since it seriously harms the environment. To solve this problem, non- 
biodegradable plastic may be disposed of more affordably and with less harm on the environ
ment by using edible starch-based biodegradable film. Therefore, the present study was focused 
on the development and optimization of tef starch based edible films based on mechanical 
properties. In this study response surface methodology was employed by considering 3–5g of tef 
starch, 0.3–0.5% of agar and 0.3–0.5% of glycerol. The prepared film showed the tensile strength 
of 17.97–24.25 Mpa, elongation break of 1.21–2.03%, elastic modulus of 17.58–108.69 MPa, 
puncture force of 2.55–15.02 N, puncture formation of 9.59–14.95 mm. The findings showed that 
as glycerol concentrations in the film-forming solution increased, the prepared tef starch edible 
films’ tensile strength, elastic modulus, and puncture force declined while their elongation at 
break and puncture deformation increased. Tef starch edible films’ mechanical characteristics, 
including as tensile strength, elastic modulus, and puncture force, were increased by the increase 
of agar concentration. The optimized (from 5 gm tef starch, 0.4 g agar and 0.3% glycerol) tef 
starch edible film exhibited higher tensile strength, elastic modulus, and puncture force while 
lower elongation at break and puncture deformation. The composite edible film based tef starch 
with agar exhibited good mechanical properties and can be suggested for application in food 
industry as food packaging.   

1. Introduction 

According to Plastic Europe (2020), global production of packaging materials has been increased to 368 million tonnes in 2019 and 
40.5% of the produced plastics were used for food packaging applications, but less than 1% of packaging materials are biodegredable 
[1]. Thus, a huge amount of non-biodegradable plastic has been discarded into the environment, which causes the serious environ
mental pollution. In order to reduce the use of synthetic or non-biodegradable plastic and to preserve environmental health, many 
researchers are now very interested in producing biodegradable edible films [2,3]. Biodegradable films have been studied and applied 
as potential alternatives for conventional plastics in food packaging [4,5]. Studies on various types of non-conventional starches have 
been conducted in response to the growing need for decomposable polymer films for use in food packaging [6]. According to Tye et al., 

* Corresponding author. 
E-mail address: barikene21@gmail.com (K.D. Tafa).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e13160 
Received 12 April 2022; Received in revised form 18 January 2023; Accepted 19 January 2023   

mailto:barikene21@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e13160
https://doi.org/10.1016/j.heliyon.2023.e13160
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e13160&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e13160
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e13160

2

biodegradable edible films are mainly prepared from natural biopolymers, such as carbohydrates, proteins, and lipids [7]. Due to their 
biodegradability and lack of toxicity, biopolymers including chitosan, carboxymethyl cellulose, starch, and cellophane could be 
employed to address environmental problems [8]. 

Starch is most promising polysaccharides for the creation of decomposable edible films since it is a future-proof, abundant, sus
tainable, and affordable commercial biopolymer [9–11,]. Starch-based biodegradable edible films are now employed in assortment of 
food packaging and they are environmentally beneficial alternative to synthetic plastics or non-biodegradable films due to their 
availability and cheap production costs [2,12]. Therefore, starch is considered and appreciated as novel packaging materials for 
developing starch edible films and can be a prodigious alternate for non-degradable conservative plastic films in different food and 
nonfood applications [2]. Moreover, starch based biodegradable edible films possess some positive aspects like odorless, tasteless, 
colorless properties with outstanding mechanical properties [13]. Different investigators are conducted on the preparation and 
characterization of the edible starch films by cassava, corn, pearl millet, wheat, rice, quinoa, sweet potato, and pea [3,14,15]. 
However, there is a lack on detailed scientific reports and studies concerning with process optimization and development of tef starch 
based biodegradable edible films. 

Tef is popular and indigenous raw materials that used for preparation of traditional fermented food known as “Injera”, a staple food 
in Ethiopia. It contains magnificent nutritional components and becoming popular as a healthy cereal around the world. It is observed 
to be a potential source of starch (around 73%) with 18–27% of amylose content [16]. Therefore, high amylose content of tef starch is 
essential for development of biodegradable edible films [17]. Still, tef-starch films prepared with the blend of camu-camu extract 
reported by Ju and Song, (2019) and concluded that, tef starch edible film has poor mechanical properties [18]. Similarly, other 
previous studies also reported that the starch-based edible films has naturally possess poor mechanical properties [19,20]. However, to 
overcome this problem, appropriate plasticizers and agar should be incorporated in starch-based edible films that can be exhibited 
ameliorated mechanical properties of films. In order to develop environmentally acceptable packaging materials, agar-agar, a 
renewable biodegradable polysaccharide, has been used. Agar increases the mechanical and water obstruction qualities of edible films 
by acting as an excellent cohesive agent in the biopolymer matrix [11,21]. Therefore, to enhance the mechanical attributes of the 
starch edible films, appropriate agar concentration is very relevant in film forming solution. Furthermore, glycerol can be act as 
hydrophilic compound and it is helpful in enhancing the film flexibility and mechanical properties of starch edible films [8]. Still now, 
the tef starch based edible film with better mechanical properties are not reported scientifically. 

Hence, the present study was carried out with the objective is to optimization of tef starch, agar and glycerol compositions for 
edible starch film. In this study also investigated the single and interaction effects of variables on selected mechanical attributes of tef 
starch based edible films by the help of central composite design of response surface methodology. 

2. Materials and methods 

2.1. Raw materials 

Tef starch was isolated by following the method reported by Bultosa et al. (2002), and used as raw materials for preparation of 
edible film [22]. The moisture, fat, ash, total protein, amylose and amylopectin content of the isolated tef starch was determined 
according to the method of AOAC [23]. Food grade glycerol and agar were procured from local laboratory reagent and chemical 
suppliers. 

2.2. Experimental design 

Response Surface Methodology was chosen to carry out this experiment by using the Design Expert version 8.0 (Statease, Min
neapolis, USA) software. Central Composite Designs (CCD) with 3 variables in 3 levels were used to assess the effect of factors and to 
optimize the interaction of variables. The independent variables were considered in this study were tef starch, agar and glycerol 
amounts. Preliminary studies were carried out to determine the maximum and minimum value of factors. Each of the independent 
variables was coded at three levels between − 1 and +1 as listed in Table .1. 

2.3. Preparation of edible films 

Solution casting method [18] was followed to develop tef starch edible films through varying proportion of tef starch, agar, and 
glycerol are presented in Table 1. Around 5 ml homologous film forming solution was formulated by dissolving the starch in distilled 
water. Then the glycerol was added in to the film forming solution and subjected to the heating process on heating plate and gradually 

Table 1 
Experimental range of independent variables and their levels.  

Variable (unit) Factors X Levels 

− 1 0 +1 

Tef starch (g) X1 3 4 5 
Agar (g) X2 0.3 0.4 0.5 
Glycerol (%) X3 0.3 0.4 0.5  
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to 90 ◦C for 30 min with regular mixing (700 rpm). The film forming solutions was poured in the Petri dish (100 mm diameter and 15 
mm deep) carefully and cooled to 25 ◦C and allowed to at this temperature for 30 min. Further, drying was carried out at 50 ◦C for 48 h. 
Finally, the films were cautiously peeled from the dishes and equilibrated at 25 ◦C at 37% RH for 72 h before determination of 
properties. The preparation of starch film is illustrated in Fig. 1. All the experiments were triplicated. 

2.4. Determination of mechanical properties of prepared films 

2.4.1. Tensile and puncture properties 
The tensile properties [tensile strength (MPa), elongation at break (%), elastic modulus (MPa), puncture force (N), and puncture 

deformation (mm)] were studied by using auto tensile tester (XLW (EC), China). Film sample strips with an appropriate size (1.5 × 5 
cm) was taken from each prepared tef starch films. Prior to testing, the cross-sectional area of each sample—which is equal to thickness 
times width—was determined by measuring the thickness of the samples using a micrometre at several capricious positions on the film. 

2.5. Characterization of optimized tef starch biodegradable edible film 

2.5.1. Scanning electron microscope (SEM) 
A scanning electron microscope was used to obtain electron micrographs of the optimized tef starch films (JEOL, Tokyo, Japan) 

according to the method of Ju and Song [18]. Dried films were positioned on double-sided stick tape put on an aluminum stub, and the 
film was then covered with gold. An accelerating voltage of 15 kV and magnifications of 1000X and 1500X were used for studying 
surface of samples. 

2.5.2. XRD analysis 
The X-ray diffraction spectra of the optimized tef starch based edible film was evaluated using an X-ray diffractometer (XRD-7000, 

SHIMADZU Corporation, Japan) with previously illustrated method [24]. The necessary parameters such as X-ray, 40 kV, Cu–K ra
diation, 30 mA, and angle of scanning (2θ) was in the range from 5◦ to 80◦ with a scanning speed of 4.0 ◦C/min. For calculation of the 
overall area under the curve and the area under each notable peak, the Origin Pro 2018 software program was utilized. The following 
equation (1) was used to compute the % crystallinity: 

Fig. 1. Graphical description of tef starch-based edible film preparation.  
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Crystallinity (%)=

[
area under peaks

Total area

]

(1)  

2.6. Statistical analysis and process optimization 

The significant model that explains the link between the independent variables and the response variables was found using the 
statistical programme Design Expert 8.0 (Stat-ease Inc., Minneapolis, USA). Equation (2) is the result of deriving a quadratic model, 
which also contains the linear model, from a second-order polynomial model fitted to the CCD. 

Yk = β0+ β1 X1 + β2 X2 + β3 X3 + β11 X1
2 + β22 X2

2 + β33 X3
2 + ε (2)  

Where Yk = response variable namely tensile strength (MPa), elongation (%), elastic modulus (MPa), puncture force (N), and puncture 
deformation (mm); independent coded variables include concentrations of X1 tef starch (g), X2 = agar (g), X3 = glycerol (%). 

The test of statistical significance was performed on the total error. Using the analysis of variance (ANOVA) method, the models’ 
suitability was assessed, and their coefficient of determination (R2) and adjusted R2 values were calculated. The variables on each 
response were used to create the F values and R2 values. By holding two components constant and altering the other two from the fitted 
polynomial equation, the regression coefficients were utilized to do statistical calculations to create 3D surface plots as a function of the 
variables on each answer. To comprehend their primary and interacting effects on the dependent variables, these graphs have been 
created [25]. Finally, the numerical optimization was performed to determine the best composition of the tef starch, agar and glycerol 
concentrations are required for the edible film with the best mechanical properties. 

3. Results and discussions 

3.1. Chemical composition of tef starch 

The chemical analysis showed that tef starch contained moisture content (8.1 ± 0.06%), total protein content (0.02 ± 0.01%), ash 
content (0.25 ± 0.01%, dry basis), amylose content (22.2 ± 0.78%, dry basis), and amylopectin content (77.8 ± 0.3%, dry basis), 
respectively as shown in Table 2. 

However, Bultosa, (2008) was also reported that, the composition of the starch influence the quality attributes and functionality of 
the starch based edible films [26]. Previous study [17] reported similar reports on the composition of the starch from the tef. The 
amylose amounts in the tef starch influence the film forming attributes and responsible for a film forming capacity [18]. The high 
amylopectin content of starch significantly affects the mechanical attributes of edible films [27]. Cano et al. [28], reported that, edible 
films from amylose-rich sources forms crystalline regions during the drying. This higher amylose content gives stiffer, higher resistance 
to fracture, however, lower stretchable films, with decreased oxygen permeability and higher water binding capacity. However, 
amylopectin is acts as the plasticizer in the starch based edible films. 

The starch-based biodegradable films’ hydrophilic nature is its principal drawback. This nature leads to the reduction in film 
permanency when they exposed to diverse environmental circumstances [29]. Petersson and Stading et al., examined the role of lipids 
in reducing the hydrophilic nature of starch films; however, as the lipid portion increased in the film forming solution, phase sepa
ration was observed and leads to incompatibility of the components [30]. So, lower fat in the tef starch isolated in this study is one of 
the positive factor for the edible biofilm production. Jiménez et al. (2012) reported the adding the casein (protein) to corn starch 
decreases the degree of crystallinity in starch films and averts starch recrystallization in the storage [13]. The combination of hy
drocolloids and starch modifies the characters of starch films, for instance this can limit the retrogradation [31]. So, lower protein 
content of the tef starch obtained in present study is good for the starch based edible biofilm preparation. The tef starch considered in 
this study is best suited for the preparation of starch edible films. 

3.2. Mechanical properties of the prepared films 

Different Mechanical properties of the starch based edible films are studied and the analysis of variance was presented in Table 3. 

3.2.1. Tensile strength 
The tensile strength is an imperative character of edible films, it provides an information on the ability of film to endure exterior 

force and sustain film integrity without breaking. The tensile strength property showed significant (P < 0.0001) affect in linear and 
quadratic terms by the composition of ingredients in the film. The ability of edible films made of starch to tolerate external force and 

Table 2 
Chemical constitutes of tef starch.  

Sample MC (%) Fat (%) TP (%) Ash (%, dry basis) Am (%, dry basis) Ap (%) 

Tef starch 8.1 ± 0.06 0.59 ± 0.01 0.02 ± 0.01 0.25 ± 0.01 22.2 ± 0.78 77.8 ± 0.3 

MC = Moisture content; TP = Total protein; Am= Amylose; Ap = Amylopectin. 
The vales are mean ± Standard deviation of three observations. 
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preserve their integrity without rupturing depends on their tensile characteristics. This property is very important to determine the 
suitability of the starch film for packaging applications. The tensile strength of tef starch based biodegradable edible films prepared in 
this study ranged from 17.97 to 24.25 MPa as shown in Table .4. Fig. 2(a) revealed that, tef starch based edible films with greater 
concentration of starch and agar demonstrated good tensile strength. The same trends is confirmed in the findings of Wu et al., [32]. 
The increase in the tensile strength is attributed to the establishment of inter-molecular hydrogen bonds among the agar and tef starch, 
in addition the compacted structure formations in the biodegradable edible films showed greater tensile strength [33]. According to 
Tessaro et al., an increased in cassava starch exhibited the higher tensile strength of films [34]. The agar in film forming solution also 
contributed to the higher tensile strengths. This is attributed to the ability of agar to form more rigid network in the edible films due to 
the strong interaction of intermolecular hydrogen bonds [35]. Therefore, the current study shown that, amounts of agar and tef starch 
positively affected the tensile strength of biodegradable edible films. 

Fig. 2 (b) exhibited the influence of glycerol and agar on tensile strength of biodegradable edible films. The agar concentration had 
positive effects on tensile strength of tef starch based biodegradable edible films, but the glycerol was not effective (Fig. 2(c)). As the 
glycerol concentration was reduced in the mixture, higher tensile strength values were observed [21]. This trend might be attributed to 
the plasticizers reduced interaction of inter-molecular hydrogen bonding between the starch-agar molecules, therefore, it is reduced 
the tensile strength of prepared biodegradable edible film in this study. This outcomes is in agreement with the previous findings of 
Singh et al. (2020) [14], where increasing the amounts of glycerol in film forming solution exhibited the lower tensile strength of 
edible films. The hydrophilic property of glycerol, which can hold more water molecules and has a stronger plasticizing impact, is the 
factor for its detrimental effects on tensile strength [36]. The tensile strength properties of the of tef starch edible film prepared in this 
study are comparable with those of the other starch films, such as pearl millet starch edible films [14], agar based edible films [37]. 

3.2.2. Elongation at break 
The elongation at break property showed significantly (P < 0.0001) affected in linear and quadratic terms by the composition of tef 

starch, agar, and glycerol in the film. The elongation at break shows how long a film can be extended from the beginning to the break. 

Table 3 
ANOVA (P-values) for Tensile strength, Elongation at break, and Elastic modulus of tef starch based edible film.  

Source TS EB EM PF PD 

Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
A-Tef starch <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
B-Agar <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
C-Glycerol <0.0001 0.4314 <0.0001 <0.0001 <0.0001 
AB <0.0001 0.0009 <0.0001 0.6771 <0.0001 
AC <0.0001 0.0010 <0.0001 <0.0001 <0.0001 
BC <0.0001 0.0076 <0.0001 <0.0001 <0.0001 
A2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
B2 <0.0001 0.8353 <0.0001 <0.0001 <0.0001 
C2 <0.0001 0.0050 0.0002 <0.0001 <0.0001 
Lack of fit 0.1526 0.6722 0.0921 0.0942 0.0529 

TS = Tensile Strength; EB = Elongation at break; EM = Elastic Modulus; PF= Puncture Force; PD= Puncture Deformation. 

Table 4 
The mechanical properties of the edible film as the composition at various starch, Agar and Glycerol concentrations.  

Run Tef starch (g) Agar (g) Glycerol (%) TS (MPa) EB (%) EM (MPa) PF (N) PD (mm) 

1 4 0.4 0.4 24.01 1.58 84.90 7.26 14.23 
2 3 0.3 0.5 19.31 1.81 18.98 2.55 14.95 
3 5 0.3 0.3 20.20 1.60 83.79 12.65 10.95 
4 5 0.4 0.4 23.4 1.4 75.66 11.68 12.02 
5 4 0.3 0.4 21.98 1.90 75.56 6.99 14.46 
6 4 0.5 0.4 24.01 1.37 107.54 11.06 12.76 
7 4 0.4 0.4 24.01 1.63 84.84 7.41 14.24 
8 5 0.5 0.5 20.16 1.40 77.06 14.02 13.2 
9 4 0.4 0.4 24.01 1.66 84.90 7.26 14.19 
10 4 0.4 0.5 21.89 1.72 77.98 4.46 15.8 
11 3 0.3 0.3 17.97 2.03 17.58 10.32 14.05 
12 5 0.5 0.3 24.25 1.21 108.6 15.02 9.59 
13 3 0.5 0.5 19.52 1.35 61.02 8.20 13.02 
14 3 0.5 0.3 20.4 1.41 81.00 12.38 11.27 
15 4 0.4 0.4 24.01 1.65 83.75 7.25 14.2 
16 5 0.3 0.5 18.82 1.60 74.46 8.56 13.95 
17 3 0.4 0.4 21.88 1.56 33.96 7.4 13.4 
18 4 0.4 0.4 23.89 1.59 84.97 7.33 14.22 
19 4 0.4 0.3 23.12 1.72 94.98 8.9 13.52 
20 4 0.4 0.4 24.01 1.69 84.97 7.26 14.24 

Where, TS = Tensile strength; EB = Elastic modulus; EM = Elongation at break; PF= Puncture force; PD = Puncture deformation. 
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This factor represents the flexibility and stretchability of the films. The flexibility of the biodegradable packaging films determines 
intended application and succeeding transportation, handling and storage of packed foods. The elongation at break of tef starch based 
edible film ranged from 1.21 to 2.03% as shown in Table 4. Fig. 3(a) showed the significant effects of agar and tef starch concentration 
on the elongation at break value of the prepared films. This study showed that, as the tef starch ratio increased the elongation at break 
of biodegradable edible films were decreased. In contrast, as agar ratio increased the intermolecular hydrogen bonds among poly
saccharide chains are reduced and increase their flexibility, then increased the elongation [33]. In general elongation at break reduced 
as the agar portion increased [38]. This trend is similar with the previous findings of potato starch films reported by Wu et al., [32]. 
They reported that, the proportions of agar in the film forming solution increased the elongation at break decreased gradually, while 
the tensile strength was increased. This reduction in the elongation at break is attributed to the three-dimensional linkages and 
development of intermolecular hydrogen bonds among agar and starch restrained the mobility of polysaccharide chains [33]. 

Fig. 3(b) revealed the effects of agar and glycerol concentrations on elongation at break of tef based biodegradable edible films. In 
this study identified that, as the glycerol concentration raised in the film forming solution the increase in elongation at break observed, 
while decreased the tensile strengnth of the prepaed edibe film (Fig. 3(c)). The results of present study are confirmed with the previous 
findings [32], where the concentaration of glycerol raised the elongation at break of potato starch film. This increase in the elongarion 
at break of the edible film is attributed to the hydrophilic nature of starch–agar polymer chains. The intensity of the intermolecular 
forces that improve mobility between molecular chains and increase elongation are weaker when glycerol levels are increased [39]. 
Similerly, Banna et al. [40], reported in increase of elongation at break of sugar palm starch edible film when plasticizer amounts 
increased. This trend might be observed due to the decrease in plasticizer leads to the inteaction of intermolucelar hydrogen bonding 
between polymer molucules. 

3.2.3. Elastic modulus 
An elastic material’s elastic modulus, which can be used for correct characterization and development, assesses the toughness of the 

material. The elastic modulus of the prepared edible biofilm showed significant (P < 0.0001) affect in linear and quadratic terms by the 
composition of tef starch, agar, and glycerol. The elastic modulus of tef starch based edible film ranged from 17.58 to 108.69 MPa 

Fig. 2. Three-dimensional surface plot revealing the effects of tef starch (g), agar (g), and glycerol (%) on Tensile Strength (Mpa) of prepared edible 
film. Where; a). Effect of Agar (g) and Tef starch (g) levels on the Tensile Strength(Mpa) of prepared edible film; b). Effect of Glycerol (%) and Tef 
starch (g) levels on the tensile strength (Mpa) of prepared edible film; c). Effect of the Glycerol (%) and Agar (g) on Tensile Strength (Mpa) of 
prepared edible film. 
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(Table 4). Fig. 4(a) showed the effects of agar and glycerol on the elastic modulus of biodegradable edible films. Addition of agar in 
edible films had positive effects on elastic modulus. The present study showed that, the higher values of elastic modulus was examined 
for biodegradable edible films with lower glycerol content. This lower elastic modulus may be due to the intermolecular interactions 
between polysaccharide chains in dried films [33]. The same trends of the present study results also reported by the Atef et al. [41], on 
agar-based nanocomposite film and Araujo-farro et al. [42], on quinoa based starch edible films. 

Glycerol highly determine the elastic modulus of starch film, with a dismissive effect on response. From the study it is observed that, 
the lower elastic modulus values of biodegradable edible films with higher glycerol content. This could be due to the plasticizing effects 
of glycerol, which alter the structure of the starch network, weaken the matrix, and reduce the attractive interactions between the 
polymer chains [43]. Prakash Maran et al. [33] showed that the elastic modulus of edible films (maize starch) reduced with increasing 
the glycerol content, this was attributed to the formation of discontinuities in the polymer matrix in the dried film. The decrease in the 
elastic modulus of agar-based nanocomposite film with increasing concentration of the nanocrystalline cellulose was reported by the 
Atef et al. [41] while without nanocrystalline cellulose elastic modulus increased. The increase in elastic modulus of tef starch based 
biodegradable edible films with increased agar and tef starch contents showed in Fig. 4(b). This trend might be due to the formation of 
strong interaction among the intermolecular forces between agar-starch molecules (Fig. 4(c)). Similar elastic modulus values of the 
starch edible films also reported by the Luchese et al., [34]. As upsurge in the starch encouraged in development of the resistance 
properties at break and film stiffness. 

3.2.4. Puncture force 
The greatest force necessary to cut through a substance is called the puncture force. The puncture force property showed signif

icantly (P < 0.0001) affected in linear and quadratic terms by the composition of tef starch, agar, and glycerol in the film. The puncture 
force of tef starch edible film varied from 2.55 N to 15.02 N as shown in Table 4. Fig. 5(a) showed the influence of tef starch and agar on 
the puncture force of edible films. Puncture force of tef starch edible film is increased with raising the concentration of tef starch and 
agar. A similar fashion was given by Prakash Maran et al. [33], for maize starch based edible films, when raise in maize concentration, 
puncture force also reported higher. Prakash Marana et al. [33], also showed that, water vaporizes during the film-forming solution’s 
drying phase and allowing the formation of starch network. At this juncture, closer starch chains caused by higher starch concen
trations may make a matrix with a higher starch content per unit area easier to form. This higher concentrations of the starch per unit 

Fig. 3. Three-dimensional surface plots revealing the effects of Tef starch (g), Agar (g), and Glycerol (%) on Elongation at break(Mpa). Where; a). 
Effect of Agar (g) and Tef starch (g) levels on the Elongation at Break (Mpa) of prepared edible film; b). Effect of Glycerol (%) and Tef starch (g) 
levels on the Elongation at Break(Mpa) of prepared edible film; c). Effect of the Glycerol (%) and Agar (g) on Elongation at Break (Mpa)of prepared 
edible film. 
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area increases the force required to puncture. 
Direct interactions and the closeness of starch chains were reduced when a plasticizer was added to the film-forming solution. Thus, 

while under stress, starch chain oscillations were expedited and the puncture force was reduced. The three-dimensional network 
structure made by the tangling of agar strands expanded together with the increase in agar concentration [33]. 

Fig. 5 (b & c) showed the effects of glycerol, agar and tef starch on the puncture force of films. The increasing of glycerol con
centration was negatively affected the puncture force of tef starch edible films. This study cleared that addition of higher glycerol 
concentration in tef starch edible films decreased the puncture force. Saberi et al. [44], showed that, the puncture force values of tef 
starch edible film were decreased with increasing the glycerol concentration. The effect of glycerol is well-known in starch based edible 
biofilms. When glycerol is introduced into the starch network, intermolecular interactions are reduced and polymer chain mobility is 
increased [45]. Gontard et al. [46], also reported linear reduction of the puncture force in edible films from 1.9 to 0.3 N as the glycerol 
concentration increased in film forming solution. 

3.2.5. Puncture deformation 
The puncture deformation is the important parameter to apprehended the mechanical resistibility of film. The puncture defor

mation property showed significant (P < 0.0001) affect in linear and quadratic terms by the ratios of tef starch, agar, and glycerol in the 
film. Puncture deformation of prepared tef starch based edible film ranged from 9.59 to 14.95 mm as shown in Table 4. The effects of 
tef starch, agar and glycerol on the puncture deformation was showed in Fig. 5 (a, b and c). From this study it is observed that, puncture 
deformation raised linearly as the glycerol concentration increased and reduced in tef starch and agar amounts as shown in Fig. 6 (b & 
c). Fig. 6(c) showed that, puncture deformation of tef starch edible film decreased when the agar and tef starch concentration 
increased. Similarly, glycerol concentration was also positively affected the puncture deformation. This trend is observed similar with 
the previous findings [33]. 

Due to the formation of hydrogen bonds between the hydroxyl groups of starch and glycerol, the glycerol molecules reduce the tight 
binding between the starch macromolecules. This causes the starch films’ elasticity to rise. Furthermore, raising in the starch amounts 
in film forming solution also enlarged the puncture force. According to Prakash Maran et al. [33], reported the tapioca starch films 
puncture deformation elevated due to the enhanced suppleness of polymers in the occurrence of glycerol. Sobral et al. [45], also 
reported that, puncture deformation of gelatin film upsurges by raising in plasticizer amounts. This trend may be attributed to the raise 

Fig. 4. Three-dimensional surface plots revealing the effects of tef starch (g), agar (g), and glycerol (%) on Elastic modulus (Mpa) of prepared edible 
film. Where; a). Effect of Agar (g) and Tef starch (g) levels on the Elastic modulus (Mpa) of prepared edible film; b). Effect of Glycerol (%) and Tef 
starch (g) levels on the Elastic modulus (Mpa) of prepared edible film; c). Effect of the Glycerol (%) and Agar (g) on Elastic modulus (Mpa) of 
prepared edible film. 
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in flexibility of macromolecules and this also leads to the less dense matrix films [33]. The decrease in the puncture force and the 
increase of puncture deformation were accredited to the amalgamation of plasticizers, and water molecules absorbed by the samples. 
This is a very general spectacle of edible films reported in different scientific studies [33,45,46]. 

3.3. Model for prediction of tef starch edible film properties 

The present experiments were carried out according to response surface methodology in central composite design and total number 
of experiments were 20. The levels of factors, tef starch (X1), agar (X2), and glycerol (X3) and the effects of interaction on tensile 
strength, elongation at break, elastic modulus, puncture force, and puncture deformation were determined by response surface 
methodology in central composite design. The data obtain was fitted to the several models (linear, interactive, quadratic and cubic) to 
attain regression model. Two different tests namely the sequential model sum of squares, and model summary statistics were carried 
out in this study to decide the adequacy of models. The quadratic model possessed the greatest “R2” value for various responses and 
also generated the regression equations shown in Table 5. 

The fit summary findings showed that the quadratic model was the most intriguing of all the models of comparison. In ANOVA, a 
quadratic regression model showed F-value of 84.98, P < 0.0001 for Tensile strength, F-value of 0.7363, P < 0.0001 for elongation at 
break, F-value of 11597.43, and P < 0.0001 for elastic modulus, F-value of 186.12, P < 0.0001 for puncture force, F-value of 41.60, P 
< 0.0001 for puncture deformation as shown in Table 5. 

3.4. Optimization and validation of the process parameters 

In the present study, obtained second order polynomial models were conceded for each response parameters and also find the 
optimum conditions. The desirability function method was employed for optimization of the various responses. The optimization 
target was to minimize solubility, and elongation at break while maximizing tensile strength and elastic modulus. The numerical 
optimization provided that, 5g of tef starch, 0.4 g of agar and glycerol concentration of 0.30% as the optimum components. The starch 
based edible biofilm prepared with optimum compositions will provide (system generated) the film with 23.18 MPa of tensile strength, 

Fig. 5. Three-dimensional surface plots revealing the effects of tef starch (g), agar (g), and glycerol (%) on Puncture Force (N) of prepared edible 
film. Where; a). Effect of Agar (g) and Tef starch (g) levels on the Puncture Force (N) of prepared edible film; b). Effect of Glycerol (%) and Tef starch 
(g) levels on the Puncture Force (N) of prepared edible film; c). Effect of the Glycerol (%) and Agar (g) on Puncture Force (N) of prepared edible film. 
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1.42% of elongation at break, 88.67 MPa of elastic modulus, 10.65 N of puncture force, and 12.65 mm of puncture deformation. 
This optimal condition was used to validated experimentally in order to confirm the adequacy of a model. The optimized value from 

the developed empirical model equations were used to carried out triplicate experiments and to compare the experimental outcomes 
with the predicted values. The teff based biofilm from the optimized blending of ingredients showed (measured) 23.18 MPa for tensile 
strength, 1.42% elongation at break, 88.76 MPa elastic modulus, 10.60 N puncture force, 12.62 mm puncture deformation. The 
mechanical characteristics that were discovered to be in conformity with the projected values made it abundantly evident that the 
constructed quadratic models were suitable. It should be emphasized that these optimal values are valid within the required range of 
process parameters given the results of the confirmation studies, which demonstrate the applicability of the generated quadratic 
models. 

Fig. 6. Three-dimensional surface plots revealing the effects of tef starch (g), agar (g), and glycerol (%) on Puncture Deformation (mm) of prepared 
edible film. Where; a). Effect of Agar (g) and Tef starch (g) levels on the Puncture Deformation (mm)of prepared edible film; b). Effect of Glycerol 
(%) and Tef starch (g) levels on the Puncture Deformation (mm) of prepared edible film Puncture Deformation (mm); c). Effect of the Glycerol (%) 
and Agar (g) on Puncture Deformation (mm)of prepared edible film. 

Table 5 
The regression equation and R2 values of tensile strength, elongation at break, elastic modulus, puncture force, and puncture deformation.  

Property Regression Equation R2 Value 

TS + 24.00+ 0.7752X1 + 1.01X2 − 0.6229X3 + 0.3442X1X2 − 0.7408X1X3 − 0.6150X2X3 − 1.38X1
2 − 1.02X2

2 − 1.51X3
2 0.9995 

EB + 1.64 − 0.0964X1 − 0.2189X2 − 0.0098X3 + 0.0620X1X2 + 0.0610X1X3 + 0.0445X2X3 − 0.1614X1
2 − 0.0049X2

2 + 0.0816X3
2 0.9810 

EM 84.45+ 20.71X1 + 16.49X2 − 7.65X3 − 9.75X1X2 − 2.80X1X3 − 5.46X2X3 − 29.21X1
2 + 7.53X2

2 + 2.46X3
2 0.9995 

PF + 7.33+ 2.11X1 + 1.96X2 − 2.15X3 + 0.0149X1X2 + 0.8564X1X3 + 0.8354X2X3 + 2.17X1
2 + 1.66X2

2 − 0.6854X3
2 0.9995 

PD + 14.21 − 0.6980X1 − 0.8519X2 + 1.15X3 + 0.3250X1X2 + 0.4950X1X3 + 0.1825X2X3 − 1.48X1
2 − 0.5799X2

2 + 0.4701X3
2 0.9997 

Where, X1 = Tef starch; X2 = Agar; X3 = Glycerol; TS = Tensile strength; EB = Elastic modulus; EM = Elongation at break; PF= Puncture force; PD =
Puncture deformation. 
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3.5. Characterization of optimized tef starch edible film 

3.5.1. Morphological properties 
The scanning electron microscope images of the optimized tef starch biodegradable film is showed in Fig. 7. The tef starch edible 

film had some pores on the surface, aggregation of starch, and agar granules are also observed on the surface of edible film. The 
optimized edible film had rough, coarser, and irregular surface. Similar trend is observed with previous findings by Madera-santana 
et al. [38],. Ju and Song [18], showed that, scanning electron microscope of tef starch edible film has smooth and homogenous surface, 
while in the present study the scanning electron microscope of tef starch has not uniform smooth surface due to increasing the con
centration of agar in film forming solution. Comparable finding is observed with earlier findings of Wu et al. [32], the raise in agar had 
showed substantial influence on the microstructure of potato starch film. 

Strong molecular interactions between tef starch, agar, and glycerol and the development of a continuous phase of polymeric 
matrix are responsible for these microscopic structural characteristics. Its good mechanical qualities, notably tensile strength, may be 
due to the compacted structure of composite film with better structural solidity than stated film made of pearl millet starch [47]. 

3.5.2. XRD analysis of the optimized tef starch based edible film 
A study of X-ray diffractograms was done to assess the amorphous-crystalline structure, which is categorized by strong peaks 

related with crystalline diffraction and an amorphous zone [48]. The edible biofilm from optimized formula showed semi-crystalline in 
structure. The XRD spectra of optimized tef starch based edible film shown in Fig. 8. The XRD of tef starch revealed the three main 
diffraction peaks at 2 θ = 17.14◦, 20◦, and 22.04◦. This result is disclosed that the incorporation of agar enhanced the crystallinity of 
optimized films and interaction among agar and tef starch matrix [37]. Similar XRD result was reported by Ibrahim et al. [49], on corn 
starch-based films as affected by different concentrations of the plasticizers. Wu et al. [32], also showed that, incopropration of agar 
improved the microstructure of potato starch edible films. Tef starch edible film was showed strong peak intensity (22.04◦) due to the 
development of tough intereaction of hydrogen bonding among agar and stach molecules. The peaks at 22.04◦ became broader reveals 
the effective compatability between agar and starch [49]. Starch film from cassava starch based film reported higher peak intensity 
owing to the formation of intermolecular hydrogen bond than the reported study [50]. 

On the other hand, optimized tef starch edible films with plasticizer (glycerol) content revealed lower peak intensities or crys
tallinity which indicates a superior amorphous zone and minor peak intensity. Similar result was also described by Edhirej et al. [50], 
for cassava starch edible films by plasticizier. García et al. [48], also showed that the maize starch films with glycerol provides higher 
peak intensities or crystallinity and lower amorphous region. However, the presence of plasticizier (glycerol) in starch film formulation 
was not significantly affect the XRD pattern of optimized film. This result is close agreement with the previous findings of starch based 
films [48]. Relative crystallinity of optimized tef starch based edible film was 34.18%. The concentration of plasticizier significantly 
affected the peak intensity of optimized tef starch film. Corn starch film had higher degree of crystallinity when increasing concen
tration of plasticizier [49]. 

4. Conclusion 

Tef starch edible films were homogenous, flexible, transparent, and biodegradable eco-friendlily packaging materials. The result 
exhibited that, the plasticizer (glycerol) was the most relevant parameters influencing the mechanical properties of the tef starch edible 
films. On the other hand, agar incorporation in edible films was enhanced the mechanical properties of tef starch based edible films due 
to the formation of strong interaction of inter-molecular hydrogen bonding between starch-agar molecules. The prepared film showed 
the tensile strength of 17.97–24.25 MPa, elongation break of 1.21–2.03%, elastic modulus of 17.58–108.69 MPa, puncture force of 
2.55–15.02 N, puncture formation of 9.59–14.95 mm. The statistical analysis revealed a high coefficient of determination value (R2) 
for tensile strength (0.9995), for elongation at break (0.9810), for elastic modulus (0.9995), for puncture force (0.9995), and for 
puncture deformation (0.9997). Therefore, it is confirming the fit of the second order polynomial regression model with actual data. 
The numerical optimization provided that, 5g of tef starch, 0.4 g of agar and glycerol concentration of 0.30% provides starch based 
edible biofilm with 23.18 MPa of tensile strength, 1.42% of elongation at break, 88.67 MPa of elastic modulus, 10.65 N of puncture 
force, and 12.65 mm of puncture deformation. The optimized tef starch edible film exhibited lower elongation at break, and puncture 
deformation but higher tensile strength, elastic modulus and puncture deformation. The increase in agar had significant effects on the 
microstructure of tef starch edible film. The XRD results concluded that the presence of agar in starch film forming solution was 
improved the crystallinity of film. Finally, from this study can conclude that composite biodegradable edible film from tef starch with 
agar exhibited good mechanical properties. So, tef starch based edible films prepared in this study can be used in food industry for food 
packaging or coating applications. 
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