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Abstract 

This research aimed to optimize the microwave popping process of 5 cultivars of ñuña beans under different moisture content. This work 

was divided into two stages: determining the optimal time and microwave power for maximum popping and studying the effect of initial 

grain moisture content on popping percentage. For this, grains were conditioned to 9%, 11%, 13% and 15% of moisture content. The results 

suggested that only the cultivars “Vaquita poroto”, “Negra” and “Jabona” cultivars reach the highest popping percentages selecting 

optimum microwave power and process time. In addition, this work found that for every studied cultivar, moisture content between 9 to 

11% w.b (wet basis). is suitable to maximize popping percentage. Moisture contents greater than 13% w.b. drastically reduced the popping 

percentage but increased expansion percentage. In conclusion, this work recommended “Vaquita poroto” cultivar since it presented the 

maximum popping percentage even at moisture content up to 13% w.b. As practical applications, popping process using microwave has 

not been widely study, especially for non-conventional popping beans. These beans are consumed in South America; however, they can 

be exported as a healthy snack. In addition, this work optimized the process and selected the best cultivar of this bean to be industrialized. 

In addition, the present work demonstrated the importance of the initial moisture content of the beans to improve quality and yield of 

burst grains. 
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1. Introduction 
 

Around 30000 of the estimated 300000 to 500000 

plant species presented in the world are considered 

edible; although only 7000 of them are consumed 

by humans (Marrelli et al., 2020). Even though glob-

alization currently allows trading of abundant spe-

cies in a constant flow, there are those agricultural 

species that do not reach a global recognition sce-

nario. The main causes of this underutilization have 

diverse origins: from agronomic factors such as the 

high cost, in terms of time investment for harvesting 

some grains, and the short post-harvest life of some 

fruits; economic circumstances associated with the 

high transaction cost involved in bringing the prod-

ucts to the market due to the lack of communica-

tion infrastructures and incipient marketing systems, 

up to the low profitability they provide, compared 

to the improved varieties (Pastor et al., 2006).  

Nevertheless, many of these products have proper-

ties that could be exploited as new sources of 

business, rural development, and market growth. In 

fact, there are a big demand for grains and legumes 

which were processed by puffing and popping due 

to their nutritional characteristics (Swarnakar et al., 

2022). Regarding the situation in Andean region, 

one underutilized crop is the "ñuña" bean or pop-

ping bean, which it receives this name for the char-

acteristic of bursting when exposed to heat (Cruz 

Balarezo et al., 2009). In fact, the potential of this 

type of bean is still little explored as it has not been 

given importance as an innovative product within 

the traditional economy of the Andean people; so 

much so, that it only concentrates on small crops in 

the highland areas of Peru and Bolivia (Otálora et 

al., 2006). According to Valladolid (2016), there are 

seven cultivars of ñuña: ñuña pava, ñuña soya, 

checche poroto, vaquita poroto, ñuña jabona, ñuña 

blanca, ñuña negra, all of which are registered by 

the Ministry of Agriculture and Irrigation of Peru.  

The popping process takes place in some grains 

when heat is applied. The bursting of the grains is 

caused by vaporization of water in the starch matrix 
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of the grain which increases the temperature and 

internal pressure, leading to the rupture of the per-

icarp. In this process, the starch grains gelatinize 

and the pores expand, resulting in a spongy matrix 

(Castro-Giráldez et al., 2012). This process also de-

velops different flavors and smells, increasing ac-

ceptability by the consumer of the cereal or legume 

(Llopart & Drago, 2016), that can be an opportunity 

for the production of new snacks.  

The popping property depends on intrinsic 

characteristics of the grain such as variety, physical 

properties and composition; and on process 

conditions as aging and storage, and heating devise 

(Swarnakar et al., 2022). For instance, it was 

indicated that a direct selection of the family 

phenotypes increased the percentage of popping 

and the coefficient of expansión Vorwald and 

Nienhuis (2009b). In addition, other work states that 

the combination of 5% of moisture, chamber 

temperature of 244 °C and a popping time of 90s 

resulted in 90% yield percentages for a variety of 

ñuña beans (Vorwald & Nienhuis, 2009a). Another 

examples is for sorghum whose popping quality is 

influenced by environment, genotype, and the 

genotype-environment interaction (Pugh et al., 

2017). 

Furthermore, popping methods are important to 

consider. Electric frying pans, kitchen ovens, and 

microwave ovens are the three most commonly 

used appliances in homes and food industries 

(Gökmen, 2004; Sanchez-Pardo et al., 2012). These 

devises cause superheating during the popping 

process due to a pressure vessel inside the pericarp 

increases, which produces a driving force for 

expanding the kernel once the pericarp breaks 

(Hoseney et al., 1983; Puangjinda et al., 2016). When 

microwave heating is used, expansion occurs due 

to the vapor pressure inside the grain under an 

oscillating field of specific frequency in the 

microwave (Ernoult et al., 2002; Puangjinda et al., 

2016). In fact, microwave popped products may not 

have same expansion compared to conventional 

methods as heating time is shorter in addition to 

the uneven heating pattern (Mishra et al., 2014).  

Popping yield and expansion are important quality 

parameters to consider for popping process 

(Rezaey et al., 2024; Van der Sman & Bows, 2017). 

To optimize production processes and ensure 

product quality, it is crucial to understand the 

physics underlying snack expansion and consider 

various factors that can influence the process. Fac-

tors such as heating conditions and grain properties 

can impact the expansion steps and final product 

characteristics. Therefore, controlling microwave 

power and exposure time is essential to achieve the 

desired expansion. Furthermore, there is not any 

work using microwave popping for ñuña changing 

moisture content of the grain justifying the present 

research. For those reasons, the present work 

aimed to study the microwave assisted popping 

process of five cultivars of ñuña beans controlling 

microwave power, time and grain’s moisture 

content. 

 

2. Methodology 

2.1 Raw material 

Ñuña bean grains were obtained from a local 

market from Huamachuco -Peru (3200 masl). 

Almost 2 kg of grains were obtained from each 

ñuña cultivar: “Negra” (N), “Pava” (P), “Checche 

poroto” (CP), “Vaquita poroto” (VP), “Jabona” (J). 

The grains were stored in paper bags after being 

selected considering uniform size and perfect 

condition without any damage. They were stored at 

an average room temperature of 18°C - 20°C, with 

an initial moisture content wet basis (w.b.) of 8.04%-

VP, 8.3%-CP, 8.51%-P, 11.02%-N and 12.85%-J. 

 

2.2 Experimental design 

The experimental design was divided into two 

stages, as shown in Figure 1. In Stage 1, the rota-

tional central composite design was used to study 

two variables, time (1 - 2 min range), and percent-

age power of the microwave (40% - 100%), consid-

ering 100% of power as 857 ± 20 W. The popping 

percentage (Section 2.4) was used as the depend-

ent variable to determine the response pattern and 

stablish the optimum values of independent 

variables. Table 1 presents the considered levels for 

each variable range. 
 

Table 1 

Surface respond design of the first stage of the experiment 
 

Experiments 
Power percentage 

(%) 
Time (min) 

1 50 (-1) 1.09 (-1) 

2 90 (1) 1.09 (-1) 

3 50 (-1) 1.51 (1) 

4 90 (1) 1.51 (1) 

5 40 (-1.41) 1.3 (0) 

6 100 (1.41) 1.3 (0) 

7 70 (0) 1 (-1.41) 

8 70 (0) 2 (1.41) 

9 70 (0) 1.3 (0) 

10 70 (0) 1.3 (0) 

11 70 (0) 1.3 (0) 

 

The surface respond design allowed to obtain the 

optimum time and microwave power for each 

cultivar of ñuña bean regarding their popping 

percentage yield.  

In Stage 2, the effect of grain’s moisture content on 

popping and expansion percentage of each cultivar 
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of ñuña was studied. The grains were conditioned 

to 4 levels of grain moisture content (9%, 11%, 13%, 

15%) based on the previous model of Vorwald & 

Nienhuis (2009b) (see section 2.4). Then, the 

popping percentage and expansion percentage 

was evaluated for each treatment considering the 

optimum conditions of microwave power and time 

determined in the first stage. 
 

 
 

Figure 1. Experimental design for the 2 stages of the experiment. 
 

 

2.3 Microwave popping process 

For microwave popping process a sample of grains 

(100 grains in the first experimental stage and 20 

grains in the second experimental stage) were place 

inside a paper bag. The bags were place inside a 

Microwave Oven (Oster, Model POGH21402 34L, 

China) setting the power percentage and the time 

according to experiments from Table 1 for Stage 1 

and considering the optimum values of Power-

Time for Stage 2.  
 

2.4 Moisture content conditioning  

For studying the moisture content effect on 

popping quality, the grain’s moisture content was 

conditioned. 

For increasing moisture content (11%, 13% and 15% 

w.b.), water was added to grains to reach the 

desired moisture. The added water mass was 

calculated by mass balance (Equation 1) considering 

the initial mass of the grains and their initial 

moisture content obtained by a Moisture Analyzer 

(OHAUS, model MB45 basic LA, Switzerland). Then, 

ñuña grains were sprayed with the calculated mass 

of water and stored in sealed containers under 

refrigeration conditions (5 °C) for one week to 

homogenize the moisture.  

The equation for mass balance is presented in 

Equation 1, where 𝑚𝑎 (g) is the mass of water that 

have to be added to reach the desired moisture 

content, 𝑋0 is the initial moisture content of grains 

(% w.b.) and 𝑋𝑓 is the desired moisture content that 

grains should reach. 
 

𝑚𝑎 =
𝑚0∙(𝑋𝑓−𝑋0)

100−𝑋𝑓
   (Equation 1) 

 

On the other hand, the sample with the lowest initial 

moisture content (9% w.b.) was prepared by placing 

the grains in a desiccator with silica gel for 2 weeks 

until obtaining the required moisture content. The 

mass of the grains was controlled twice a day in 

order to verify if they reach the required moisture 

content (determined by mass balance in Equation 

2). 

𝑚𝑓 =
𝑚0∙(100−𝑋0)

100−𝑋𝑓
   (Equation 2) 

 

Where 𝑚𝑓 (g) is the mass that grains must reach to 

reduce their moisture content to 𝑋𝑓 = 9%. 
 

2.5 Popping Percentage 

The popping percentage represents the proportion 

of beans that successfully burst during heating. The 

equation proposed by Otálora, Ligarreto, & 

Romero (2006) was used (Equation 3). In this case, 

at the Stage I, 100 grains of ñuña were put into a 

paper bag and placed inside the microwave plate. 

The different levels of cooking time were controlled. 

Then, the grains in which the cotyledons broke the 

testa (seed coat) were counted, and this value was 

expressed as: 

𝑃𝑜𝑝𝑝𝑖𝑛𝑔 (%) =
𝑁1×100

𝑁0
  (Equation 3) 

 

where N1 is the number of grains with broken seed 

coat due to the expansion of the cotyledons and N0 

is the number of seeds in the original sample. Same 

procedure was used for the Stage II using only 20 

grains of ñuña.  
 

2.6 Volume expansion percentage  

A sample of 20 grains of each treatment was taken 

and the volume of each seed was measured, before 

and after popping process. For that, the width, 

length and height were measured using a digital 

caliper and the volume was determined using 

Equation 4 (van Beem & Spaeth, 1990). 
 

𝑉 =
4

3
× 𝜋 × 𝐴 × 𝐵 × 𝐶   (Equation 4) 

 

where A is the width of the grain; B, the length of 

the grain; and C, the height of the grain. 
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% 𝑒𝑥𝑝 =
𝑉1

𝑉2
   (Equation 5) 

 

The percentage of expansion (Equation 5) is the 

rate between grain volume after popping V1 and 

grain volume before popping V2. 
 

2.7 Statistical evaluation 

In the first experimental stage, Rotational Central 

Composite Design (RCCD) for Surface Respond was 

applied to determine the best value of microwave 

power percentage and time to maximize popping 

percentage. The design and analysis were 

conducted using STATISCA 7.0 software. For 

selecting the suitable model (Linear, quadratic with 

or without interaction), determination coefficients 

were compared. The best values of microwave 

power percentage and time were obtained from 

the best models, fixing values of power percentage 

(60, 70, 80, 90, 100) and finding the shorter time to 

obtain the highest popping percentage. It is 

important to mention that the power percentage 

were fixed according to the commercial microwave 

oven power levels (discrete values). This step was 

performed using the ‘Solver’ tool of Microsoft Excel 

2019 (Microsoft, USA). 

In the second experimental stage, an analysis of 

variance was carried out to evaluate the effect of 

moisture content of the grains on popping percent-

age and volume expansion of the grains. Then, if 

necessary, Tukey's mean comparison test was 

applied to verify the difference between treatments 

of each variable. Confidence level of 95% was 

considered.  

 
3. Results and discussion 
 

3.1 Optimization Power-Time microwave popping 

Using surface response design methodology 

considering time and microwave power as variables 

led to reach high popping percentage for every 

studied cultivar. This methodology was used before 

for optimizing rice popping (Mir et al., 2016) and 

increasing popping yield of red popcorn (Pohndorf 

et al., 2019). For microwave popping, response 

surface methodology was used in popping process 

of paddy (Devi & Das, 2018).  

Table 2 shows the determination coefficients (R2) of 

the four common models that can be use with 

Central Composite Design. The model that 

considers the linear and quadratic main effects with 

the interaction between the independent variables 

obtained the highest values of R2 for every ñuña 

bean cultivar. Consequently, this model was 

selected to plot the respond surfaces showed in 

Figure 2 and the model parameters are presented 

in Table 3. 

Figure 2 shows that each variable, time and power 

percentage, had similar effect for each cultivar of 

ñuña bean. Every respond surface evidenced a 

tendency to increase popping percentage when the 

power percentage and time is increased. Regarding 

Pava and Checche poroto cultivars, the popping 

percentage was not high as the other cultivars, 

reaching values less than 80%. In fact, a precise 

energy (power – time) should be provided to grains 

for popping since more energy leads to grain 

damage avoiding it to burst. For instance, this is 

evidenced for Checche poroto cultivar, where 

longer times than 1.6 min can reduce popping 

percentage. In addition, for Jabona cultivar, where 

higher microwave power can reduce popping 

percentage. Previous studies with ñuña beans (line 

PB24) showed similar results regarding increasing 

popping percentage with popping time up to 1.75 

min; however, decreasing after this time (Vorwald & 

Nienhuis, 2009a) 

Similarly, time and microwave power expressed 

exclusive behaviors in other types of grain. For 

example, rice needed a popping time of 80 s with a 

microwave power of 600 W (Devi & Das, 2018) or 

120 s of popping time with a microwave power of 

800 W (Puangjinda et al., 2016). Controlling time is 

crucial since, excessive time produces irreversible 

effect, as, for example, on popcorn quality (Solanki 

et al., 2018). 

Table 4 shows the predicted results of the popping 

percentage yield for the five studied cultivars 

considering the optimum values of power and time. 

The results show that the varieties Negra, Jabona, 

and Vaquita can achieve a 100% popping 

percentage, while Pava and Checche poroto 

achieved a slightly lower popping percentage of 

77.1% and 76.9%, respectively. In fact, this reinforces 

that hereditary genetic of the samples can affect the 

popping process (Pugh et al., 2017).  

 

Table 2 

Determination coefficients (R2) of the Surface Response Models for each studied cultivar of ñuña bean 
 

Model type Pava 
Vaquita 

poroto 
Negra Jabona 

Checche 

poroto 

Linear main effects only 0.775 0.820 0.909 0.648 0.562 

Linear and quadratic main effects only 0.813 0.851 0.922 0.855 0.666 

Linear main effects 2 ways 0.798 0.825 0.922 0.648 0.585 

Linear and quadratic main effects 2 ways 0.836 0.856 0.935 0.857 0.689 
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Table 3 

Value of regression coefficients of “Linear and quadratic main effects 2 ways model” for each studied cultivar of ñuña bean. The model 

considers microwave power percentage (P) (%) and process time (t) (min) 
 

Model: a + b∙P2 + c∙P + d∙t2 + e∙t + f∙P∙t 

Coefficients Pava 
Vaquita 

poroto 
Negra Jabona 

Checche 

poroto 

a -397.8 3.7 -161.0 -337.3 -293.7 

b 5.23 -0.31 1.76 6.13 2.74 

c -0.016 0.010 -0.012 -0.041 -0.024 

d 259.1 -19.6 66.5 144.7 241.9 

e -50.4 33.4 -22.2 -29.6 -91.3 

f -1.071 -0.357 0.893 0.179 1.071 

 

 
 

Figure 2. Statistically significant response surfaces of popping percentage of five ñuña beans cultivars. 
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Table 4 

Optimum values of microwave power percentage and time for obtaining the maximum popping percentage of each ñuña bean cultivar 
 

Cultivar Power Percentage (%) Time (min) Popping Percentage (%) Energy *(kJ) 

Pava 100 1.5 79.7 77.1 

Vaquita poroto 80 2.2 100 90.5 

Negra 90 1.9 100 87.9 

Jabona 80 2.4 100 98.7 

Checche poroto 100 1.9 76.9 97.7 

*Calculated by considering 100% of power as 857 W. 

 

 
 

 

Figure 3. Effect of grain’s moisture content on popping percentage and expansion percentage after microwave assisted popping process. 

The dots represent the average of experimental data; vertical vars represent the standard deviation; lowercase letters represent Tukey’s 

comparison test regarding popping percentage; uppercase letters represent Tukey’s comparison test regarding expansion percentage. 
 

 

The results suggest that the popping characteristics 

of different bean varieties can vary significantly and 

that the optimal popping conditions for each culti-

var can be predicted using mathematical models 

based on the variables of power and time. 

 

3.2 Moisture influence in popping process 

The effect of 4 different levels of moisture content 

(9%,11%,13%,15% w.b.) and its effect on popping 

and expansion percentage of 5 different cultivars of 

ñuña were investigated. Figure 3 shows that the 

popping percentage of every studied cultivar was 

affected by its initial moisture content. In fact, every 

cultivar evidenced decrease of popping percentage 

when moisture was higher than 11% w.b. observing 

a drastic drop at 15% w.b. of moisture content. 

Therefore, drier grains are desirable to increase 

popping yield. It is important to mention that other 

components as starch, protein and fat content 

could not affect the popping process of ñuña beans 

as demonstrated in several American cultivars 

(Rezaey et al., 2024). 

Similarly, this behavior follows the pattern 

presented by Vorwald & Nienhuis (2009a), where 

found that ñuña grains line “PB24” presented better 

popping percentage when the moisture content 

was close to 5%, reducing this percentage as the 

moisture increase. On the other hand, Rezaey et al. 

(2024) stated that moisture content had not 

affected popping yield for the studied cultivars of 

ñuña beans. However, that work studied a narrow 

range of moisture content of grains (7.1% - 9.3% 

w.b.), being the possible reason for why they did 

not find significant correlation. 

Regarding other grains, Srdić et al. (2018) found that 

the optimal moisture content for popcorn popping 

was 14% since this resulted in the highest popping 

volume and lowest percentage of unpopped 

kernels. Other works suggest the moisture range of 

11% to 15.5% as optimal for achieving the highest 

volume expansion in corn (Anne Allred-Coyle, 

2000; de la O-Olán et al., 2018; ERTAŞ et al., 2009; 

Gökmen, 2004; Shimoni et al., 2002), and ranged 

between 12% and 14%. for rice (Maisont & 
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Narkrugsa, 2010; Swarnakar et al., 2014). This dis-

crepancy involves and emphasizes that different va-

rieties/cultivars of grains may have distinct optimum 

moisture content for achieving desirable popping 

characteristics (de la O-Olán et al., 2018; Vázquez 

et al., 2011). 

The popping mechanism of nuña beans involves 

the buildup and release of steam pressure within 

the cellular structure of the cotyledons, specifically 

within and between the mesophyll cells from 

cotyledons (Spaeth et al., 1989; Vorwald & Nienhuis, 

2009a). According to Vorwald & Nienhuis (2009a), 

high moisture content of ñuña grains reduced 

popping due to steam was observed escaping from 

the surface of unpopped seeds, which may result in 

adiabatic cooling reducing popping percentage. 

Another possibility is that seed coat properties 

change when its moisture content change, i.e. 

permeability to water increases when seed coat 

moisture increases (Miano & Augusto, 2015). This 

could cause moisture to lose by the seed coat 

avoiding the vapor internal pressure to increase 

enough for grains bursting.  

Regarding expansion percentage after popping, 

Figure 3 shows that expansion depends on the 

cultivar and the initial moisture content. Every 

cultivar, excepting for Checche, increases its volume 

when popping as moisture content increases. In 

fact, higher expansion percentage would indicate 

better quality products since the more expanded 

grains would have better texture for consumption. 

For instance, popping volume and percentage of 

unpopped kernels are very important traits which 

determine the quality of popcorn. Commercial 

value of popcorn increases with the higher popping 

volume, and the lower percentage of unpopped 

kernels (Srdić et al., 2018). However, despite the 

expansion percentage tends to be higher on grains 

with 15% of moisture content, the popping percen-

tage is low at this level of moisture. Therefore, there 

should be a balance between expansion and 

popping percentage. Previous studies found signifi-

cant differences among genotypes concerning 

popping volume (Srdić et al., 2015), and depen-

dence of popping volume on grain moisture 

(Gökmen, 2004; Srdić et al., 2017; Srdić et al., 2018). 

Results in popcorn indicated that the highest 

expansion volumes and flake size values were 

achieved at 12% moisture content for the Ant Cin-

98 and Koç Cin cultivars (ERTAŞ et al., 2009). 

However, for the Nermin Cin cultivar, the expansion 

volume increased as the kernel moisture content 

increased, similar as Gökmen (2004), Metzger et al 

(1989), Shimoni et al.(2002), Stewart (1923) and 

Ziegler (2000), where found maximum popping 

volume at 14%, 13.54% - 14.03%, 15.51%, 15.7% - 

16.3% and 13.0% -14.5% of moisture content, 

respectively. On the other hand, different optimum 

expansion was obtained at different moisture 

content for different grains such as brown rice at 

8% (Swarnakar et al., 2020), sorghum from 10.90% 

- 11.51% (Anithasri et al., 2018), and perlet millet 

from 8.74% - 11.12% (Kumari et al., 2018).  

As final consideration, the ñuña cultivar with best 

popping yield and quality is desirable in order to be 

produced and comercialized. Therefore, from both 

stages in this study, the best cultivar could be 

recommended. From the first stage, we can 

consider that Vaquita poroto, Negra and Jabona 

should be selected as they can reach almost 100% 

of popping percentage at optimun conditions of 

microwave power and process time.  

Moreover, considering results from second stage, 

from these 3 cultivars, the Vaquita cultivar would be 

the best because it has the highest popping 

percentage even in the range of moisture of 9% to 

13% w.b.  

 
4. Conclusions 
 

The study found that each cultivar presents a 

unique combination of optimum microwave power 

and time settings for achieving higher popping 

percentages. Both microwave power and process 

time affected significantly to popping percentage 

for each cultivar. The theoretical models developed 

for each cultivar consisted of quadratic equations 

with two-way interaction effects, based on the 

regression coefficients obtained from the statistical 

analysis. This allows to obtaing the optimum 

parameters for each ñuña cultivar, obtaining almost 

100% of popping percentage for Vaquita poroto, 

Negra and Jabona cultivars. 

Regarding effect of moisture content, this work 

found that moisture effect of ñuña grains affected 

the popping percentage and expansion percen-

tage. Indeed, a range from 9% w.b. to 11% w.b. of 

moisture were the best for popping process. In 

contrast, the popping percentage drastically decay 

when moisture reaches 15%. On the other hand, 

popping expansion tended to increase with 

moisture content increment. 

After the two stage of this study, Vaquita poroto 

cultivar is recommended since it presented the 

highest popping percentage even at a range of 

moisture from 9% to 13% w.b. In addition, more 

researches which study storage conditions of beans 

on popping yield should be performed since 

composition changes during time despite the 

moiture is mainteined (grains hardening). 
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