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Abstract 

Experimentation is fundamental to advancements in science and technology, particularly for optimizing agricultural machinery. 

This research aims to demonstrate the efficacy of the Design of Experiments (DOE) as a robust methodology in improving the 

performance of postharvest processing equipment, such as shelling, threshing, and decorticating machines used for postharvest 

operations in pods, seeds and nuts processing. Using a case study on a melon seed shelling machine, the Response Surface 

Methodology (RSM) was employed to optimize two key operating parameters: seed moisture content and motor speed after full. 

A Box-Behnken Design was selected for its efficiency, requiring 13 experimental runs. Analysis of Variance (ANOVA) confirmed 

the high significance of the developed quadratic model (F-value = 50.03, p < 0.001), which exhibited an excellent fit (adjusted 

R² = 95.33%). The results identified optimal parameters: a motor speed of approximately 1920 rpm and a moisture content of 

24%, achieving a shelling efficiency of 93%. The second-best configuration yielded a motor speed of 2182 rpm and a moisture 

content of 22%, resulting in a shelling efficiency of 91%. Verification tests conducted at these optimal settings demonstrated an 

average relative error of only 0.65%, indicating strong alignment between the predicted and actual outcomes and thus validating 

the accuracy of the model. These findings confirm that RSM is an effective tool for optimizing the performance and productivity 

of agricultural machinery in the melon seed industry. 
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1. Introduction 

In agricultural processing, relevant activities include oper-

ations such as shelling, threshing, dehulling and decorticating 

[1]. These post-harvest operations are crucial for improving 

the value and condition of agricultural materials, particularly 

in processing pods, seeds, and nuts. Over the years, many 

technical and engineering schools in Africa have produced 
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several machines for these post-harvest operations. However, 

the adoption of these technologies remains a challenge, with a 

need for increased mechanisation to enhance agricultural 

productivity. The benefits of mechanization in agricultural 

value chains can be summarized as shown in the diagram be-

low, Figure 1. Mechanisation can reduce drudgery, improve 

efficiency, and lower post-harvest losses, transforming agri-

culture into a more attractive and profitable sector. 

Process optimization of these agricultural processing ma-

chines involves studying the effects of various variables influ-

encing the desired response [2-4]. This optimization aims to 

determine the best conditions for achieving optimal machine 

performance parameters, such as shelling efficiency, separa-

tion efficiency, breakage percentage, and machine capacity. 

Proper experimental design is essential to improve the effi-

ciency and productivity of these machines [5]. Experimental 

designs like Randomized Complete Block Design are widely 

used in agricultural experiments to control variability [6]. 

There are several factors that are considered significant in 

maximizing the efficiency and profitability of most post-har-

vest processes agricultural machinery, which can be catego-

rized into crop condition, operational and design parameters. 

Crop condition factors are the physical properties or charac-

teristics of the crop that affect machine performance. These 

include moisture content, crop maturity, size, species and va-

riety. Design or machine factors, are the factors that determine 

the configuration and geometry of the working mechanism of 

a machine. Operating parameters are factors that affect the 

performance of a machine during a process or an activity and 

include feed rate, operating speed, and clearance [7]. 

 
Figure 1. Benefits of mechanization along the agricultural value chains [2]. 

The success of any shelling, threshing, dehulling or decor-

tication process optimization depends on experimental testing 

and statistical analysis. To stay ahead and beat the business 

competition, engineers and scientists must move from the old-

fashioned one-factor-at-a-time strategy, usually taught at uni-

versities and still widely practiced by companies to statistical 

approaches to DOE that are far superior to one-factor-at-a-

time. Unfortunately, training in advanced statistical concepts 

and methods, including hypothesis testing, experimental de-

sign, and hands-on analysis of experimental data using com-

putational software, is not a regular part of engineering quali-

fication in Cameroon as in most countries. DOE can help the 

engineer/scientist to determine appropriate settings for factors 

that optimize the machine performance. RSM is a widely used 

tool within DOE for modelling and optimizing food processes 

[8, 9]. RSM is suitable for evaluating the effects of independ-

ent variables and their interactions on the responses. 

Since engineers and scientists perform experimental analy-

sis as an integral part of their work, regardless of whether they 

have studied statistics, the aim of this paper was to emphasize 

the relevance of systematically applying DOE as a reliable 
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method for analysing complex interactions arising from crop 

factors, machine and operational factors, and for ensuring ef-

ficient performance of agro-industrial equipment. The follow-

ing sections of the literature review present more information 

on the types of DOE techniques, their advantages over the tra-

ditional experimental methods. This is followed by a review 

of the factors influencing the shelling, threshing, dehulling 

and decortication processes. Finally, the results of the as-

sessing of the effect of moisture content and motor speed by 

using the RSM are presented to provide practical insights into 

the use of DOE in process optimization. 

2. Review of Some Related Works 

DOE involves systematic methods for planning, conducting, 

and analyzing experiments to understand how multiple factors 

influence a particular response [10]. It is a structured approach 

to efficiently explore the relationship between input variables 

and output responses, enabling researchers to identify optimal 

conditions and improve process performance [11]. Among 

these techniques, RSM is a valuable tool for modeling and an-

alyzing relationships between input variables and outputs, es-

pecially when dealing with complex, nonlinear relationships 

[12]. RSM is particularly useful in agricultural and food sci-

ences for optimizing processes and product formulations [9]. 

RSM includes a range of sophisticated DOE techniques that 

are effective for modeling the connections between process 

variables and their outputs. This methodology is particularly 

beneficial for enhancing models that exhibit curvature in their 

response surfaces. RSM utilizes mathematical and statistical 

approaches to create empirical models, assess the influence of 

different inputs, and identify optimal conditions. Since its in-

troduction by Box and Wilson in 1951, RSM has gained wide-

spread adoption among researchers and engineers seeking to 

optimize parameter settings for improved processes and 

equipment designs [13, 14]. 

RSM has long been a reliable approach for optimization 

based on experimental design, finding applications across nu-

merous research domains. Over 48,000 papers indexed in Sco-

pus have utilized this methodology. The engineering disci-

plines are the primary users of RSM, followed by fields such 

as chemical engineering, chemistry, biological sciences, and 

various applied sciences [15]. In Africa, RSM has been ap-

plied to optimize various agro-industrial processes, such as the 

production of complementary foods and the optimization of 

cassava yield [16, 17]. 

RSM is particularly useful when the relationship between 

factors and responses is nonlinear and when curvature in the 

response surface is suspected. This makes it suitable for ex-

ploring optimal operating conditions across multiple variables, 

especially after preliminary experiments indicate significant 

interactions or nonlinearities. In contrast, Full Factorial De-

sign and the Taguchi Method serve different purposes. Full 

Factorial Design is ideal for comprehensively exploring all 

possible factor combinations, providing detailed insights into 

interactions but can become impractical with many factors due 

to the exponential increase in required runs. The Taguchi 

Method focuses on robust design and variation reduction, em-

phasizing control over noise factors to ensure consistent per-

formance. It is particularly useful in early-stage experimenta-

tion to identify key factors without deeply exploring their in-

teractions [18]. However, Taguchi may be less accurate than 

RSM techniques like Box–Behnken Design and Central Com-

posite Design for optimization [19]. 

Central Composite design and Box-Behnken Design are 

two common types of RSM used for experimentation. Box-

Behnken Design is particularly effective for non-sequential 

experiments and offers a robust design that ensures all factors 

remain within the region of interest. In contrast, Central Com-

posite Design typically necessitates a larger number of exper-

iments and may involve extreme settings that exceed safe op-

erational limits. 

While Box-Behnken Design requires three levels for each 

factor, with treatment combinations positioned at the mid-

points of the experimental space and at the centre, it also ben-

efits from needing fewer experimental runs compared to Cen-

tral Composite Design. Both Central Composite Design and 

Box-Behnken Design allow for efficient estimation of linear, 

quadratic, and interaction effects. 

 
Figure 2. Graphical representation of the 3-factor design space for the different RSM designs [20]. 
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In the article by Botha et al. [20], design point locations for 

Central Composite Design, Box-Behnken Design, and 

Taguchi designs differ visually within a three-factor cubic 

space, as shown in Figure 2, with Taguchi forming clustered 

factorial layers, Central Composite Design spreading across 

vertices and faces, and Box-Behnken Design concentrating on 

edge midpoints. Taguchi designs use crossed arrays to form 

clustered factorial layers, with inner arrays for control factors 

and outer arrays for noise factors, creating paired combina-

tions across levels that emphasize robustness over higher-or-

der interactions [21], without center or axial points. In contrast, 

Central Composite Design distributes points at the cube's ver-

tices, includes axial points at the centres of each face, and in-

corporates a central point, establishing a five-level setup that 

facilitates quadratic modelling. Box-Behnken Design posi-

tions points along the midpoints of the cube's edges and in-

cludes a centre point, omitting vertices entirely, resulting in an 

efficient design tailored for modelling quadratic surfaces. 

These design principles and their practical implementations in 

manufacturing experiments are further elaborated in Asta-

khov’s foundational chapter on design of experiment methods 

[22]. 

Several studies emphasize distinctions between different 

RSM designs. For example, a comparative analysis of Taguchi, 

Box-Behnken Design, and Central Composite Design showed 

that while the Taguchi method is more cost-effective due to 

fewer experimental runs, Box-Behnken Design and Central 

Composite Design offer more accurate optimization results 

[23]. Another study highlights that RSM is a mixture of re-

gression analysis and experimental designs meant for re-

sponse optimization, suitable for non-linear relationships be-

tween parameters [19]. The Taguchi method is used to reduce 

the number of treatment combinations [24]. 

A comparative analysis showed that while the Taguchi 

method is more cost-effective due to fewer experimental runs, 

Box-Behnken Design and Central Composite Design, both 

RSM techniques, can offer more accurate optimization results 

[25]. In cases where the relationship between parameters does 

not follow a linear pattern, RSM is more suitable than factorial 

designs [26]. The Taguchi method is often used to reduce the 

number of treatment combinations. 

3. Materials and Methods 

The seed sheller used in this study was powered by a 4.5 

horsepower gasoline engine, with a production capacity of ap-

proximately 50 kilograms per hour. Its major components in-

cluded the hopper, shelling chamber, separation chamber, and 

gasoline engine, all securely mounted on a sturdy frame. 

3.1. Sheller Structure and Components 

Most melon seed shellers as depicted in Figure 3, share 

these basic components [27]: 

 
Figure 3. Sketch and line diagram of the melon sheller [27]: 1 – Hopper; 2 – sight glass; Pulley; 3 – Frame cover; 4 –Housing frame; 5 – 

Disc cover; 6- Shelling drum; 7- Shelling disc; 8- Outlet for shelled melon for melon; 9- Blower guide; 10- Guide; 11- Fan; 12- Outlet plate; 

13- Blower outlet; 14-Blower; 15- Hub support; 16- Electric mower. 

1) Hopper: A funnel-shaped inlet for feeding melon seeds 

into the machine. It's designed to ensure a smooth flow 

of seeds into the shelling unit. 

2) Housing frame: Provides the main support for all other 

components. Typically made of mild steel angle iron or 

hollow tubes. 

3) Shelling Chamber/Unit: The core of the machine where 

the shelling action occurs. This unit's design varies sig-

nificantly across different machines. Common elements 

include: 

4) Rotating disc with vanes: A rotating component that im-

pacts or rubs the melon seeds to remove the shell. Vanes 
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or blades are often attached to the disc to enhance the 

shelling action. 

5) Stationary drum: A stationary surface against which the 

seeds are thrown or rubbed by the rotating impeller. 

Some designs incorporate slots or grooves on this sur-

face to aid in shelling. 

6) Power System: Usually, an electric motor or gasoline en-

gine that provides the rotational force for the shelling 

mechanism. Some machines use gasoline engines. 

Power is transmitted via belts and pulleys. 

7) Separation unit: Some machines include a separation 

unit to separate the shelled seeds from the husks. This 

often involves a blower or fan to use air to separate the 

lighter husks from the heavier seeds. 

8) Delivery outlets: Directs the separated seeds and husks 

out of the machine. 

3.2. Working Principle 

The primary working principle involves applying force to 

the melon seeds to crack the shell and separate it from the ker-

nel. Different machines achieve this in slightly different ways: 

1) Impact force: Many machines use impact force, where 

the seeds are thrown against a hard surface or impacted 

by a rotating component [28]. The energy absorbed be-

yond the elastic limit of the melon seeds causes the shell 

to crack. 

2) Rubbing/Attrition: Some designs use a rubbing action 

between a rotating disc and a stationary surface to shear 

the shell off the seed [27]. 

3) Extrusion: Some machines use the principle of extrusion. 

4) Bending: Some machines feed the melon seeds through 

sets of rollers having ridges on their surfaces. 

3.3. Parameters Affecting Performance 

Preliminary research was conducted to identify the signifi-

cant parameters on shelling efficiencyFactors that influence 

the efficiency and performance of melon seed shellers include: 

1) Moisture content of seeds: Moisture content signifi-

cantly affects shelling efficiency and seed damage [29]. 

Optimum moisture levels soften the shell, making it eas-

ier to remove without damaging the kernel. A study on a 

centrifugal melon shelling and cleaning machine found 

that shelling efficiency decreased with an increase in 

seed moisture content from 15% to 25%, while other 

studies suggest an optimal moisture content of around 18% 

for melon seeds [30]. 

2) Shelling speed/Motor speed: The speed of the rotating 

components affects the impact force or rubbing action. 

Too high a speed can cause seed breakage, while too low 

a speed may not effectively shell the seeds. Some studies 

indicate an optimal speed range for maximizing shelling 

efficiency while minimizing damage [27]. 

3) Machine design: The design of the shelling chamber, the 

type of impellers or discs used, and the clearances be-

tween moving and stationary parts all play a crucial role. 

The principle of operation (e.g., impact, friction, extru-

sion) also influences performance. Key design consider-

ations include ease of fabrication, availability of materi-

als, cost-effectiveness, and power requirements [30]. 

4) Feed rate: The rate at which seeds are fed into the ma-

chine can affect efficiency [31]. An optimal feed rate en-

sures that the machine is neither overloaded nor un-

derutilized. 

5) Variety of melon seed: Different varieties of melon seeds 

have different physical properties (size, shape, hardness), 

which can affect how they respond to the shelling pro-

cess [32]. Some varieties are more easily shelled by ma-

chines, while others are better suited for manual shelling 

[33]. 

6) Number of beaters: The number of beaters in a centrifu-

gal melon shelling machine also affects its cleaning and 

recovery efficiency. 

7) Shelling speed and moisture content were identified as 

key factors likely to affect the breakage percentage of 

melon seeds [34]. 

RSM using a Box-Behnken Design was implemented using 

MINITAB statistical software, with two primary goals. The 

first was to determine the optimal settings for minimizing di-

mensional error. The second was to investigate the relation-

ship between the factors and responses to better understand 

the system. The steps involved in applying RSM are illustrated 

in Figure 4. 

Table 1. Factors and levels. 

Factor Lower level (corner point) Medium (Centre point) High level (corner point) 

Motor speed (rpm) 900 1500 2100 

Moisture content (%) 14 20 26 
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Table 2. Runs in standard order. 

Runs MR (rpm) MC (%) 

1 1 1 

2 1 1 

3 -1 -1 

4 -1 -1 

5 -1 1 

6 -1 1 

7 1 -1 

8 1 -1 

9 0 0 

10 0 0 

11 0 0 

 
Figure 4. RSM flow chart. 
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Figure 5. Two factors two levels full factorial design with centre 

point. 

A 2x2 full factorial design with centre points was employed 

to model the relationship between the factors and the response 

(Figure 5, Tables 1, 2). The experiment was run in a com-

pletely randomized manner. The corner points were replicated 

twice, and three centre points were added per block, providing 

six degrees of freedom for the error term (Table 2). The centre 

points were used to check for curvature in the response; if sig-

nificant curvature was detected, a RSM approach would be 

warranted. As detailed in Table 2, the high, centre, and low 

values of each factor were coded as +1, 0, and -1, respectively, 

and a response was measured for each experimental run. 

RSM was used to build a regression model from the exper-

imental data, representing the relationship between the factor 

variances and the response shift. The adequacy of this model 

and the significance of the control parameters and their inter-

actions on shelling efficiency were then determined through 

ANOVA implemented using MINITAB. This approach is 

well-established, as demonstrated by its successful application 

in similar studies for analysing the influence of experimental 

parameters on performance characteristics [35]. 

3.4. Determination of Moisture Content 

The seed moisture content of the seeds was obtained by 

soaking a large quantity of melon seeds for 12 hours to ensure 

that the seeds absorbed all the moisture. The seeds were then 

sun-dried in a thin layer. The moisture contents MC (%) were 

obtained by taking samples from the drying batch. 

𝑀𝐶(%)  =  
𝑀𝑏𝑑−𝑀𝑎𝑑

𝑀𝑏𝑑
              (1) 

Where 

Mbd = Mass before drying 

Mad = Mass after drying 

To obtain samples with higher moisture contents, the 

amount of water was to be added to obtain the desired mois-

ture content was a calculated using the formula: 

𝑀 =  𝑀𝑠 ×
𝑀𝐶2−𝑀𝐶1

100−𝑀𝐶2
               (2) 

Where 

M = Amount of water to add (kg) 

Ms = Mass of sample (kg) to be introduced into the machine 

(kg) 

MC1 = Initial moisture content (%) 

MC2 = Final moisture content (%) 

Determination of shelling efficiency 

Seed shelling efficiency (𝜂𝑒) was calculated by using Eq (3). 

𝜂𝑒  =  
𝑀𝑐𝑢𝑐+𝑀𝑐𝑏𝑐

𝑀
× 100             (3) 

Where 

𝑀𝑐𝑢𝑐 = Mass of clean unbroken cotyledon in product col-

lected at outlet chute (Kg) 

𝑀𝑐𝑏𝑐  = Mass of clean broken cotyledon in product col-

lected at outlet chute (kg) 

𝑀= Total mass of seed fed through the machine’s hopper 

(Kg) 

4. Results: Analysis and Discussion 

4.1. Centre Points Factorial Design Results and 

Data Analysis 

A known quantity of melon seeds was processed using the 

shelling machine, with the experimental variables detailed in 

Table 2. The resulting shelling efficiency for each run is pre-

sented in Table 3. 

Table 3. The result of shelling efficiency in standard order. 

Runs MR (rpm) MC (%) SE (%) 

1 1 1 95.9 

2 1 1 96.5 

3 -1 -1 54.1 

4 -1 -1 55.7 

5 -1 1 73.58 

6 -1 1 73.95 

7 1 -1 75.3 

8 1 -1 75.9 

9 0 0 86,12 

10 0 0 86,96 

11 0 0 86,45 

4.1.1. ANOVA Analysis 

In this section, we statistically evaluate whether motor 
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speed, moisture content, and their interaction significantly af-

fect shelling efficiency, similar to previous studies [36, 37]. 

ANOVA was conducted using MINITAB, and the results are 

presented in Table 4. In ANOVA, the F-statistic is used to de-

termine the significance of the model terms; a larger F-value 

indicates a greater probability that the effect is statistically sig-

nificant. As shown in Table 4, there was no significant impact 

of the interaction between motor speed and moisture content 

on shelling efficiency (p > 0.05). However, the effects of mo-

tor speed, moisture content and curvature were all statistically 

significant on shelling efficiency (p ≤ 0.05). The absence of a 

significant interaction between motor speed and moisture con-

tent implies that the impact of each factor on the shelling effi-

ciency is independent of the other. This implies that optimis-

ing motor speed and moisture content can be done separately, 

without considering their combined effect. This finding is con-

sistent with some studies in which the individual effects of 

these parameters are more pronounced than their interaction. 

Table 4. ANOVA of the impact motor speed and the moisture content. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 0,199 0,050 1447,13 0,000 

MR 1 0,093 0,093 2700,93 0,000 

MC 1 0,078 0,078 2260,89 0,000 

MR ⨉ MC 1 0,000 0,000 4,37 0,082 

Curvature 1 0,028 0,028 822,31 0,000 

Error 6 0,000 0,000   

Source DF Adj SS Adj MS F-Value P-Value 

Total 10 0,200    

The significant main effect of motor speed is consistent 

with research showing that optimal speed is crucial for effi-

cient threshing or shelling. Insufficient speed may not provide 

sufficient force for effective separation, while excessive speed 

can lead to grain damage and reduced efficiency [38]. Simi-

larly, the significant main effect of moisture content corrobo-

rates the finding that moisture levels critically influence the 

mechanical properties of grains, affecting their resistance to 

shelling and susceptibility to damage [39]. 

The significance of the curvature term from the ANOVA 

analysis indicates a non-linear relationship between the fac-

tors and the response, suggesting that optimal conditions are 

not simply at the extremes of the tested ranges but rather at 

specific points within them [40]. The curvature's significance 

underscores the necessity of utilizing appropriate experi-

mental designs, such as Central Composite Design or Box-

Behnken Design, which are specifically formulated to effec-

tively model and optimize these complex processes [41]. 

4.1.2. Residual Plots 

Based on the ANOVA results, a regression model was de-

veloped to predict the response (shelling efficiency) in relation 

to different motor speed and melon seed moisture content val-

ues. 

 
Figure 6. Residual plot for shelling efficiency. 
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The validity of the model was assessed using the residual 

plots shown in Figure 6. In the normal probability plot, the 

residuals closely follow the straight line, indicating that there 

is no significant deviation from normality. The residuals ver-

sus fitted values plot shows points scattered randomly around 

zero with no obvious pattern, indicating homoscedasticity and 

the absence of outliers. However, the histogram of the residu-

als deviates from a bell-shaped curve, suggesting a departure 

from normal distribution. Conversely, the plot of residuals 

versus observation order exhibits no discernible trend, con-

firming the independence of the residuals. 

While the normal probability plot supports normality, the 

histogram highlights the importance of using multiple diag-

nostic tools for model validation, especially since histograms 

can be sensitive to bin width and sample size. These apparent 

contradictions underscore the necessity of employing RSM, 

which offers a systematic approach to explore and optimize 

the non-linear relationships among motor speed, moisture 

content, and shelling efficiency, thereby enhancing the robust-

ness of the predictive model. 

4.1.3. Main Effects Plot 

 
Figure 7. Main effects plots for shelling efficiency. 

After developing a regression model based on the ANOVA 

results to predict shelling efficiency in relation to motor speed 

and melon seed moisture content, a main effects plot analysis 

was conducted to further understand the individual contribu-

tions of each factor. The main effect plot in Figure 7 shows 

that increasing the motor speed from 900 rpm to 2100 rpm has 

a stronger effect on shelling efficiency than varying the mois-

ture content, as demonstrated by the steeper slope of the line 

for the motor speed. This suggests that, within the tested range, 

motor speed is a more critical factor for optimising shelling 

efficiency. Studies on corn shellers and other agricultural pro-

cessing equipment have similarly found that operating speed 

significantly impacts performance [42]. Furthermore, the sig-

nificant disparity between the centre point and the endpoints 

of the effect lines indicates curvature in the model. This indi-

cates that the relationship between the factors and the response 

is not linear, suggesting that there may be an optimal combi-

nation of factor levels within the experimental region. As this 

curvature effect was statistically significant, a RSM experi-

ment was conducted to fit a second-order model. Second-or-

der models are commonly used in RSM to approximate the 

response surface when curvature is present, providing a more 

accurate representation of the relationship between the factors 

and the response. Using a second-order model is therefore jus-

tified by the need to capture non-linear effects and optimise 

the process effectively. 

4.2. Response Surface Experiment: Results and 

Data Analysis 

Shelling experiments were conducted using a known quan-

tity of melon seeds and the parameters defined by a RSM de-

sign. A Box-Behnken Design was selected for three control 

factors due to its higher efficiency compared to a Central 

Composite Design [43]. While a Central Composite Design 

with a comparable number of factors would require 20 runs (8 

factorial, 6 axial and 6 centre points), the Box-Behnken De-

sign can perform the analysis with just 13 base runs, including 

a single replicate and block. The experimental matrix, detailed 

in Table 5, was executed, and the resulting shelling efficiency 

for each run is presented in standard order in the same table. 

The shelling experiments were conducted using a known 

quantity of melon seeds and the parameters were defined by a 

RSM design. While a comparable Central Composite Design 

requires 20 runs (8 factorial, 6 axial, 6 centre points), the Box-

Behnken Design accomplishes the analysis in 13 base runs 

with a single replicate and block. BBDs are particularly useful 

when the experimental region has constraints, and extreme 

points are to be avoided. Box-Behnken Designs are also 

known for requiring fewer runs than Central Composite De-

signs for the same number of factors, making them more re-

source-efficient. 

Table 5. Box-Behnken Design results for shelling efficiency across 

different factor levels. 

Runs MR (rpm) MC (%) SE (%) 

1 2100 26 96,5 

2 2100 14 75,3 

3 900 14 54,1 

4 900 26 73,58 

5 651,5 20 58,89 

6 2348,5 20 82,49 

7 1500 11,5 58,74 
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Runs MR (rpm) MC (%) SE (%) 

8 1500 28,5 82,65 

9 1500 20 86,52 

10 1500 20 86,29 

11 1500 20 85,54 

12 1500 20 86,77 

13 1500 20 86,96 

The experimental matrix, detailed in Table 5, was executed, 

and the resulting shelling efficiency for each run is presented 

in standard order in the same table. The choice of Box-

Behnken design is consistent with studies that prioritise effi-

ciency and safety in experimental designs. 

4.2.1. ANOVA Analysis of Box-Behnken Design 

ANOVA analysis conducted using MINITAB and presented 

in Table 6 revealed that the interaction between motor speed 

and moisture content had no statistically significant impact on 

shelling efficiency (p = 0.771 > 0.05). All other model terms 

were significant. The overall model proved significant, indi-

cated by an F-value of 50.03 and a p-value of < 0.001. How-

ever, a significant lack of fit (p = 0.001) was identified, sug-

gesting that the model does not adequately capture the com-

plexities of the data. This lack of fit indicates that the relation-

ship between motor speed and moisture content may not be 

fully represented, potentially overlooking how these factors 

interact to influence the shelling mechanism. For instance, 

while motor speed can enhance shelling efficiency, inappro-

priate moisture levels may lead to seed damage or ineffective 

shell removal, emphasizing the need for a more nuanced 

model. The probability of observing an F-value of this magni-

tude due to random noise is only 0.1%, indicating that the is-

sues affecting fit are systematic rather than random. The pure 

error reflecting the variability of replicates at the center points 

had a mean square of 0.000122, corresponding to a standard 

deviation of 0.000030, reinforcing the variability in seed be-

havior under different processing conditions. 

Table 6. ANOVA of Motor Speed and Moisture Content in Box-

Behnken Design. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 0,202 0,040 50,03 0,000 

Source DF Adj SS Adj MS F-Value P-Value 

MR 1 0,075 0,075 93,10 0,000 

MC 1 0,069 0,069 86,03 0,000 

MR ⨉ MR 1 0,032 0,032 40,11 0,000 

MC ⨉ MC 1 0,032 0,032 40,08 0,000 

MR ⨉ MC 1 0,000 0,000 0,09 0,771 

Error 7 0,006 0,001   

Lack-of-Fit 3 0,006 0,002 60,59 0,001 

Pure Error 4 0,000 0,000   

Total 12 0,207    

4.2.2. Analysis of Box-Behnken Design Model 

Results 

The model summary statistics of Box-Behnken Design 

quadratic regression model are presented in Table 7. 

Table 7. Box-Behnken design model results. 

Term S R-sq R-sq (Adj) R-sq (Pred) 

Values 0,028 97,28% 95,33% 80,97% 

The standard deviation of the residuals (S) is 0.0283957. 

The R² value of 97.28% indicates that the model explains a 

high proportion of variance in shelling efficiency, with values 

closer to 1.00 being ideal. The adjusted R² value of 95.33% 

confirms that the model accounts for a significant amount of 

response variability. However, the predicted R² at 80.97% sug-

gests potential over fitting, indicating the model may have 

limited predictive capability for new observations. 

The non-significant interaction between motor speed and 

moisture content was removed to enhance model performance. 

This adjustment is crucial, as optimizing these two factors sep-

arately can lead to better shelling outcomes: higher motor 

speeds improve the efficiency of shell removal, while optimal 

moisture levels help maintain seed integrity and minimize 

damage. The results for the refined model are shown in Table 

8, where the adjusted R² and predicted R² values demonstrate 

reasonable agreement, indicating a more robust model that 

better represents the relationship between the factors and 

shelling efficiency. 
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Table 8. Optimised Box-Behnken design model results. 

Term S R-sq R-sq (Adj) R-sq (Pred) 

Values 0,027 97,24% 95,86% 86,94% 

4.2.3. Analysis of Box-Behnken Design Residual Plots of Shelling Efficiency 

 
Figure 8. Residual plot for shelling efficiency. 

The residual plots in Figure 8 were examined to validate the 

model's assumptions. In the normal probability plot, the resid-

uals adhere closely to the straight line, supporting the assump-

tion of normality. The plot of residuals versus predicted values 

shows a random scatter of points above and below zero with 

constant variance, indicating homoscedasticity and the ab-

sence of outliers. Finally, the plot of residuals versus observa-

tion order reveals no discernible pattern, confirming that the 

residuals are independent and that no systematic bias is pre-

sent in the model's predictions. Thus, then nonlinear regres-

sion model is appropriate for the data. 

4.2.4. Main and Interaction Effects Plot for  

Box-Behnken Design 

The main effects plots in Figure 9 (left) show clear curva-

ture for both motor speed and moisture content, indicating a 

non-linear relationship between these factors and the response. 

This non-linearity is consistent with the interaction effect ob-

served in the corresponding plots in Figure 10 (right). 

  
Figure 9. Main effects and interaction plots. 
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4.2.5. Contour Plots and Surface Plot 

The response surface and contour plots in the figures below 

visualise the predicted model equation, illustrating the effect 

of the two variables on efficiency yield. The contour plot, in 

particular, clearly shows the non-linear relationship between 

motor speed and moisture content. 

  
Figure 10. Contour plot (left) and surface plot (right). 

4.2.6. Shelling Efficiecy Optimisation 

This stage of the analysis focused on numerical optimiza-

tion to maximize the shelling efficiency. The optimization pro-

cedure utilized the fitted quadratic model derived from the 

Box-Behnken Design, with the factor levels constrained to the 

experimental ranges presented in Table 9 to ensure practical 

applicability. The design expert MINITAB Software iterated 

over all the ranges of factors and found the maximum yield 

shown below in Table 10. 

The design expert MINITAB Software iterated over all ranges 

of factors to identify the maximum yield, as detailed in Table 10. 

The results showed that the optimal solution for motor speed was 

approximately 1920 rpm, with a moisture content of 24%, 

achieving a shelling efficiency of 93% and a composite desirabil-

ity of 0.607. This solution demonstrated the highest efficiency 

among all evaluated parameters. The second-best configuration 

provided a motor speed of 2182 rpm and a moisture content of 

22%, yielding a shelling efficiency of 91% with a lower com-

posite desirability of 0.229. The varied results highlighted the 

importance of optimizing both motor speed and moisture con-

tent to achieve maximum efficiency. 

Table 9. Optimisation constraints. 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 

MS in range 900 2100 1 1 

MC in range 0,14 0,26 1 1 

SE maximize 0,9 0,965 1 1 

Table 10. Optimisation results. 

Solution MS (rpm) MC (%) SE (%) CD 

1 1920,0 24,0 93,0 0,607 

2 2182,0 22,2 91,1 0,229 

3 1646,2 26,0 90,9 0,172 

4 1660,8 26,2 90,8 0,168 

5 1572,0 25,3 90,4 0,076 

4.3. Verification Test 

To verify the accuracy of the prediction model, the melon 

seed shelling equipment was operated under the suggested op-

timal condition of 93.0% shelling efficiency. A comparison 

between the optimized value and the results from the verifica-

tion tests is presented in Table 11, which includes five sets of 

validation experiments. 

Table 11. Comparison of predicted value and verification test value. 

Test ESE (%) PSE (%) Error 

1 91.5 93,0 1,61 

2 92.0 93,0 1,08 

3 92.8 93,0 0,22 

4 93.5 93,0 -0,54 

5 92.2 93,0 0,86 
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Test ESE (%) PSE (%) Error 

Average 92,4 93 0,65 

As shown in Table 11, the average relative error in shelling 

efficiency based on the optimal parameters was 0.65%. This 

indicates that the optimal solutions obtained from the pre-

dicted model using the Box-Behnken Design closely matched 

the verification test results. The findings confirm that the op-

timization was both accurate and effective, demonstrating the 

efficiency of the Box-Behnken Design in enhancing shelling 

quality. 

5. Conclusions 

This study successfully optimized the melon seed shelling 

process using DOE with MINITAB, specifically assessing the 

impacts of motor speed and moisture content on shelling effi-

ciency. Analysis of the full factorial experiments indicated a 

significant disparity between the center point and the end-

points of the effect lines, revealing curvature in the model and 

suggesting a non-linear relationship between the factors and 

the response variable. Utilizing a Box-Behnken design, se-

lected for its operational efficiency, the study identified opti-

mal parameters of approximately 1920 rpm for motor speed 

and 24% for moisture content, achieving a shelling efficiency 

of 93%. Verification tests performed at the optimal settings 

confirmed an average relative error of only 0.65%, indicating 

a close alignment between predicted and actual outcomes, 

thereby validating the model's accuracy. 

This research highlights the significance of selecting appro-

priate DOE methodologies tailored to specific study objec-

tives, available resources, and system complexity, demonstrat-

ing that RSM is an effective tool for enhancing agricultural 

machinery design. The preference for a Box-Behnken Design 

over a Central Composite Design was substantiated by its ef-

ficiency in requiring fewer experimental runs while effec-

tively capturing the system's significant curvature. Overall, 

this study contributes valuable insights that could enhance the 

efficiency and profitability of the melon seed industry. 

Abbreviations 

MR Motor Revolution 

MC Moisture Content 

SE Shelling Efficiency 

ESH Experimental Shelling Efficiency 

PSE Predicted Shelling Efficiency 

CD Composite Desirability 

Author Contributions 

Tsapi Tchoupou Kevin: Conceptualization, Methodology, 

Writing – review & editing 

Nguegni Pefoufe Nidelle: Investigation, Data curation, 

Writing – review & editing 

Magnou Ekokem Belinda: Investigation, Data curation, 

Writing – review & editing 

Soh Fotsing Bertin: Resources, Supervision 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 

[1] A. A. Kabir and O. K. Fedele, "A review of shelling, threshing, 

de-hulling and decorticating machines," J Agri Res., vol. 3, pp. 

1: 000148, 2018, https://doi.org/10.23880/oajar-16000148 

[2] Agri Frontier, 2025, Mercy Ndunge and Raphael Maingi. 

Available:  

https://www.agrifrontier.com/case-study/mechanization/ 

[3] O. Oduma, S. Oluka, N. Nwakuba and D. Ntunde, "Agricul-

tural field machinery selection and utilization for improved 

farm operations in South-East Nigeria: A review," Agr. Eng., 

vol. 3, pp. 44–58, 2019,  

https://doi.org/10.5937/PoljTeh1903044O 

[4] J. S. Adlin, A. ayanthiladevi, "AgriYield-ML: Enhancing agri-

cultural productivity through machine learning: a model for ac-

curate crop yield prediction," Journal of Engineering Sciences, 

vol. 53, no. 5, pp. 155-169, 2025,  

https://doi.org/10.21608/jesaun.2025.367985.1450 

[5] European Comission. Supporting policy with scientific evidence. 

Available: https://knowledge4policy.ec.europa.eu/home_lt 

[6] T. L. Odong, J. S. Tenywa and M. Nabasirye, "Revisiting ap-

plication of statistics in Agricultural Research in sub-Saharan 

Africa: Entry points for improvement," African Crop Science 

Journal, vol. 27, no. 3, pp. 529 - 544, 2019,  

https://doi.org/10.4314/acsj.v27i3.14 

[7] Y. Li, B. Zhao, W. Zhang, L. Wei and L. Zhou, "Evaluation of 

agricultural machinery operational benefits based on semi-su-

pervised learning." Agriculture, vol. 12, no. 12: 2075, 2022,  

https://doi.org/10.3390/agriculture12122075 

[8] V. A. Tirado-Kulieva, M. Sánchez-Chero, M. V. Yarlequé G. F. 

V. Aguilar, G. Carrión-Barco and A. G. Y. Santa Cruz, "An 

overview on the use of response surface methodology to model 

and optimize extraction processes in the food industry." Current 

Research in Nutrition and Food Science Journal, vol. 9, no. 3, 

pp. 745-754, 2021, https://doi.org/10.12944/CRNFSJ.9.3.03 

[9] A. I. Khuri, "Response surface methodology and its applica-

tions in agricultural and food sciences," Biom. Biostat. Int. J., 

vol. 5, no. 5, pp. 155-163,  

https://doi.org/10.15406/bbij.2017.05.00141 

[10] B. Durakovic, "Design of experiments application, concepts, 

examples: State of the art." Periodicals of Engineering and Nat-

ural Sciences, vol. 5, no. 3, pp. 421-439, 2017. 

http://www.sciencepg.com/journal/ijmea


International Journal of Mechanical Engineering and Applications http://www.sciencepg.com/journal/ijmea 

 

26 

[11] A. A. Dar, P. Yadav and T. Wangmo, "Optimizing processes and 

products: The role of DOE," Insight-Statistics, vol. 7, no. 1, pp. 

644-644, 2024, https://doi.org/10.18282/i-s644 

[12] S. Lamidi, N. Olaleye, Y. Bankole, A. Obalola, E. Aribike and 

I. Adigun, "Applications of response surface methodology 

(RSM) in product design, development, and process optimiza-

tion," IntechOpen, 2022. 

[13] V. Kamalakannan, S. Rajaram, J. Iyyadurai and F. S. Arocki-

asamy, "Fundamental study on influence of independent factors 

on response variable using response surface methodology and 

Taguchi method," Engineering Proceedings, vol. 61, no. 1, 37, 

2024,  

https://doi.org/10.3390/engproc2024061037 

[14] J. M. Pais-Chanfrau, J. Núñez-Pérez, R. del Carmen Espin-Val-

ladares, M. V. Lara-Fiallos and L. E. Trujillo-Toledo, "Uses of the 

response surface methodology for the optimization of agro-industrial 

processes," Response Surface Methodology in Engineering Science, 

IntechOpen, 2021,  

https://doi.org/10.5772/intechopen.98283 

[15] M. A. Hadiyat, B. M. Sopha and B. S. Wibowo, "Response sur-

face methodology using observational data: a systematic liter-

ature review," Applied Sciences, vol. 12, no. 20, 10663, 2022, 

https://doi.org/10.3390/app122010663 

[16] A. I. Taiwo, S. A. Agboluaje and W. A. Lamidi, "Application of 

response surface method (RSM) and central composite design 

(CENTRAL COMPOSITE DESIGN) for optimization of cas-

sava yield," Interdisciplinary Research Review, vol. 14, no. 6, 

pp. 62 – 69, 2019,  

https://doi.org/10.14456/jtir.2019.60 

[17] K. S. Abasiekong, T. U. Nwabueze and E. N. Akobundu, "Op-

timization of African Breadfruit Based Complementary Food 

Using Mixture Response Surface Methodology," Asian Food 

Science Journal, vol. 22, no. 4, pp. 1-9, 2023,  

https://doi.org/10.9734/afsj/2023/v22i4626 

[18] A. V. Uday Kiran Kandala, D. G. Solomon and J. J. Arulraj, 

"Advantages of Taguchi method compared to response surface 

methodology for achieving the best surface finish in wire elec-

trical discharge machining (WEDM)," Journal of Mechanical 

Engineering, vol. 19, no. 1, pp. 185-200, 2022. 

[19] O. J. Chizoba and B. A Kyari, "Response surface methodology 

and Taguchi method based applications–a review," Glob J Eng 

Technol Adv, vol. 5, no. 2, pp. 047-056, 2020,  

https://doi.org/10.30574/gjeta.2020.5.1.0062 

[20] N. Botha, H. M. Inglis, R. Coetzer and F. J. W. Labuschagne, 

"Statistical Design of Experiments: An introductory case study 

for polymer composites manufacturing applications," MATEC 

Web of Conferences, 347, 00028, 2021,  

https://doi.org/0.1051/matecconf/202134700028 

[21] T. J. Robinson, C. M. Borror and R. H. Myers, “Robust param-

eter design: a review,” Quality and reliability engineering in-

ternational, vol. 20, no. 1, pp. 81-101, 2004,  

https://doi.org/10.1002/qre.602 

[22] V. P. Astakhov, "Design of experiment methods in manufactur-

ing: Basics and practical applications," Statistical and compu-

tational techniques in manufacturing, pp. 1-54, 2012, Berlin, 

Heidelberg: Springer Berlin Heidelberg. 

[23] D. Nikhila Sri, R. Kottapalli, A. Pavani, C. Ganteda, E. 

Gouthami, A. Abd-Elmonem and A. H. Almaliki, "Comparison 

between response surface methodology and Taguchi method 

for dyeing process parameters optimization in fabric manufac-

turing by empirical planning," Scientific Reports, vol. 15, no. 

1, 10209, 2025, https://doi.org/10.1038/s41598-025-94919-w 

[24] B. Y. Alashwal, M. S. Bala, A. Gupta and T. Soubam, "Strate-

gies using of Design of Experiments (DOE) techniques: In 

view of a Review, " Maejo International Journal of Energy and 

Environmental Communication, vol. 3, no. 3, pp. 1–5, 2021. 

[25] O. G. Toapanta, J. Paredes, M. Meneses and G. Salinas, "Vali-

dation of DOE factorial/taguchi/surface response models of 

mechanical properties of synthetic and natural Fiber reinforced 

epoxy matrix hybrid material," Polymers, vol. 16, no. 14, 2051, 

2024, https://doi.org/10.3390/polym16142051 

[26] M. H. Lee, H. Mohamed and M. Sarahintu, "Determining the 

effects of scenario metrics on the performance of dynamic 

source routing using taguchi approach," Matematika, vol. 23, 

no. 2, pp. 121-132, 2007. 

[27] K. Tsapi and M. Ekokem (2026). Optimizing Melon Seed De-

cortication: A Taguchi-Based Approach for Single and Multi-

Objective Performance. Journal of Mechanical Engineering, 

3(1), 17,  

https://doi.org/10.47134/jme.v3i1.5352 

[28] L. O. Agberegha, E. Emagbetere, F. Onoroh, F. I. Ashiedu, A. 

Akene, F. I. Idubor and B. U. Oreko, "Design and Fabrication 

of a Melon (Egusi) Decorticating Machine," Saudi Journal of 

Engineering and Technology, vol. 6, no. 11, pp. 432-444, 2021. 

[29] T. K. Tsapi, S. M. Bisong and F. B. Soh, "Optimal settings of a 

melon seed sheller using statistical design of experiments," In-

ternational Journal of Mechanical Engineering Technologies 

and Applications, vol. 5, no. 1, pp. 38-50, 2024,  

https://doi.org/10.21776/MECHTA.2024.005.01.5 

[30] S. S. Sobowale, J. A. Adebiyi and O. A. Adebo, "Design, con-

struction and performance evaluation of a melon seeds sheller," 

J Food Process Technol, vol. 6, no. 7, 1000463, 2015,  

https://doi.org/10.4172/2157-7110.1000463 

[31] D. D. Yusuf, M. L. Attanda and H. O. Yusuf, "Multi-Objective 

Optimization of Shelling Process of an Engine-Operated Melon 

(Citrullus Laenatus Kuntze) Sheller," Arid Zone Journal of En-

gineering, Technology and Environment, vol. 21, no. 1, pp. 

210-227. 2025. 

[32] H. D. Olusegun and A. S. Adekunle, "The design, construction 

and testing of melon sheller," Global journal of Engineering 

and Technology, vol. 1, no. 4, pp. 473-481, 2008. 

[33] C. Osuji, C. Uche, M. Iheagwara, C. Ofoedu, G. Omeire, A. 

Nwakaudu and I. Ozumba, "The effect of mechanized shelling 

and packaging on the quality of melon seeds," Potravinarstvo 

Slovak Journal of Food Sciences, vol. 17, no. 1, pp. 565-580, 

2023, https://doi.org/10.5219/1884 

http://www.sciencepg.com/journal/ijmea


International Journal of Mechanical Engineering and Applications http://www.sciencepg.com/journal/ijmea 

 

27 

[34] O. O. Oluwole and A. S. Adedeji, "Effect of moisture content 

and inner drum rotation speed on the shelling performance of a 

melon sheller," Journal of Science and Technology, vol. 2, no. 

2, pp. 21-26, 2012. 

[35] R. Sanjeevi, G. A. Kumar and B. R. Krishnan, "Optimization 

of machining parameters in plane surface grinding process by 

response surface methodology," Materials Today: Proceedings, 

vol. 37, pp. 85-87, 2021,  

https://doi.org/10.1016/j.matpr.2020.04.075 

[36] M. Heshmat and Y. Abdelrhman, “ANOVA and regression 

model of slurry erosion parameters of a polymeric spray paint 

film,” International Journal of Materials Engineering Innova-

tion, vol. 11, no. 3, pp. 198-211, 2020. 

[37] M. Heshmat and M. Adel, "Investigating the effect of hot air 

polishing parameters on surface roughness of fused deposition 

modeling PLA products: ANOVA and regression analysis," 

Progress in Additive Manufacturing, vol. 6, no. 4, pp. 679-687, 

2021. 

[38] S. K. A. Al Sharifi, M. A. Aljibouri and M. A. Taher, "Effect of 

threshing machines, rotational speed and grain moisture on 

corn shelling," Bulgarian Journal of Agricultural Science, vol. 

25, no. 2, pp. 243-255, 2019. 

[39] Lupu, M. I., Pădureanu, V., Canja, C. M., & Măzărel, A. "The 

effect of moisture content on grinding process of wheat and 

maize single kernel." IOP Conference Series: Materials Science 

and Engineering, vol. 145, no. 2. IOP Publishing, 2016,  

https://doi.org/10.1088/1757-899X/145/2/022024 

[40] R. H. Myers, D. C., Montgomery and C. M. Anderson-Cook, 

“Response surface methodology: Process and product optimi-

zation using designed experiments (4th ed.), 2016, John Wiley 

& Sons. 

[41] A. I. Khuri and S. Mukhopadhyay, “Response surface method-

ology,” Wiley interdisciplinary reviews: Computational statis-

tics, vol. 2, no. 2, 2010, 128-149. 

[42] T. Ipilakyaa, M. Iorbee, I. Tyohemba, “Design, construction 

and performance evaluation of a motorized and manually oper-

ated groundnut sheller,” International Journal of Engineering 

and Science, vol. 11, no. 5, pp. 10-17, 2021. 

[43] Jeffi, N., & Hamid, N. H. A. "Comparison of Central Compo-

site and Box-Behnken design in optimization of turbidity re-

moval using nanocellulose filter paper (Neolarmarckia ca-

damba)," Progress in Engineering Application and Technology, 

vol. 2, no. 1, pp. 350-360, 2021. 

 

http://www.sciencepg.com/journal/ijmea

