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Analog rice extrusion dies must resist the applied extrusion load while 
maintaining low deformation, yet their structural geometry is rarely 
evaluated systematically before fabrication. This study aims to quantify 
the effects of edge fillet diameter and die-hole thickness on maximum 
von Mises stress and total deformation, and to identify the best-
performing configuration within a predefined design space. Nine die 
configurations were generated using a 3² full factorial design with fillet 
diameters of 1, 2, and 3 mm and hole thicknesses of 10, 12, and 14 mm. 
Each configuration underwent one deterministic static finite element 
analysis in Altair SimLab under identical material properties, boundary 
conditions, mesh settings, and a 7117 N design load. The die material 
was Aluminum Alloy 6061-T6. Maximum stress ranged from 22.757 to 
43.979 MPa, while deformation ranged from 0.008 to 0.016 mm. Across 
the evaluated levels, increasing both variables reduced the two structural 
responses, with hole thickness showing the larger main effect. 
Exploratory main-effects ANOVA and response models supported the 
observed trends, although inferential results were interpreted cautiously 
because the simulations were not independently replicated. The 3 mm 
fillet and 14 mm hole thickness configuration produced the lowest 
simulated stress and deformation among the nine cases. It is therefore 
reported as the best-performing tested configuration rather than a 
globally optimised design. The workflow supports pre-fabrication 
screening of analog rice extrusion dies and identifies priorities for 
subsequent experimental and thermo-mechanical validation. 
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Nomenclature (Greek symbols towards the end) 

 
σ Stress (MPa) 

δ Deformation (mm) 

 

Abbreviations 

 

DOE Design of experiment 

CAD Computer-aided design 

FEA Finite element analysis 

ANOVA Analysis of variance 

RSM Response surface methodology 

DF Degree of freedom 

1. INTRODUCTION 

Rice remains a staple food for more than half of the global population, creating continued demand for 

products that support food security and dietary diversification [1]. Analog rice consists of rice-like grains 

produced from alternative carbohydrate sources. Studies have demonstrated analog rice based on sago, 

mung bean, corn, cassava, and banana flour [2-4]. Extrusion is widely used because mixing, conveying, 

and shaping can be integrated into a continuous process [5-6]. Reported screw speeds, barrel temperatures, 

and feed moisture contents vary substantially with formulation and product requirements [7-9]. These 

conditions influence material flow, starch transformation, and extrudate geometry. In addition to processing 

conditions, die geometry governs pressure transfer, stress concentration, deformation, and the dimensional 

stability of the outlet. Reviews of food extrusion and printing systems identify die geometry as an important 

design factor [10-12]. 

Most analog rice studies emphasize formulation, nutritional properties, extrusion conditions, and 

product characterization. The structural response of a rice-shaped extrusion die before fabrication has 

received less attention. Features such as section thickness, outlet geometry, and fillet transitions affect stress 

distribution and mechanical behaviour of extrusion systems [13-15]. The absence of a systematic pre-

fabrication assessment makes it difficult to compare candidate geometries under controlled loading, which 

may increase reliance on trial-and-error prototyping. 

A simulation-driven approach can screen candidate geometries before fabrication. Finite element 

analysis (FEA) estimates stress and deformation under prescribed material, loading, and boundary 

conditions, while a factorial design provides a structured comparison of geometric variables [16-19]. 

Nevertheless, evidence for analog rice die geometry remains limited, particularly for the combined effects 

of edge fillet diameter and die-hole thickness. 

Accordingly, this study has two specific objectives: (1) to quantify the individual effects of edge fillet 

diameter and die-hole thickness on maximum von Mises stress and total deformation under a constant 

simulated extrusion load; and (2) to identify the best-performing configuration among nine predefined 

designs using an integrated CAD-DOE-FEA and response-modelling workflow. The study is limited to 

static structural simulation. It does not evaluate dough preparation, material flow, thermal effects, bulk 

density, expansion ratio, or the physical dimensions of extruded grains. 
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2. METHODOLOGY 

2.1 Die Geometry and Design Variables 

The extrusion die was designed with elliptical outlets based on measured Basmati rice dimensions and 

adapted for a small-scale pasta-type extrusion system. Three-dimensional models were developed in 

SolidWorks. Edge fillet diameter and die-hole thickness were selected as the only varying geometric factors 

because both can affect the load path and local stiffness around the outlets. 

Fillet diameter was evaluated at 1, 2, and 3 mm, while die-hole thickness was evaluated at 10, 12, and 

14 mm. The outer profile, overall dimensions, outlet size and arrangement, material, applied load, boundary 

conditions, element type, and mesh settings were held constant. Thus, differences among the nine 

simulation outputs arose from the two prescribed geometric factors within the assumptions of the model. 

2.2 Full Factorial Design of Experiments 

A 3² full factorial design was used to generate nine CAD and FEA configurations (Table 1). Each cell 

of the design matrix represented one unique combination of fillet diameter and hole thickness. One 

deterministic static FEA run was completed for each configuration. No independent physical extrusion 

experiments or repeated stochastic simulations were conducted. The nine runs therefore compared 

numerical design cases rather than experimental replicates. This distinction is considered when interpreting 

the exploratory ANOVA and response models. 

 

Table 1. Full factorial DOE matrix for analog rice die configurations 

Die Fillet diameter, D (mm) Hole thickness, T (mm) Description 

1 1 10 small fillet, thin wall 

2 1 12 small fillet, medium wall 

3 1 14 small fillet, thick wall 

4 2 10 medium fillet, thin wall 

5 2 12 medium fillet, medium wall 

6 2 14 medium fillet, thick wall 

7 3 10 large fillet, thin wall 

8 3 12 large fillet, medium wall 

9 3 14 large fillet, thick wall 

2.3 Material Properties and Finite Element Setup 

Aluminum Alloy 6061-T6 was represented as a homogeneous, isotropic, linear-elastic solid with a 

density of 2700 kg/m³, Young's modulus of 69 GPa, and Poisson's ratio of 0.33 (Table 2). This assumption 

was considered appropriate because all predicted stresses were below the material yield strength [20]. Static 

analyses were conducted in Altair SimLab. The outer mounting surfaces were fixed and a total design load 

of 7117 N was distributed over the internal die-hole region. Second-order Tet10 elements were used to 

represent curved fillet and outlet boundaries. Identical material properties, load application, constraints, 

element formulation, and mesh settings were used for all nine models. The study did not simulate dough 

flow or temperature-dependent behaviour; therefore, no dough was prepared and no pre-extrusion dough 

test was performed. 



17 Rabilah et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2 

https://doi.org/10.24191/jaeds.v6i2.203 UiTM Press, Universiti Teknologi MARA 

 

Table 2. Material properties used for FEA simulation 

Property Value 

Density 2.7 g/cm3 

Young’s modulus 69 GPa 

Poisson’s ratio 0.33 

Material model Linear elastic 

2.4 Exploratory Statistical and Response Analysis 

Main effects were summarized from the nine FEA outputs. Because there was one deterministic result 

per factorial cell, a conventional replicated two-factor ANOVA with a separate estimable interaction and 

pure error was not possible. An additive two-factor ANOVA was used as an exploratory screening analysis; 

the four residual degrees of freedom contain any unmodelled interaction and numerical/model discrepancy. 

Accordingly, F- and p-values are reported as conditional indicators and not as confirmatory experimental 

inference. Linear and second-order response models were also fitted by least squares to describe trends 

within the tested range. Model fit was compared using R², while preference was given to the simpler model 

when additional terms provided negligible improvement. Response surfaces were used to locate the lowest 

predicted responses only within the evaluated factor bounds. Figure 1 summarizes the workflow, and Figure 

2 presents the die geometry used in CAD modelling and FEA. 

 

 
Fig. 1. Simulation-driven workflow used to evaluate and select the die configuration 

 

 
 

Fig. 2. CAD model and engineering drawing of the analog rice extrusion die 
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3. RESULTS AND DISCUSSION 

3.1 Finite Element Results 

The nine deterministic FEA runs produced maximum von Mises stresses from 22.757 to 43.979 MPa 

and maximum deformations from 0.008 to 0.016 mm (Table 3). Representative contours for Dies 1, 5, and 

9 are shown in Figure 3. Within the tested combinations, both responses generally decreased as fillet 

diameter and hole thickness increased. Die 9 (3 mm fillet; 14 mm hole thickness) recorded the lowest stress 

and deformation, whereas Die 1 recorded the highest values. Relative to Die 1, Die 9 reduced simulated 

stress by 48.25% and deformation by 50.00%. These values describe the tested numerical cases and do not 

constitute replicated experimental measurements. 

The trend is mechanically consistent with a smoother fillet transition reducing local stress concentration 

and a thicker section increasing bending stiffness. Nevertheless, this explanation remains a simulation-

based interpretation because thickness was not isolated in replicated physical extrusion tests. The result 

should therefore be validated experimentally under measured pressure and temperature histories before 

being generalized to manufacturing performance [16-18,22]. 

 

 

Fig. 3. Comparison of von Mises stress and deformation distributions for die 1, 5, and 9 configurations 
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Table 3. FEA results for maximum von Mises stress and total deformation 

Die Max von Mises stress (MPa)  Max deformation (mm) 

1 43.979 0.016 

2 38.139 0.011 

3 33.091 0.009 

4 41.435 0.014 

5 32.180 0.011 

6 26.308 0.008 

7 37.769 0.013 

8 30.985 0.010 

9 22.757 0.008 

 

 
Fig. 4. Maximum von Mises stress and deformation for the nine deterministic FEA configurations 

3.2 Effect of Fillet Diameter and Hole Thickness 

Figure 5 presents the stress main effects averaged across the other factor. Increasing fillet diameter 

from 1 to 3 mm reduced mean maximum stress from 38.403 to 30.504 MPa. Increasing hole thickness from 

10 to 14 mm produced a larger reduction, from 41.061 to 27.385 MPa. These comparisons are descriptive 

averages of the nine deterministic simulations. 

For deformation (Figure 6), the mean decreased from 0.012 to 0.010 mm across the fillet levels and 

from 0.014 to 0.008 mm across the thickness levels. The larger thickness effect is consistent with increased 

section stiffness under the prescribed static load. Since no physical replication, pressure measurement, or 

thermo-mechanical test was performed, the proposed mechanism was not claimed as experimental proof. 
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Fig. 5. Main effects of fillet diameter and hole thickness on maximum von Mises stress 

 

 
Fig. 6. Main effects of fillet diameter and hole thickness on maximum deformation 

3.3 Exploratory ANOVA and Model Adequacy 

Tables 4 and 5 present the additive main-effects ANOVA used for exploratory screening. Under this 

model, hole thickness produced the larger F-value for stress (72.24 versus 24.74) and deformation (301.91 

versus 25.55). The corresponding conditional p-values were below 0.05. However, these values must be 

interpreted cautiously: with one result per design cell, the residual term also contains any interaction 

between the factors, and pure experimental error cannot be estimated. The analysis therefore ranks factor 

influence within the numerical design matrix rather than demonstrating repeatable physical significance. 

Table 6 compares descriptive R² values for the fitted response models. The linear model gave R² = 

0.9338 for stress, whereas the second-order model gave R² = 0.9693 for deformation. The cubic 

specification did not materially improve the deformation fit and was not selected. R² is used here as an in-
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sample measure of agreement; predictive validation requires additional configurations or independent 

physical tests. 

Figure 7 compares the exploratory F-values and shows that hole thickness had the larger main effect 

for both numerical responses. This ranking is restricted to the selected levels, loading assumptions, and 

static structural model. 

Table 4. ANOVA summary for maximum von Mises stress 

Source DF Sum of squares Mean square F-value p-value 

Fillet diameter 2 98.233 49.117 24.744 0.00559 

Hole thickness 2 286.982 143.491 72.243 0.000726 

Error 4 7.780 1.945 - - 

Total 8 392.995 - - - 

 

Table 5. ANOVA summary for maximum deformation 

Source DF Sum of squares Mean square F-value p-value 

Fillet diameter 2 3.49E-05 1.74E-05 25.546 0.00527 

Hole thickness 2 5.87E-05 2.94E-05 301.907 4.33E-05 

Error 4 3.88E-07 9.73E-08 - - 

Total 8 1.41E-04 - - - 

 

Table 6. Comparison of regression fit quality using R2 values 

Fit specification Stress R2 Deformation R2 

Linear 0.9338129 0.9490483 

Squared 0.8977159 0.9692672 

Cubic 0.8977159 0.9692972 

 

 
Fig. 7. Exploratory ANOVA F-values for the two geometric factors 
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3.4 Response Models and Design-Space Evaluation 

The fitted second-order equations used to describe the structural responses within the tested factor 

bounds are: 

For maximum von Mises stress: 

σ = 102.899 - 8.532D - 6.150T + 1.146D2 + 0.114T2 (MPa) (1) 

 

For total deformation: 

 

δ = 0.05603 - 0.0009958D - 0.005724T + 0.00002148D2 + 0.0001739T2 (mm) (2) 

 

where D is fillet diameter in mm and T is die hole thickness in mm.  

 

Figures 8 and 9 show the fitted response surfaces. Both surfaces decline toward the upper tested levels 

of fillet diameter and hole thickness. The lowest predicted responses within the defined 1-3 mm and 10-14 

mm design space occurred at 3 mm and 14 mm, consistent with the direct FEA result for Die 9. 

The agreement between the fitted surfaces and the simulated design cases supports the use of the models 

for interpolation within the tested range. It does not establish a global optimum outside that range. The 

selected geometry should also not be extrapolated to other materials, outlet arrangements, loads, or 

temperatures without new analyses and experimental validation. 

 

 
Fig. 8. Fitted response surface for maximum von Mises stress within the tested design space 
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Fig. 9. Fitted response surface for maximum deformation within the tested design space 

3.5 Best-Performing Tested Configuration 

Die 9, with a 3 mm fillet diameter and 14 mm hole thickness, produced the lowest simulated stress 

(22.757 MPa) and deformation (0.008 mm) among the nine evaluated configurations (Table 7). It is 

therefore identified as the best-performing tested configuration, not as a globally optimised die. The 

predicted stress was below the yield strength of Aluminum Alloy 6061-T6 under the specified static load. 

This finding supports fabrication and experimental validation of Die 9 as the next development step. Its 

performance under real dough flow, measured pressure, thermal loading, cyclic operation, wear, and 

dimensional-quality requirements remains to be established. 

 

Table 7. Best-performing configuration within the tested design space 

Parameter Selected value 

Fillet diameter 3 mm 

Die hole thickness 14 mm 

Maximum von Mises stress 22.757 MPa 

Maximum deformation 0.008 mm 

Stress reduction relative to Die 1 48.25% 

Deformation reduction relative to Die 1 50.00% 

 

4. CONCLUSIONS 

This study met its first objective by quantifying the effects of edge fillet diameter and die-hole thickness 

across nine static FEA configurations. Maximum von Mises stress ranged from 22.757 to 43.979 MPa and 

maximum deformation from 0.008 to 0.016 mm. Hole thickness showed the larger descriptive main effect 

for both responses within the tested range. The second objective was met by identifying Die 9 (3 mm fillet 

and 14 mm hole thickness) as the best-performing tested configuration, with 48.25% lower stress and 
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50.00% lower deformation than Die 1. Because each factorial cell contains one deterministic simulation, 

the ANOVA is exploratory and cannot estimate pure experimental error or independently separate 

interaction. The result is therefore a design-screening outcome rather than evidence of a global optimum or 

validated production performance. Future work should fabricate the selected configuration, conduct 

replicated extrusion trials, measure the actual pressure and temperature histories, assess mesh and model 

sensitivity, and evaluate material flow, bulk density, expansion ratio, and grain dimensional accuracy using 

fully specified test procedures. 
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