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Fig. (2). Von Mises Stress distribution in zucchini tablet samples with diameters of 10, 18 and 26 mm and at

compression pressures of 5, 7 and 9 MPa. (Results extracted at the end of the loading step, with relaxation time of 13
s and identical color scale of 0-200 MPa)
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Table (3). The effect of pressure and geometric dimensions on density, strength, and energy required in the
zucchini tablet compression process (Results recorded at the end of the load phase)
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Fig. (3). Ratio of cave/CP as a function of die diameter at different compaction pressures (5, 7 and 9 MPa) for
zucchini powder tableting
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Fig. (4). Graph of SEC/CP ratio by diameter, at different compression pressures (5, 7 and 9 MPa) for zucchini
powder tableting
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Table (4). Coefficients of the model fitted to the quadratic regression equation for the response variables in the

process of tablet making of zucchini powder (X;: Pressure (MPa), X,: Die diameter (mm) and Xs: Stress relaxation
time (S))
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Table (5). Analysis of variance of the quadratic response surface model for zucchini tablet density
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Fig. (5). Effect of process variables on zucchini tablet density: A) Effect of stress relaxation time, B) Effect of
die diameter, C) Effect of hydraulic pressure
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Table (6). Analysis of variance of the quadratic response surface model of penetration resistance of zucchini
tablet
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Table (7). Analysis of variance of the quadratic stress response surface model along the tablet of zucchini
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Fig.(6). Interaction effects of pressure and die diameter and stress relaxation time on the penetration resistance

of zucchini tablets: A) Interaction effect of pressure and die diameter, B) Interaction effect of die diameter and stress
relaxation time
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Fig. (7). Interaction effects of mold pressure and diameter and stress relaxation time on stress along the

diameter of zucchini tablet: A) Interaction effect of die pressure and diameter, B) Interaction effect of pressure and
stress relaxation time
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Table (8). Analysis of variance of the quadratic response surface model of specific energy consumption,
zucchini tablets
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Fig. (8). A) Independent effect of compression pressure on specific energy consumption of zucchini tablet; B)
Interactive effects of die diameter and stress relaxation time on specific energy consumption of zucchini tablet.

e 995 (058 ¢ (F9,88 003 pod a5 Gy mhaes Joe uil)ly a5 Q) Jgu
Table (9). Analysis of variance of the quadratic response surface model for compression percentage of zucchini
tablets
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Fig. (9). A) The effect of pressure, B) the effect of die diameter and C) the effect of stress relaxation time on
the compression percentage of zucchini tablets
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Table (10). Comparison of FEM results with experimental data for average axial stress (cav.) and compression
percentage (CP)
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Fig. (10). Statistical optimization results using Design Expert software for preparing zucchini tablets
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Table (1). Elastic and viscoelastic properties of zucchini powder used in the finite element model

p (kg.m®) Eo (MPa) v 9.7k, 927k, T, (8) T (S)

452 95.75 0.42 210.56 50.26 3.56 105.39

* p: density, Eo: initial elastic modulus, v: Poisson's ratio, g; and k;: relative coefficients of shear and bulk moduli in Prony
series, Ti: relaxation time of i-th Prony term.
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Table (2). Calibration results relating hydraulic pressure, die diameter, and piston displacement

Equivalent force

Piston displacement

Pressure (MPa) Die diameter (mm) (kN) (mm)

10 9.82 1.48

5 18 9.82 0.9
26 9.82 0.45
10 13.74 1.99

7 18 13.74 1.3
26 13.74 0.63
10 17.67 2.5

9 18 17.67 1.7
26 17.67 0.77
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Table (3). The effect of pressure and geometric dimensions on density, strength, and energy required in the
zucchini tablet compression process. (Results recorded at the end of the load phase)

P D Omax Cave SEC CP E Oave
(Mpa) (MM (MPa)  (MPa) (/em®) (%) CP cp
5 10 189 93 4333 9.87 439 9.43
18 126 31 1337 6.00 223 5.15
26 105 22 641 3.00 214 7.42
7 10 191 102 6067 13.27 457 7.68
18 168 68 1872 8.67 216 7.87
26 146 33 897 4.20 214 7.77
9 10 193 106 7800 16.67 468 6.36
18 174 78 2407 11.33 212 6.90
26 153 37 1154 5.13 225 7.24

#0max. Maximum axial stress, oa.c: average axial stress, SEC: specific energy consumption, CP: compression percentage.
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Table (4). Coefficients of the model fitted to the quadratic regression equation for the response variables in the
process of tablet making of zucchini powder (X;: Pressure (MPa), X,: Die diameter (mm) and X3: Stress relaxation

time (S))
Response variable
Resistance Tension
Density to penetration along the CP SEC
-3 H 0 -3
Model coefficients (kg.m™) (N) diameter (%0) (J.cm™)
(MPa)
Intercept
(b0) 1301.65 496.61 16.13 8.97 1837.47
Linear coefficients
(by) X3 8.25 ** -54.13** 2.21%* 2.63%* 578.11**
(b2) X2 -100.25** -12.88 ™ 1.19™ -4.3%* -2213.2%*
(b3) X3 38.75** 22.87™ 0.0125 "™ 0" 1556.45**
Interaction
coefficients
(b12) XX "5.2E-15 -267.5%* 5.25% 0.8%* 526.23"
(b1s) X:Xs "L3E-15 425™ 5,254 ons 477.88™
(bz3) XoXs -21E-15 185 5% 0.65 ns Ons -1416.77*
Quadratic coefficients
(b11) X° -17.39 ™ 169.3** -1.53" -0.35"™ -17.48 ™
(bz) X2 -17.39™ 34.8™ -4.63%* -0.61* 1592.15**
(bs3) Xs° -17.39"™ 23"™ -2.03™ -0.34™ -17.48™
Lack of Fit 0.9770 0.1378 0.0680 0.9929 0.245
(P-value)
P-value of model < 0.0001 0.0002 0.0054 < 0.0001 < 0.0001
R? 0.9999 0.9703 0.9142 0.9831 0.9815
Adjusted-R2 0.9998 0.9321 0.8038 0.9783 0.9577
Predicted R2 0.9997 0.7586 0.2976 0.9936 0.8439
C.V. (%) 0.0537 4,01 7.26 3.88 14.10
Std. Dev. 0.6994 21.86 1.03 0.3324 310.71

*: Significant at the 5% probability level (0.01 <P <0.05)
**: Significant at the 1% probability level (P <0.01)
™: Not significant (P > 0.05)
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Table (5). Analysis of variance of the quadratic response surface model for zucchini tablet density

Source Sum of df Mean Square f-value P-value
Squares
Model 46478.81 9 5164.31 10558.15 < 0.0001**
A-Pressure 272.25 1 272.25 556.6 < 0.0001**
B-Diameter 40200.25 1 40200.25 82187.18 < 0.0001**
C-Relaxation time 6006.25 1 6006.25 12279.44 <0.0001**
AB -5.2E-15 1 -5.2E-15 -5.2E-15 1"

AC -1.3E-15 1 -1.3E-15 -1.3E-15 1™



Residual
Lack of fit
Pure error

Total

-2.1E-15
0.0366

0.0366

0.0366
3.42
0.7572
2.67
46482.24
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1 -2.1E-15
1 0.0366
1 0.0366
1 0.0366
7 0.4891
5 0.1514
2 1.33
16

-2.1E-15
0.0749

0.0749
0.0749

0.1136

1 ns
0.7923 ™

0.7923™
0.7923™

0.977™

*: Significant at the 5% probability level (0.01 < P £0.05)
**: Significant at the 1% probability level (P < 0.01)

ns: Not significant (P > 0.05)
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Table (6). Analysis of variance of the quadratic response surface model of penetration resistance

of zucchini tablet

Source Sum of df Mean f-value P-value
Squares Square
Model 1.09E+05 9 12147.21 25.42 0.0002%*
A-Pressure 11718.06 1 11718.06 24.52 0.0017**
B-Diameter 663.06 1 663.06 1.39 0.2773™
C-Relaxation time 2093.06 1 2093.06 4.38 0.0747™
AB 35778.13 1 35778.13 74.86 < 0.0001**
AC 903.13 1 903.13 1.89 0.2116™
BC 17205.13 1 17205.13 36 0.0005%*
A2 34698.48 1 34698.48 72.6 < 0.0001**
B> 1466.36 1 1466.36 3.07 0.1233™
c 6.43 1 6.43 0.0134 0.9109™
Residual 3345.6 7 477.94
Lack of fit 3152.93 5 630.59 6.55 0.1378™
Pure error 192.67 2 96.33
Total 1.13E+05 16

*. Significant at the 5% probability level (0.01 < P <£0.05)
**: Significant at the 1% probability level (P <0.01)

" Not significant (P > 0.05)
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Table (7). Analysis of variance of the quadratic stress response surface model along the tablet of zucchini

Source Sum of df Mean f-value P-value
Squares Square
Model 79.23 9 8.8 8.28 0.0054**
A-Pressure 19.58 1 19.58 18.42 0.0036**
B-Diameter 5.64 1 5.64 5.31 0.0547"
C-Relaxation time 0.0006 1 0.0006 0.0006 0.9813™
AB 13.78 1 13.78 12.97 0.0087**
AC 13.78 1 13.78 12.97 0.0087**
BC 0.2113 1 0.2113 0.1988 0.6692™
A2 2.84 1 2.84 2.68 0.1459"
B2 25.98 1 25.98 24.44 0.0017**
c 5 1 5 4.71 0.0667"
Residual 7.44 7 1.06
Lack of fit 7.23 5 1.45 14 0.068™
Pure error 0.2067 2 0.1033
Total 86.67 16

*: Significant at the 5% probability level (0.01 < P £ 0.05)
**: Significant at the 1% probability level (P <0.01)
": Not significant (P > 0.05)
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Table (8). Analysis of variance of the quadratic response surface model of specific energy consumption,

zucchini tablets

Mean

Source Sum of Squares df f-value P-value
Square
Model 3.60E+07 9 4.00E+06 41.38 <0.0001**
A-Pressure 1.34E+06 1 1.34E+06 13.85 0.0074**
B-Diameter 1.96E+07 1 1.96E+07 202.96 < 0.0001**
C-Relaxation time 9.69E+06 1 9.69E+06 100.38 < 0.0001**
AB 1.39E+05 1 1.39E+05 1.43 0.27ns
AC 1.14E+05 1 1.14E+05 1.18 0.3128ns
BC 1.00E+06 1 1.00E+06 10.4 0.0146*
A2 362.51 1 362.51 0.0038 0.9528ns
B 3.20E+06 1 3.20E+06 33.19 0.0007**
c’ 362.51 1 362.51 0.0038 0.9528ns
Residual 6.76E+05 7 96536.93
Lack of fit 6.69E+05 5 1.34E+05 40.15 0.245ns
Pure error 6666.67 2 3333.33
Total 3.66E+07 16

*: Significant at the 5% probability level (0.01 < P £ 0.05)
**: Significant at the 1% probability level (P < 0.01)
ns: Not significant (P > 0.05)
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Table (9). Analysis of variance of the quadratic response surface model for compression percentage of

zucchini tablets

Source Sum of df Mean Square f-value P-value
Squares
* %
Model 103.7 9 11.52 104.25 <0.0001
A-Pressure 27.72 1 27.72 250.81 <0.0001**
B-Diameter 75.17 1 75.17 680.13 < 0.0001**
C-Relaxation time 0 1 0 0 1"
AB 0.32 1 0.32 2.9 0.1326™
AC -5.2E-15 1 -5.2E-15 -5.2E-15 1™
BC -1.3E-15 1 -1.3E-15 -1.3E-15 1™
A2 0.1509 1 0.1509 1.37 0.2809™
B2 0.4624 1 0.4624 4.18 0.0801™
c2 0.1466 1 0.1466 1.33 0.2872™
Residual 0.7737 7 0.1105
Lack of fit 0.107 5 0.0214 0.0642 0.9929™
Pure error 0.6667 2 0.3333
Total 104.47 6 !

*. Significant at the 5% probability level (0.01 < P < 0.05)
**. Significant at the 1% probability level (P < 0.01)
ns: Not significant (P > 0.05)
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Table (10). Comparison of FEM results with experimental data for average axial stress (cav.) and compression

percentage (CP)

FEMPa) D(mm) (FEM) (MPa)  (Exp) (MPa) E[s:?:(%) (FI?ICI) (%) (Eii;) (%) EMorCP (%)
10 93 94 1.06 9.87 9.8 0.71

5 18 31 30 3.33 6 6.2 3.23
26 22 23 4.35 3 3.1 3.23

10 102 103 0.97 1327 118 1246

7 18 68 70 2.86 8.67 8.7 0.34
26 33 34 2.94 42 42 0

10 106 102 3.92 16.67 128 30.23

9 18 78 79 127 1133 109 3.94
26 37 36 278 5.13 5.1 0.59

Mean 2.61 6.08
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Fig. (1). Assembly of the die, punch, and powder bed in Abaqus
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Fig. (2). Von Mises Stress distribution in zucchini tablet samples with diameters of 10, 18 and 26 mm and at

compression pressures of 5, 7 and 9 MPa. (Results extracted at the end of the loading step, with relaxation time of 13
s and identical color scale of 0-200 MPa)
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Fig. (3). Ratio of cave/CP as a function of die diameter at different compaction pressures (5, 7 and 9 MPa) for
zucchini powder tableting
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Fig. (4). Graph of SEC/CP ratio by diameter, at different compression pressures (5, 7 and 9 MPa) for zucchini

powder tableting
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Fig. (5). Effect of process variables on zucchini tablet density: A) Effect of stress relaxation time, B) Effect of
die diameter, C) Effect of hydraulic pressure
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Fig. (6). Interaction effects of pressure and die diameter and stress relaxation time on the penetration resistance
of zucchini tablets: A) Interaction effect of pressure and die diameter, B) Interaction effect of die diameter and stress
relaxation time
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Fig. (7). Interaction effects of mold pressure and diameter and stress relaxation time on stress along the

diameter of zucchini tablet: A) Interaction effect of die pressure and diameter, B) Interaction effect of pressure and
stress relaxation time
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Fig. (8). A) Independent effect of compression pressure on specific energy consumption of zucchini tablet; B)
Interactive effects of die diameter and stress relaxation time on specific energy consumption of zucchini tablet.
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Fig. (9). A) The effect of pressure, B) the effect of die diameter and C) the effect of stress relaxation time on
the compression percentage of zucchini tablets
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Introduction: Zucchini (Cucurbita pepo L.) is one of the most widely consumed vegetables globally, cultivated
extensively in temperate regions including Europe, America, and Asia. Despite its high nutritional value, zucchini is
highly perishable due to its soft tissue and high moisture content (approximately 95%), leading to significant
postharvest losses estimated between 20-50% of total production. Converting zucchini into dried powder and
subsequently compressing it into tablets represents an effective strategy for reducing waste, improving shelf-life,
facilitating transportation, and enhancing product value. Zucchini powder is widely used in the food industry as a
natural additive in soups, sauces, snacks, cakes, and biscuits due to its high nutritional value, natural green color,
and mild flavor. Additionally, it is considered a natural dietary supplement in functional food products. The physical
and mechanical properties of powder, including density, compressibility, and tablet strength, play crucial roles in
final product quality. In recent years, numerical simulation, particularly the Finite Element Method (FEM), has
emerged as a powerful tool for analyzing and optimizing compaction processes in food and pharmaceutical
industries. FEM enables prediction of stress distribution, deformation behavior, and optimal process conditions
without extensive experimental trials. Previous studies have demonstrated the application of FEM in food and
pharmaceutical processing; Wang et al. (2021) used FEM for numerical modeling of pharmaceutical powder
tableting, Partheniadis et al. (2022) provided a comprehensive review of FEM applications in pharmaceutical
tableting, Li et al. (2025) reviewed recent advancements in numerical simulation during tablet compaction, and Ma
et al. (2023) employed response surface methodology for optimization of effervescent tablet production from fruit
powder. However, limited research has been conducted on numerical modeling of vegetable powder compaction,
especially for zucchini, with few studies simultaneously investigating the effects of operational parameters on
mechanical properties and energy consumption. Therefore, this research aims to simulate the zucchini powder
compaction process using FEM, investigate the effects of hydraulic pressure, die diameter, and stress relaxation time
on tablet mechanical and physical properties, and perform multi-response optimization using Response Surface
Methodology (RSM).

Materials and Methods: Fresh zucchini was obtained from a local market, washed, and sliced into 3 mm pieces.
Moisture content was determined by oven-drying at 105°C for 24 hours. Samples were dried in a continuous hot-air
dryer (previously fabricated in Depatment of Biosystems Engineering, Buu-Ali Sina University) at 50, 60, and 70°C
with air velocities of 1.5, 2.5, and 3.5 m/s until reaching 12% moisture content (dry basis). The final moisture
content of 12% (dry basis) was selected based on previous studies, as at this moisture level, the resulting powder has

suitable flowability, high compressibility, and adequate microbial stability (Aziz et al., 2018; Rashidi et al., 2021).

The dried material was milled and sieved through a No. 14 mesh (1.41 mm). Tablets were produced using a
hydraulic press at speeds of 6 mm/s under nominal pressures of 5, 7, and 9 MPa, die diameters of 10, 18, and 26
mm, and stress relaxation times of 3, 13, and 23 seconds. Mechanical properties including density, penetration
resistance, diametral tensile strength, compression percentage (CP), and specific energy consumption (SEC) were
measured. The viscoelastic behavior of zucchini powder was modeled using the generalized Maxwell model with
Prony series parameters. FEM simulations were performed in Abaqus 2024 using a 2D axisymmetric model with
explicit dynamic solver. RSM with a second-order polynomial model was employed for statistical optimization
using Design-Expert software. The independent variables were pressure (X;), die diameter (X;), and stress
relaxation time (Xs), while density, penetration resistance, tension along diameter, CP, and SEC served as
responses.

Results and Discussion Von Mises stress was selected as an equivalent stress criterion to identify critical regions

with cracking and lamination risk (Wang et al., 2021; Partheniadis et al., 2022). FEM simulations revealed that

increasing compaction pressure from 5 to 9 MPa significantly enhanced Von Mises stress intensity at the tablet
center, from 175 to 189.7 MPa for 10 mm diameter tablets, while increasing die diameter from 10 to 26 mm reduced
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central stress from 189.7 to 168.8 MPa and shifted stress distribution toward the edges, increasing cracking risk.
Numerical results showed that at constant 10 mm diameter, increasing pressure from 5 to 9 MPa increased
maximum axial stress (6.x) from 189 to 193 MPa, average axial stress (cave) from 93 to 106 MPa, and compression
percentage (CP) from 9.87% to 16.67%. Conversely, increasing die diameter from 10 to 26 mm at constant 9 MPa
pressure reduced omax from 193 to 153 MPa, 6. from 106 to 37 MPa, and CP from 16.67% to 5.13%. Efficiency
ratio analysis showed that o../CP decreased from 9.43 to 6.36 with increasing pressure, indicating improved
compaction efficiency at higher pressures. SEC/CP ratio for 10 mm diameter increased from 439 to 468, while for
26 mm diameter remained lower (214-225), demonstrating lower energy consumption per compaction unit in larger
diameters. ANOVA results for RSM models showed excellent fit for all responses (Rz > 0.91, P < 0.01). Pressure
and die diameter were identified as the most influential factors. Interaction effects AB (pressure x diameter) and BC
(diameter x relaxation time) significantly affected penetration resistance (P < 0.0001 and P = 0.0005, respectively).
Model validation with experimental data revealed mean errors of 2.61% for ca. and 6.08% for CP, confirming
sufficient prediction accuracy. Statistical optimization using desirability function identified optimal conditions at 9
MPa pressure, 15.12 mm die diameter, and 6.35 s stress relaxation time with 0.73 desirability. Predicted values
under optimal conditions were: density 1320 kg/m3, penetration resistance 630.48 N, tension along diameter 16.63
MPa, CP 12.87%, and SEC 1917.05 J/cm3.

Conclusions: This study successfully simulated and optimized the tableting process of zucchini powder using FEM
and RSM. Increasing compaction pressure enhanced stress, density, and compression percentage but increased
energy consumption. Increasing die diameter reduced stress and compaction efficiency. The 6.../CP and SEC/CP
ratios proved effective as new indices for evaluating mechanical and energy efficiency. RSM models demonstrated
excellent predictive accuracy (R? > 0.91). Optimal conditions (9 MPa, 15.12 mm, 6.35 s) with 0.73 desirability
yielded maximum density and strength with reduced energy consumption. The close alignment between numerical
simulation and statistical optimization confirms that combining FEM and RSM provides an effective approach for
designing plant powder compaction processes. Future research should investigate the effects of powder moisture
content, compaction speed, and lubricant type on final tablet properties.

Keywords: Compaction, Finite element method, Response surface methodology, Zucchini tablet



