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Abstract: The study of micromechanical behavior during tablet pressing is often limited to phenomenological
studies, accurate calibration of the discrete element model parameters of binary particles is a prerequisite for
conducting modeling research on tablet compression. In this study, we take pregelatinized starch and microcrystalline
cellulose as the research objects, and apply the Edinburgh elasto-plastic adhesion (EEPA) contact model to establish
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a discrete elemental simulation model for binary material pressing. Taking tablet force-hardness and force-volume
reduction as response values, the optimal values of the discrete meta-parameters that significantly affect tablet
pressing are obtained by applying Plackett-Burman design, Latin hypercubic sampling, Kriging model, and
Non-dominated Sorting Genetic Algorithm (NSGA-II) calibration. The results obtained the optimum combination
of discrete element method (DEM) parameters for pregelatinized starch, Poisson's ratio 0.257, shear modulus
1x10° Pa, granule-particle static friction coefficient 0.165, unit normal stiffness 2.419 2x10° N-m”, unit tangential
stiffness 7.954 6x10° N-m™, and strength of adhesive force —0.009 155 8 N. For microcrystalline cellulose, Poisson's
ratio 0.381, shear modulus 1.04x10° Pa, particle-particle static friction coefficient 0.719, unit normal stiffness
3.171 5x10° N-m”, unit tangential stiffness 6.746 2x10° N-m~, and strength of adhesion —0.038 7 N. For optimum
combinations of the DEM parameters for the binary blend of excipients, particle-particle collision recovery coefficient
0.1, unit normal stiffness 9.947 1x10° N-m”, unit tangential stiffness 1.994 5x10° N-m”, and adhesion force strength
-0.060 35. The simulation results under the optimal parameter combination are similar to the experimental results,
indicating that the calibrated parameters can be used for discrete element simulation research and provide theoretical

basis and data support for the subsequent intelligent and continuous production of tablets.

Key words: bimodal mixed particle; discrete element method; parameter calibration; compression
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Figure 1
Edinburgh elasto-plastic adhesion (EEPA) contact model. K : The

Normal contact force-displacement curve for the

original loading stiffness; K,: Reloading stiffness; f;: Constant drag

force; K, Attenuation stiffness
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Figure 2 Schematic diagram of particle cluster
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Table 1 Discrete element method (DEM) parameters for compaction and diametrical compression

Parameter type

Parameter

Numerical range

Intrinsic parameters Poisson's ratio
Shear modulus / Pa

Contact parameters

Particle-particle static friction coefficient
Particle-particle rolling friction coefficient
Particle-stainless steel recovery coefficient
Particle-stainless steel static friction coefficient
Particle-stainless steel rolling friction coefficient

EEPA model parameters

Shear stiffness per unit area / N-m™

Particle-particle recovery coefficient

Normal stiffness per unit area / N-m™

0.2-0.4
5.0x107-1.0x10°
0.3-0.6
0.2-0.4
0.2-0.4
0.3-0.6
0.2-0.4
0.2-0.4
5.0x10°~1.0x10°
5.0x10°~1.0x10°

Critical normal stress / MPa 5-10
Critical shear stress / MPa 5-10
Constant pull-off force / N -1.0x10* = =5.0x107
Surface energy / J-m™ 0.02-0.04
Contact plasticity ratio 2-4
Tangential stiff multiplier 0.3-0.6
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Table 3 Significance analysis of Plackett-Burman test parameters

Parameter Effect Sum of squares F-value P-value S/N
Hardness
Poisson's ratio =-2.11 22.25 2.89 0.19 9
Shear modulus / Pa 6.32 199.89 25.92 0.015 2
Particle-particle recovery coefficient 3.82 72.90 9.45 0.054 5
Particle-particle static friction coefficient 4.59 105.54 13.69 0.034 3
Particle-particle rolling friction coefficient -2.16 23.40 3.03 0.18 8
Particle-stainless steel recovery coefficient -2.26 25.47 3.30 0.17 7
Particle-stainless steel static friction coefficient 3.39 57.49 7.46 0.072 6
Particle-stainless steel rolling friction coefficient -0.86 3.71 0.48 0.54 13
Normal stiffness per unit area / N-m” 12.03 723.46 93.82 2.3x10° 1
Shear stiffness per unit area / N-m™ 4.54 102.93 13.35 0.035 4
Critical normal stress / MPa -1.65 13.64 1.77 0.28 11
Critical shear stress / MPa -0.19 0.19 0.024 0.89 15
Constant pull-off force / N 0.073 0.026 3.4x10° 0.96 16
Surface energy / J-m™ -0.82 3.33 0.43 0.56 14
Contact plasticity ratio 2.01 20.12 2.61 0.20 10
Tangential stiff multiplier -1.33 8.83 1.15 0.36 12
Compressive force
Poisson's ratio 852.96 3.64x10° 122.45 1.6%10° 2
Shear modulus / Pa 1 948.46 1.90x107 638.95 1.0x10™* 1
Particle-particle recovery coefficient 151.82 1.15%x10° 3.88 0.14 6
Particle-particle static friction coefficient 190.72 1.82x10° 6.12 0.089 4
Particle-particle rolling friction coefficient -24.76 3.07x10° 0.10 0.77 15
Particle-stainless steel recovery coefficient 101.60 5.16x10* 1.74 0.28 8
Particle-stainless steel static friction coefficient -47.76 1.14x10* 0.38 0.58 12
Particle-stainless steel rolling friction coefficient 71.72 2.57x10* 0.86 0.42 11
Normal stiffness per unit area / N-m™ -199.66 1.99x10° 6.71 0.08 3
Shear stiffness per unit area / N-m™ -155.86 1.22x10° 4.09 0.14 5
Critical normal stress / MPa -79.16 3.13x10° 1.05 0.38 10
Critical shear stress / MPa -2.80 39.20 1.3x10° 0.97 16
Constant pull-off force / N 33.80 5.71x10° 0.19 0.69 13
Surface energy / J-m™ 28.26 3.99x10° 0.13 0.74 14
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Figure 3 Experiment and DEM simulation relationship. A: PGS; B: MCC; C: PGS-MCC; D: PGS; E: MCC. A-C: hardness versus com-

pressive force; D, E: volume reduction versus compressive force
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Table 4 Latin hypercube test sample and simulation results. PGS: Pregelatinized starch; MCC: Microcrystalline cellulose; A: Poisson's
ratio; B: Shear modulus; C: Particle-particle static friction coefficient; D: Normal stiffness per unit area; E: Shear stiffness per unit area; F:

Constant pull-off force

No. A B C D E F Force-hardness Force-volume reduction
PGS
1 0.30 445 0.24 59.03 1.0 -7.6x107 774.10 1.1x10°
2 0.36 2.66 0.27 41.97 96.59 -5.9x107 924.53 1.0x10°
3 0.23 2.1 0.35 96.59 14.66 -8.6x10° 508.50 851.71
4 0.21 3.34 0.59 24.90 93.17 -6.6x107 862.70 1.2x10°
5 0.20 1.55 0.84 55.62 41.97 -7.9%x107 421.22 832.54
6 0.29 4.86 0.32 28.31 52.21 -5.2x107 996.72 1.2x10°
7 0.37 3.21 0.21 65.86 55.62 -9.8x10” 504.62 1.0x10°
8 0.34 431 0.79 69.28 21.48 -9.5x107 558.45 1.4x10°
9 0.25 1.14 0.29 45.38 79.52 -8.4x107 314.99 302.76
10 0.39 1.83 0.73 72.69 65.86 -8.1x10° 528.48 1.1x10°
11 0.23 2.24 0.38 52.21 24.90 -5.0x107 952.54 951.14
12 0.22 4.59 0.68 79.52 38.55 -6.9%x107 814.88 1.3x10°
13 0.26 3.48 0.76 11.24 11.24 -7.0x107 805.25 1.3x10°
14 0.34 3.90 0.90 48.79 62.45 -5.3x107 1.0x10° 1.5x10°
15 0.28 4.17 0.18 14.66 89.76 -8.9x107 699.92 1.0x10°
16 0.21 3.62 0.46 35.14 31.72 -0.01 449.22 1.1x10°
17 0.24 3.76 0.10 82.93 69.28 -7.2x107 890.87 958.86
18 0.26 2.93 0.65 93.17 82.93 -9.7x10° 412.50 1.2x10°
19 0.32 2.38 0.82 86.34 4.41 -6.4x107 814.23 1.2x10°
20 0.27 1.97 0.62 89.76 86.34 -5.7x107 850.07 1.0x10°
21 0.39 1.69 0.40 4.41 72.69 -8.8x107 464.13 895.16
22 0.30 3.07 0.87 21.48 76.10 -9.3x107 420.52 1.3x10°
23 0.32 5.00 0.57 62.45 100.0 -7.8x107 681.88 1.4x10°
24 0.38 4.72 0.51 7.83 45.38 -8.3x10° 670.05 1.3x10°
25 0.33 1.41 0.54 38.55 7.83 -9.1x10° 308.18 779.56
26 0.37 4.03 0.43 100.0 48.79 -6.2x107 880.86 1.2x10°
27 0.4 2.79 0.49 31.72 18.07 -5.5x107 927.53 1.2x10°
28 0.31 1.00 0.71 18.07 59.03 -6.0x107 600.13 602.56
MCC
1 0.34 79.52 0.71 1.93 9.07 -0.033 321.86 272.43
2 0.31 45.38 0.10 6.59 7.83 -8.1x10° 684.60 99.94
3 0.36 14.66 0.82 2.24 3.48 -0.031 104.74 41.66
4 0.32 41.97 0.13 9.69 2.55 -0.034 286.41 96.16
5 0.24 69.28 0.24 1.00 3.79 -0.019 527.61 173.95
6 0.20 65.86 0.40 4.10 10.00 -0.028 373.69 192.24
7 0.37 18.07 0.27 3.48 8.76 -0.038 0.58 -0.46
8 0.38 20.00 0.49 8.14 5.34 -0.021 112.30 74.38
9 0.28 40.00 0.60 4.41 7.21 -5.0x107 579.06 179.05
10 0.29 28.31 0.46 5.34 1.62 -6.6x107 668.30 113.04
11 0.26 35.14 0.54 1.31 5.97 -0.05 85.15 140.60
12 0.23 24.90 0.62 9.38 7.52 -0.016 449.62 99.74
13 0.28 11.24 0.57 2.55 8.14 -0.011 472.10 -52.05
14 0.33 93.17 0.73 3.17 1.93 -0.027 430.88 280.31
15 0.32 89.76 0.16 4.72 6.28 -0.041 327.03 187.83
16 0.40 55.62 0.38 1.62 5.66 -0.013 607.19 210.33
17 0.34 76.10 0.51 9.07 9.69 -0.025 417.58 238.31
18 0.30 62.45 0.79 10.00 2.24 -0.024 462.37 247.85
19 0.21 48.79 0.85 3.79 4.10 -0.022 419.50 215.79
20 0.39 59.03 0.65 6.90 4,72 -0.047 132.62 239.77
21 0.23 72.69 0.43 5.66 1.00 —-0.045 140.07 210.02
22 0.26 38.55 0.32 8.76 8.45 -0.048 37.01 128.27
23 0.35 31.72 0.21 2.86 1.31 -0.036 187.01 90.31
24 0.37 52.21 0.90 5.97 6.59 -9.7x107 652.08 257.59
25 0.21 82.93 0.29 8.45 4.41 -0.017 557.58 200.60
26 0.39 86.34 0.35 7.83 3.17 -0.014 604.68 221.46
27 0.25 96.59 0.76 7.21 6.90 —-0.042 196.30 269.72

28 0.30 21.48 0.87 6.28 9.38 -0.039 36.01 114.58




Figure 6 Partial interaction response diagram. A-D: PGS; E-H: MCC; I-J: PGS-MCC

Table 5 Latin hypercube test sample and simulation results (PGS-
MCC). A: Particle-particle static friction coefficient; B: Normal
stiffness per unit area; C: Shear stiffness per unit area; D: Constant

pull-off force

No. A B C D Force-hardness
1 0.27 9.05 9.05 —-0.053 77.66
2 0.10 6.21 6.21 -0.036 297.01
3 0.86 3.37 8.11 —-0.043 295.90
4 0.77 9.53 7.16 —-0.051 186.13
5 0.65 5.74 10.00 —-0.062 125.60
6 0.23 1.47 3.84 —-0.049 156.99
7 0.44 3.84 2.42 —-0.068 97.74
8 0.69 8.11 1.47 -0.055 172.10
9 0.39 10.00 4.32 -0.040 367.22

10 0.56 7.16 8.58 —-0.032 334.05

11 0.73 1.95 1.95 —-0.047 311.44

12 0.90 4.79 4.79 —-0.064 186.53

13 0.31 2.89 9.53 —-0.045 256.02

14 0.60 1.00 6.68 —-0.059 127.62

15 0.48 8.58 5.74 -0.070 143.76

;B 6EF % B, AB.BE X} MCC J& JJy -1l i i 2k 17 7%
A H W, B X HAE T A B OK; B 6GVH R B,
CD 1 DF X MCC J& 77— F sk /b & il 28 47 7558 HAE
A, D5 EZAMER; K6l JEXW, AC.BCX —JtiR &%)
BHE -1 i A e HAER . T iR &Yk,
ATE AC 28 H I SIS s 77— ifh 2 B8 0y B 2 5
Wi, B 7E BC 28 HLI01 3% IR H Sy — 1 5 iy 4 o 1) 2
M5 . bk g SR EA, 5T D) E R A 1n) W AE
A H IR R B AR WD 54T s ) 5

it

K F EEPA $2 fil B 81, DL B 556 K A7 HAR UL
JI-T6 5 - A ek i it 26 14U A B e Ak H AR,
K H Kriging #5284 25 & A SO R B 18 4% 57 (NSGA-
1), b5 5 73 3 PGS ) DEM Z (0 i A &, B A =

0.257, B = 1e+09 Pa, C = 0.165, D =2.419 2¢+09 N-m~,
E = 7.954 6e+09 N-m”, F = -0.009 155 8 N; MCC £
DEM 2 ¥ () 414, Bl A=0.381, B = 1.04e+09 Pa,
C=0.719,D=3.171 5¢+09 N'-m”, E = 6.746 2¢+09 N-m~,
F=-0.038 7 N; —Joi &4 B DEM 250 I (415,
BIA=0.1,B=9.947 1e+09 N'm”, C = 1.994 5¢+09 N'm~,
D =-0.060 35 N. AESHME T RBLILS P B 5L 58
45 FARML, R bR E 1R B S B A AL

JaE ST 70 o) R R R R B, DA B S
F AN EAGEAY TR R )RR > B A AL S
FERARAL B AR, SR Kriging #5784 25 4 = 32 Bl HE 7 4%
ik (NSGA-ID), briE 558 MCC. PGS & eI &kt
) DEM Z#(., — o3 S HbrE mAhFEH T
YIELE AT, 5 BUBURL ] Y DEM 2 80F &35 £ |
[A 1k, A7 DEM 2230 F (1058 150 TR Y 4 75 46 T el
AR, A BT S HUHAT B AINAERR bR E o S0 = BT AT
—ukr B W50, F 28 IT Plackett-Burman . #i% €
i & Box-Behnken &5 R 56 % 11 15 11 >k 38 453 A %2 DEM
Z 4, T A TN R S W B A bR T
VIR DEM 24, J5 2 (HF 78 AT X e EAT 284, H 5
I — e kL Z 8t AW A5 € 7775, T3R5
Z JCIR GRS 3L, %2 50br € J7 1 10 2 57 o HoAth
25 4R DEM A5 8 St 18 i) L 2K

TEE Tk & 23 17 57 56 il SO 1) B BRI SO A
WIBES ; BV o L 1 58 L BRI B SR 36 St 3% 2
S TR R U £ 57 R AR e B A e BA R
SCHEAT ; B RUK FE R £ %P5 58RI Wit

FIEEMSE: A CTAEE B AAER G R KR

References

[1] Awad A. Solid oral dosage forms [M]// Trenfield SJ, Basit AW.
Remington. London: Academic Press, 2021: 333-358.



VA

1146 - 2% %R Acta Pharmaceutica Sinica 2025, 60(4): 1137-1146

(2]

[3]

(4]

[3]

(6]

(7]

(8]

]

[10]

[11]

[12]

[13]

[14]

[15]

Khan D, Kirby D, Bryson S, et al. Paediatric specific dosage
forms: patient and formulation considerations [J]. Int J Pharm,
2022, 616: 121501.

Sun HM, Chen SK, Dai CY. Application of modeling and simula-
tion in the development of oral solid dosage forms [J]. China
Food Drug Adm Mag ("l £ 5 24 it 1 ), 2023, 26: 204-209.
Zhang L. Study on the tabletting technology of product A based
on process capability analysis [J]. Chem Pharm Eng ({1t T. 5 [&
25T 1%), 2021, 42: 26-30.

Chen FY, Xia YD, Klinger JL, et al. A set of hysteretic nonlinear
contact models for DEM: theory, formulation, and application for
lignocellulosic biomass [J]. Powder Technol, 2022, 399: 117100.
Chen ZP, Wassgren C, Veikle E, et al. Determination of material
and interaction properties of maize and wheat kernels for DEM
simulation [J]. Biosyst Eng, 2020, 195: 208-226.

Carl OS, Corné C. DEM calibration for simulating bulk cohesive
materials [J]. Comput Geotech, 2023, 161: 105476.

Cundall PA, Strack ODL. A discrete numerical model for granular
assemblies [J]. geotechnique, 1979, 29: 47-65.

Fan XY, Liu HM, Wang XH, et al. Numerical simulation of
single-joint rock fracture evolution based on PFC [J]. J Tsinghua
Univ (Sci Technol) (i& # K % %:4%), 2024, 64: 1238-1251.

Li Z, Wu GY, Si SJ, et al. Differences between reverse and
normal shear in mechanical characteristics and failure modes of
layered rocks [J]. Coal Sci Technol (i 5 F} 22+ AK), 2024. http://
kns.cnki.net/kcms/detail/11.2402.td.20240530.0905.001 .html.
Shao X, Chi S, Tao Y, et al. DEM simulation of the size effect on
the wetting deformation of rockfill materials based on single-
particle breakage tests [J]. Comput Geotech, 2020, 123: 103429.
Ketterhagen WR, Wassgren C. A perspective on calibration and
application of DEM models for simulation of industrial bulk
powder processes [J]. Powder Technol, 2022, 402: 117301.

Li Z, Peng WH, Liu WJ, et al. Advances in numerical simulation
of unit operations for tablet preparation [J]. Int J Pharm, 2023,
634: 122638.

Bai YL, Xie WY, Zhao MT, et al. Contact parameter calibration
of starch discrete element method based on BP neural network of
MATLAB [J]. Chin Pharm J (4 [ )% 2 &), 2022, 57: 1268-
1277.

Xie WY, Bai YL, Zhao MT, et al. Calibration of discrete element

simulation parameters and mesoscopic analysis of angle of repose

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

\

of microcrystalline cellulose [J]. Acta Pharm Sin (24 %% 2% %),
2022, 57: 1147-1154.

Zhao MT, Fan RY, Zhou KM, et al. Discrete element-based
calibration of simulation parameters and force chain analysis of
angle of repose of pregelatinized starch [J]. Chin J Pharm (*
2245 Tk 2% 5), 2022, 53: 868-875, 895.

Zhao Y, Zhang J, Zhang CM, et al. Development and trends of
new methods for computer modeling and simulation in global
drug regulatory science [J]. China Food Drug Adm Mag ("' [E &
T2 IR, 2023, (7): 6-15,138, 139.

Thakur SC, Morrissey JP, Sun J, et al. Micromechanical analysis
of cohesive granular materials using the discrete element method
with an adhesive elasto-plastic contact model [J]. Granul Matter,
2014, 16: 383-400.

Li W, Lu LY, Xie XT. A novel extension algorithm for optimized
Latin hypercube sampling [J]. J Stat Comput Simul, 2017, 87:
2549-2559.

Krivoruchko K, Gribov A. Evaluation of empirical Bayesian
kriging[J]. Spat Stat, 2019, 32: 100368.

Wang PQ, Ju RS, Zhang M, et al. Data collection strategy of HLA
simulation system based on non-dominated genetic algorithm
[J]. Syst Eng Electron (R4t L2 5 H FH R), 2024, 46: 3103-
3111.

Reynolds GK, Campbell JI, Roberts RJ. A compressibility based
model for predicting the tensile strength of directly compressed
pharmaceutical powder mixtures [J]. Int J Pharm, 2017, 531:
215-224.

Zhang C, Zhao Y, Bai QS. 3D DEM method for compaction and
breakage characteristics simulation of broken rock mass in goaf
[J]. Acta Geotech, 2022, 17: 2765-2781.

Kwon H, Choi S. A trended Kriging model with R* indicator and
application to design optimization [J]. Aerosp Sci Technol, 2015,
43: 111-125.

Hohner D, Wirtz S, Kruggel-Emden H, et al. Comparison of
the multi-sphere and polyhedral approach to simulate non-
spherical particles within the discrete element method: influence
on temporal force evolution for multiple contacts [J]. Powder
Technol, 2011, 208: 643-656.

Kruggel-Emden H, Rickelt S, Wirtz S, et al. A study on the
validity of the multi-sphere discrete element method [J]. Powder

Technol, 2008, 188: 153-165.



