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Abstract: Objective To identify critical material attributes (CMAs) of intermediates by predicting the granule friability of Xingbei
Zhike Granules (XZG, 7 VL1154 ) combined with the optimal algorithm. Methods Sixty physical parameters of six intermediate
materials were selected as input variables, and granule friability was chosen as the output variable. Six machine learning algorithms,
including partial least squares (PLS), classification and regression tree (CART), generalized path seeker (GPS), multivariate adaptive
regression splines (MARS), random forest (RF), and TreeNet, were employed to establish predictive models. The optimal algorithm
was selected based on model fitting performance and prediction error to screen CMAs from the intermediates. Results The prediction
model constructed with the GPS algorithm exhibited the best performance for accurately predicting the granule friability of XZG. The

model yielded a coefficient of determination for calibration (R%) of 0.981, a coefficient of determination for prediction (R%) of 0.966,
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a root mean square error of calibration (RMSEC) of 0.976, a root mean square error of prediction (RMSEP) of 1.304, and an average

relative prediction error of 4.72%, which is lower than 5%. A total of 15 CMAs from six intermediate materials were identified.

Conclusion The predictive model based on intermediate material attributes offers a novel approach for predicting granule friability

in dry granulation processes. It effectively identifies critical material attributes affecting granule friability, thereby contributing to

improved product quality.
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critical material attributes
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Table 1 Determination results of intermediate physical properties
y/EE R LA WA RAME CPIE | MR LS RKME RME FHME
ST-sc % 28.21 19.56 24.25 PG-H % 36.95 27.01 31.07
ST-p gcm™? 1.13 0.80 0.98 PG-Dio pm 13.70 6.49 10.23
ST-pH 6.16 4.26 5.35 PG-Dso pm 60.85 20.01 35.23
ST-n N-cm™! 1.38 1.37 1.37 PG-Dyo pm 82.53 56.36 70.13
ST-u cp 371.47 22.61 79.87 PG-Pf % 92.48 67.52 80.23
ST-y mN-m’! 47.47 33.77 45.76 PG-span 2.16 1.55 1.85
ST-o uS-cm™! 14.29 7.62 11.22 PG-10 1.51X1073 1.02X1074 5.17X107
CT-sc % 28.22 16.80 23.66 PG-width 70.79 37.09 55.23
CT-p gcm™ 1.13 0.99 1.07 HHF-a 53.23 42.94 49.10
CT-pH 7.73 2.88 4.66 HHF-8 50.10 35.73 42.92
CT-n N-cm™! 1.38 1.36 1.37 HHF-CJ 15.53 1.00 6.18
CT-y mN-m’! 45.57 25.90 32.93 HHEF-y 82.58 42.09 71.82
CT-o uS-cm™! 14.29 4.55 8.13 HHF-D, gcm 3 0.41 0.23 0.34
HHIJ-sc % 25.45 16.26 21.69 HHF-D. gem™? 0.71 0.44 0.62
HHIJ-p gcm™? 1.29 0.86 1.05 HHF-IH 2.05 1.45 1.82
HHIJ-pH 5.18 2.82 4.54 HHF-CI % 0.51 0.31 0.45
HHJ-n N-cm™ 1.38 1.36 1.36 HHF-/e 2.07 0.77 1.33
HHIJ-u cp 117.41 11.38 34.98 HHF-HR % 7.26 4.04 5.53
HHJ-y mN-m’! 45.57 25.90 39.83 HHF-H % 35.73 25.19 28.53
HHIJ-o uS-cm™! 14.29 4.55 9.42 HHEF-Dio pm 8.63 5.08 7.45
PG-a 55.57 42.16 50.23 HHEF-Dso pm 26.98 16.59 22.44
PG-p 53.94 40.98 47.67 HHEF-Doo pm 69.77 48.36 59.06
PG-CJ 10.51 0.57 4.84 HHF-Pf % 90.89 77.34 84.21
PG-y 85.61 45.74 70.92 HHF-span 2.61 1.97 2.30
PG-Da gem? 0.31 0.19 0.26 HHF-16 1.53X1073 1.04X107* 5.85X10™
PG-D. gem3 0.64 0.39 0.51 HHF-width 61.42 41.24 51.61
PG-IH 2.39 1.59 2.03 HHEF-Dis 33.13 8.43 19.95
PG-CI % 0.58 0.41 0.50 XZG-FPP % 9.90 0.51 3.09
PG-I. 2.77 1.57 2.15 XZG-H % 26.76 18.99 22.44
PG-HR % 7.56 4.26 5.84 XZG-HR % 6.30 3.40 5.30
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Fig. 1 Distribution diagram of friability of XZG
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Table 2 PLS modeling results

A gBEEAN EHEER R Ry 0?
i 60 2 0.302  0.621 0.343
R 2 19 2 0.601 0.616 0.531

*3 FEZEHT PLS RE | EESFUNEE LR
Table 3 Comparison of PLS model performance and
predictive ability with different numbers of variables

HAZE HEES Tt ARPE/
M R> RMSE MAPE R* RMSE MAPE %
60 0.644 4373 0.159 0.611 4720 0.211 4.029 21.08
19 0.616 4.497 0.160 0.587 4.708 0.197 3.933 19.74
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Fig.2 Distribution of independent variable VIP in PLS
model
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AUTOMATE H ## SOk T ik, £ 4 NAME
T RO R RR ZE A, S5 RN T RO 8 IR
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R%. R%. RMSEC. RMSEP. MAPEC. MAPEP.
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0.127. 2.73 1 M H8 AR £ 5 B N B G BR AR 2 I
B R R WAL S, R S v AN ERCN 4 1,
PR B B £ o T A5 Y R2.\R2, . RMSEC .RMSEP.
MAPEC.MAPEP.MAD 43775 0.890.0.786.2.113.
3.298. 0.076. 0.125. 2.604, FER AR 5
RS BEIE 25 =, ARPE N 12.48%.

®4 TRV RENEANRERE
Table 4 Relative error values corresponding to different

numbers of nodes

45 R MR | SR MR IR | A R ARTHRZE

2 0.600 5 0.644 8 0.433
3 0.553 6 0.729 10 0.511
4 0.806 7 0.584

£5 TEZENEUEA CART #REF M REF TN M B8
e
Table 5 Comparison of CART model performance and

prediction performance established with different numbers

of variables
HA & LEES MREE ARPE/
4 R* RMSE MAPE R? RMSE MAPE %

60 0.696 3.507 0.127 0.567 4.689 0.127 2.731 12.68
44 0.661 3.702 0.137 0.697 3.923 0.134 2.731 13.40
28 0.434 4785 0.171 0.621 4.389 0.171 2.974 17.06
15 0.536 4.335 0.157 0.649 4.219 0.161 2.974 16.08
4 0.890 2.113 0.076 0.786 3.298 0.125 2.604 12.48

2.8.3 GPSHIEEKLER )77 Z (mean squared
error, MSE) & VEAty il a8 S 45 28 14 e 1) S8 FR A
FLHUE i B 3 AR A R 7 AR ) B R O E
GPS H5 1 s MU AS HY 1) 36 56 A 1 =2 150 I R A 1Y)
MSE &2 /ME. W 3 fias, MSE B84 &
AR 2 A S AR AR, AR RN 28 B,
LA ENAS /N MSE AR, JH B 128 21 g A Tl R 2R
PR, 75 IR b AR AR B E B N B R
IBRAR B FEIE —ERAR, AR IR AR 6. tHER T A,
AR KON 15 IR AR AR, BEI Y R2\R2,
RMSEC. RMSEP. MAPEC. MAPEP. MAD %34l
4 0.981.0.9660.976+ 1.304.0.033.0.0475.0.987,
ARPE 4 4.72%.

26 1
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T AR H 4
3 MSE 5Tl E%HEXE
Fig.3 Correlation diagram between MSE and the number
of predictor variables
#*6 ATREITEHT GPS REMEES TN EE S
Table 6 Comparison of GPS model performance and

predictive ability with different numbers of variables

B IS MHgE ARPE/
A4 R2 RMSE MAPE R? RMSE MAPE %
60 0.967 1.297 0.046 0.857 2.687 0.091 1874 9.11
28 0.977 1.084 0.037 0.926 1.918 0.065 1337 6.49
15 0.981 0.976 0.033 0.966 1.304 0.047 0.987 4.72
110970 1.229 0.042 0.952 1.560 0.054 1.165 5.41
8 0929 1.879 0.075 0.906 2.174 0.086 1.709 8.58

2.8.4 MARS 5k @ fhss B bR HU R R
BB kR, AT LGl GCV 1 RE I € A
FERE, MRS R AERBIA RSO, R 7 I A,

GCV 1E Fifi Jk bR £ AR AU, ESEPRsirh, RN
Wi i R R R, DUk B s e B
SEHRAERR . HER 7 AT, GCV {E /N X B 2
BRELIANNECN 5, B S AN ST, 153 i
WIREAIVEREFEFR: R%. R%. RMSEC. RMSEP.

MAPEC.MAPEP.MAD 74375 0.596.0.675.4.046
4.062. 0.151. 0.164. 3.441. K4k VIP {EMN/NE]K
MR IR — e, R WK 8, AR
AR, P RS E 1 TR B I R4S
BBOREE, R MARS BT & TUR{EEEZ .

#=7 TFRERFNEXTE GCV B
Table 7 GCYV values corresponding to different numbers

of basis functions

Fm¥ GCVH | ¥t GOV H | HEH Gev il
1 34919 5 32.563 9 54.114
2 33911 6 32.973 10 68.339
3 33.128 7 36.873
4 8

32.658 44.073
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#*8 ARITENHT MARS R H 5N LR
Table 8 Comparison of MARS model performance and
predictive ability with different numbers of variables
HAE RS S ARPE/

A% R2 RMSE MAPE R? RMSE MAPE %
60 0.596 4.046 0.151 0.675 4.062 0.164 3.441 16.36
41 0.552 4.258 0.164 0.600 4.511 0.173 3.570 17.34
22 0.584 4.106 0.158 0.583 4.606 0.163 3.566 16.32
0.600 4.023 0.150 0.678 4.046 0.162 3.421 16.16

4 0.599 4.031 0.150 0.679 4.037 0.161 3.394 16.08

2.8.5 RFBEVREBIZAR  RIEER 0 RF B
fie ik, MSE B % H 2 S K 4 s, 24
MIECH 9 200 B, AL MSE fAIK, Frafeiy
PEREBRUT - MILEREAL R%. R%« RMSEC. RMSEP,
MAPEC.MAPEP.MAD 7437 4 0.260.0.493.5.472.
5.076. 0.210. 0.186. 3.738. K42 & 5 F 1 /)
FIRAIBRA R I E R AR R LK 9, k]
MU AREHCN 8 B, REIVERE R . FTEERAY R,
R%*. RMSEC. RMSEP. MAPEC. MAPEP. MAD
AN 0.545. 0.563. 4.291. 4.712. 0.154. 0.143.

50 1

45 1

40 A

MSE

35 1

30 1

0 ‘ 5|0 I 1(;0 I 1%0 I 2(|)O
B Fo B
4 MSE BERRo B TiLiass
Fig.4 Trend of MSE with the number of trees

*9 TRERTENMHTH RF REEEE S TUNEE SIELE
Table 9 Comparison of RF model performance and

predictive ability with different numbers of variables

ERS= RS MR ARPE/
A% R* RMSE MAPE R? RMSE MAPE %

60 0.260 5.472 0.210 0.493 5.076 0.186 3.738 18.64
40 0.318 5.253 0.201 0.538 4.846 0.174 3.688 17.45
20 0.413 4.875 0.184 0.594 4.544 0.160 3.438 16.00
120475 4.609 0.169 0.609 4.458 0.144 3.098 14.40
8 0.545 4291 0.154 0.563 4.712 0.143 3.211 14.33

3.211, ARG SR S TR FE 335, ARPE
N 14.33%.

2.8.6 TreeNet HiEAMLE R  MATEEFM Tree
Net R VERE =M, B 5 Wl R2 B £ H AR 1L
B, UMEH N 200 B, B8 R2 B K, Pra sy
PERESUT - MILARAL R%. R?*+ RMSEC. RMSEP.
MAPEC.MAPEP.MAD 4575 0.837.0.569.2.570-
4.682. 0.094. 0.169. 2.530. 45 & 5 % /)
B K5 B A & T i LA S5 R LR 10, BEE S
AR BB IN, B EAR Y AR E 1t TS FE R
"R EE, IAESNASE R? ZEd K, A
AT,

0.6 7

0.4 4

0.2 1

(') SIO 160 léO 260
B R B
E 5 RPEREIBETLES
Fig. 5 Trend of R? with varying number of trees
#z10 FEZENHT TreeNet A EE ST GE S ELEE
Table 10 Comparison of TreeNet model performance and
predictive ability with different numbers of variables
HAE RS ML b ARPE/
M R* RMSE MAPE R* RMSE MAPE %
60 0.837 2.570 0.094 0.569 4.682 0.169 2.530 16.89
42 0.834 2.590 0.094 0.555 4.753 0.172 3.613 17.24
23 0.828 2.638 0.095 0.527 4.901 0.179 3.758 17.88
11 0.817 2.720 0.100 0.534 4.865 0.173 3.682 17.32
6 0.784 2956 0.108 0.593 4.545 0.160 3.315 16.00

2.9 AEEAER M4 REFNTUNE B LSS

AN RS A ST ) B O A R AN TS st
ZER R 11, AJ LA 1 GPS SHE B sl Tl R 2 18
WZREERIREE BXRTG T mrE 258, H&
TR Z Fe bR AR, W GPS S 3 3 Fl T A%k
A, ALY SR AR EE I e R A5 1R 0.981.
0.966, MAPE 43 %4 0.033. 0.047, RMSE 251K
0.976. 1.304, MAD 4 0.987, ARPE 4 4.72%<5%,
Tt ARSI TN A P e v o X A TR TN 5 S B
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® 1 ANEEETHIERM R S TSR L8

Table 11 Comparison of model performance and

prediction accuracy under different algorithms

. BEE LIRS M gE ARPE/

ik
M R RMSE MAPE R® RMSE MAPE %

PLS 19 0.616 4497 0.160 0.587 4.708 0.197 3.933 19.74
CART 4 0.890 2.113 0.076 0.786 3.298 0.125 2.604 12.48
GPS 15 0981 0.976 0.033 0.966 1.304 0.047 0.987 4.72
MARS 4 0599 4.031 0.150 0.679 4.037 0.161 3.394 16.08
RF 8 0.545 4291 0.154 0.563 4712 0.143 3211 14.33
TreeNet 6 0.784 2.956 0.108 0.593 4.545 0.160 3315 16.00

EFATECN ¢ 5, 453 ER, P=0.257>0.05, A
AR BT 5 SEPrE ) T 22 5, DA
B AT BT Y T e

210 XZG FEHIRIEFAARFEE CMAs Rk

KH GPS Bk il i, HAaE 154
B, AT ZIKE ¥ (variance inflation factor,
VIF) VA 15 NS EMILEHRE, —H VIFE<
10 RUIFLLEMERLHS, VIF>10 RUI5RILLENE, PP
SER WA 12, AR R [ AR B AL R AT
PRI AKX 15 AR E SO RS UL IR E ) o2
BYIRHE .

HMIH] SPM8.3 B Ak Hh AL i Bk X i A Y
15 NMREHATIT ), TS RNE 13. 50k
BT AR RS H AR A B A AH S B A, 15
1 FNIZAREN H AR E AR RS R . R
A%, XZG-FPP 5 CT-sc (1373 84°K T 90, £

#* 12 REFTEHLMISHER
Table 12 Results of collinearity diagnosis of independent

variables in the model

FHE  VIFE | &&= VIFHE| &8 VIFHE
XZG-FPP  1.597 | ST-pH  1.329 | HHF-y 1.360
CT-sc 2414 | HHF-I. 1.723 | PG-a 2.307
PG-CI 1.927 | PGf  2.111 | HHF-Dis 2.427
HHJ-u 1.896 | ST-p 1.460 | PG-HR  1.594
HHJ-y 2493 | ST-sc  2.586 | ST-y 1.404

#13 GPS RATEFEMITHER

Table 13 Variable importance scores of GPS model

AR AETERTY:
XZG-FPP  100.00 | ST-pH  53.70 | HHF-y 29.82
CT-sc 96.88 | HHF-I. 52.49 | PG-a 24.64
PG-CI 68.45 | PG-p 39.60 | HHF-Dis 23.43
HHJ-u 68.37 | ST-p 34.72 | PG-HR 21.87
HHJ-y 65.51 | ST-sc 32.58 | ST-y 16.10

ATTGS U B A LA B R I R RE R 1, e Wkl
Wt E I BRI &R s Ak, PG-CL. HHJ-u HHIJ-
Y 5 S AMEERIRSNT 50~90, JB T IRHER
DRIZR, UG B 5E (R)T RATL i)  2 21) 2E B2y )
PER: HoAx 8 MR IKT 50, XF Ham e i)
SCMAROT AT, ATAAEREh R R .
3 e

AW FUEXT LG 6 LA ] BIEN XZG +
TR SRR B R 5 AT A, 25 SRR W GPS Sk
SR MR R (D) BdEZm: 5
or e B P55 EH A R JE M I R A R LR 1 5 AL ]
W, DRAMEIE RN A & 2 Bk, FlanzE
1 (CDH HRIEfA () S (B iHEER.
FE L ERR AL (PLS) XU #EARZRPERIT H 22 R
(R 2k, WA (CART/RF) BAREAHGRNIE
LRPERIKRE ST, ABAE LN AR sl A 2 1 2 R DA
FONREARBARER, 2 HBURPLA Bt 04 il 8
GPS IT 55 Al Hi2 I i R B2 A, RE
BOR A EE M AR LR e e KRR BAZH, /NI
YRR B o S . (2) BERZETH: GPS 8
AL E S AR 2 (R Rk, RE
EERVE R e 2T W = E (G DU A 2 T D
S HADBRIAHEL, GPS TEARLRPERL G A AT il R 1t 2
B T RAFIF#T . PLS 52 B4R MR 0 PR,
P A TR %) R O A3 A 0 K L XE DA BT I 258 L
MARS WA T N T RIS R AL, ThHPE X245 7
R BB = BV . GPS IR L5 i@
FEME RS 55, 38 F T 2617 Mk Xt T ZHLEE B AL AN
TRESER MR EDR, BONARER S Z R a1 A )
TP B AR R 4

KA Gk XZG-FPP. CT-sc. PG-CI. HHJ-
p~ HHI=y 58 15 ANMEENEM XZG RURIE R L 1)
CMAs, KW XZG SR IfahE 52 2 IR RKm, W
K ZAHIE, Tora . R E =Ry
SRR, kLS (XZG-FPP) AR EES &
(CT-sc. ST-sc) s& ik Mt i itz O R & . i
1 AR o b2 S BUBRLR N A AN, TR R
R AE: s tF =W N i1 5 ST AR 2N i) i
PSS . B @S2 R RS B L 2RE
VRS G 700 W [FE P SV B RS A g% . IR
HE B A SN, KSR S T RO
ghby, SERL W, THEkgE T2 g R
AT
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AN, £RIEH (PG-CD. £ (HHJw 5%
7K1 (HHI-y. ST B TR R, R/K
FREUR R AR ) R 4 i, FEHIEA B E A BT
SR URL AR LS R R e 1, R BRI R AR T
SEI M . BB RN S ), =
JE£ 5 T B0 2548, MY SRR U RE 7 - ¥R E pH
T 368 Tt AR 3R Rl A B O ) 42 5 e S 5
B o R E R TK I RAE BRI, R FORL P R
b, RZGREAY AR, BREEK
(ST-pOAE 9 SEMaNRIORL A F8 LR 238 A B35 S 1 () 2
B, SRR BA — g kB FIRE, e
M ARETE/KE (PG-HR) 123 [A] 48252 M FURL 1) B%
TUPERN JE BEAa e 1, 7K o BRD a5 4 ah ox -T2 47 141 5
EAE AT R R,

BB S 2 (PGB HHF-)\ PG-a.
HHF-Dis) FIHERMESE (HHF-1) /MEEAK, HEA]
T E R, RS AR A I AR A PR
BN HEAS R BCHERR AN R 51 S B ROk B g8, AT
A RO WERE I R R A o SEBRAE = i A S ST
SHAIURL 5 B RE T B SO AR R AR PR Bh A I 4%
&, B T2 S50 TR SR T S MR R 1
BT, RO S AR E M

w24 i) 7 o B A ) R BR A OCBEAE TR R K&
S R 24 A R A AR ) SR S B
PR ANGRASE, B I B ) 7R R 1 o AR s A
RKZR, WHREUE B IF@ LAY, H 2R XL
ABE AR At e BT JO R v 05290, AR A 2 T R A
S ER R PR BERY AN Pt AR 42 i T2 1)
RLRGORE a8 B2 FR A 1 Bt AR A A AT AT B84, oA
ik — DA THRPRL T2 B AR E TR 7 o BT ) — B
PEBEE 7RSI, RN XZG EEhE At 7
WL B Re R TT R
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