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Full-factor design of experiment application in the development of
printing ink for binder jetting 3D printed preparation
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Abstract: The development of printing ink is a challenge for binder jetting 3D printed preparations, which
directly determines the quality of the printed product. This study adopted a 2° full-factor Design of Experiment
(DoE) with three central points to optimize the printing ink composition of levetiracetam 3D printed dispersible tablet
based on the concept of Quality by Design. Firstly, using polyvinyl pyrrolidone K30, glycerin and polysorbate 20
as independent variables based on 40% (v/v) isopropanol aqueous solution, and weight variation, hardness, friability
and dispersion uniformity of the printed tablets were used as dependent variables. Then obtained the design space
of the printing ink prescription by DoE model analysis, and the response optimizer was used to obtain the optimal
printing ink prescription: isopropanol aqueous solution containing 0.1% (w/w) polyvinyl pyrrolidone K30 and 4.0%
(w/w) glycerin. The jetting mechanism and wettability of the printing ink were analyzed, and different strengths of
personalized 3D printed tablets were prepared and characterized, which verified the rationality of the printing
ink formulation. This study provided a reference for the development of printing ink for binder jetting 3D printed
preparations.
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Figure 1 Schematic diagram of the printing process of binder jet 3D printing technology
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BT ST B A M R I R R s 2 HAPERC
1, TeZA e o 5 R 352 52 e 4T VR ZEL R, WA A
FAEFLIR R % SN b, 35 4% 40% (viv) S TR B /K %
WAE R RV 77, W5E PVP K30 & 9 0.05%~0.1%
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11.5 mm (Ei4%) x 5.3 mm (7 JF) FJE J7 77 (i 250 mg)
40 Fi, ATIATFE 0.5 cm, Z1 (AT #E 1 cm, %83 J2 5 100 um.
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Table 1 Design of the 2° full factorial Design of Experiment (DoE) to study the composition and proportion of printing ink. PVP K30:

Polyvinyl pyrrolidone; GI: Glycerin. "The weight variation and friability limits are based on the test results of Spritam®

Factor Level
-1 0 +1
A PVP K30/% 0.05 0.075 0.1
B Gl/% 1 2.5 4
C Tween 20/% 0 1 2
Response value Objective Acceptable range

Y1 Appearance Optimization Regular and intact tablets
Y2 Weight variation Minimize < +7.5%"
Y3 Hardness Maximize > 40 N (1 000 mg); > 20 N (250 mg)
Y4 Friability Minimize < 8% (optimum < 6%)"
Y5 Dispersible uniformity Minimize < 30 s (optimum < 25s)
Y6 Fluency of droplet jetting Optimization Stable and fluency jetting
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Table 2 Running order for the optimization of printing ink

Batch No. A: PVP K30/% B: GI/% C: Tween 20/%
1 0.075 2.5 1.0
2 0.1 1.0 2.0
3 0.1 4.0 2.0
4 0.075 2.5 1.0
5 0.075 2.5 1.0
6 0.05 4.0 0
7 0.05 4.0 2.0
8 0.05 1.0 2.0
9 0.1 4.0 0

10 0.05 1.0 0
11 0.1 1 0

BRI AT A A B ARG 2 . AR AN 22
5 L N 428 710 um, 7K 15~25 °C, & 6 A, 45
IS SYNIP

W A ARG e . FH pH 6.8 IR 3h
S BVE s A R, B E 32925 50 remint, A IR
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Pefebfy FTERAC G S ) S 4T B S R A
0 fuk ] 3R AT RAE o A P IR LR 43 W43, 3 ik e 7
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FIF % 25 mm 3 Fr .
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BB S T ERRE R L 2 B S SRR R AT T 2
SIRTVPAN ENE Y B, M B MK P o = 0.05 1, 5 £
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250 mg HUA% AT B R 750 (9 A [F) 97 ER ¥ ik 7 DOE S 56 45
For B 0K 3.4 FTR

Table 3 Results of the all-factors experimental design (1 000 mg)

Response
Batch No. \(2 Y3 Y4 ) Y5,
V\.Iel.g ht Hardness/N  Friability/% Dl.sper5|_ble
variation/% uniformity/s
1 4.7 70.7+25 6.0 24
2 3.8 724+9.6 5.8 32
3 3.8 78.6 £6.2 5.6 23
4 4.4 70.3+11.7 6.4 22
5 3.6 741+9.1 6.3 22
6 3.2 65.4+29 6.1 17
7 3.9 64.0 +3.2 6.2 18
8 4.0 64.1+3.7 6.8 24
9 4.0 79.2+3.8 5.0 24
10 4.2 64.6 £3.5 7.0 25
11 4.1 776 +£5.0 5.4 29

R 4% DOE 5256 45 5 Al %01, 1 000 mg A1 250 mg A%
(17 3D FT B[ 7] B it A 00 0047 e 35 e AR — B, 5 A0
XF 1000 mg B4 F 7B HEAT GE vk 43 A
2 DOEXIZER7#h

21 RHAEBERMNEETZMER 2450000, £

LR ]
LR
LN
LN
LN
LR
o0
LN

Figure 2 The typesetting plot of tablet model with 1 000 mg and 250 mg strengths
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Table 4 Results of the all-factors experimental design (250 mg)

Response
Batch Y2 Y5
No. Weight " v Dispersible
. Hardness/N  Friability/% . .
variation/% uniformity/s
1 7.1 39.9+1.9 6.8 12
2 5.6 42.7+3.1 6.7 20
3 3.3 43.6+22 6.5 13
4 6.7 38.6+3.1 6.9 11
5 5.6 435123 6.6 16
6 34 459+3.0 6.7 12
7 34 425+16 6.8 12
8 35 43.7+2.0 7.1 15
9 5.0 521+3.1 5.6 17
10 4.0 43.8+2.7 7.3 18
11 4.7 53.0+4.2 5.7 22

DOE 15 JE 175 5% 2 H0y6 11l N TG R 35 s H o 7 8 i
%5 A B %0, H DoE Fr A #it v 4 #11 Bos ]
BEZEEER (3.2%~4.7%), KN TARAERREE N .
22 RAIEEMNEEZWER HIE 3 Pareto Kl &
7N, 5 ) 4 2 R UH PVP K30 & . £
B35 AIE 52, X PVP K30 X6 B8 & 47 i 2 fe i . S5 4
2 IRA X (8] B 92 7 77 Bl FE Bt PVP K30 FH & 19 0 1 1%
WA 0. N, A Ak R o T 2 R
(64.0~79.2 N).

FH 3 5 Al 41, 208 P{E 5 0.01 (P < 0.05), &
BP0, BE B AR i ss . A
A R (R-sq) 95.85% 5 R-sq (i %) 89.62% #H 25 A
K HHE L, bR 22 (S) U8 1.91, BRI & 8df . BA

Pareto chart of the standardized effects
(response is hardness/N, a = 0.05)

Tem 76
Factor Name
A A PVPKIOMW
B Gl
B [+ Tween 20%
c
AB
AC
BC
a

Standardized effect

Contour plot of hardness / N vs G1/%, PVP K30/%

40

Hardness N
W <650
W60 - 675
W 575 - 700
M 700 - 728
W 715 - 50
W50~ 178

> 800

Held values
Tween 20% O

0 —
0056 0064 0072 0080 0088 0095
PVP K30/%

Table 5 Results of variance analysis of hardness model. DF: Degree
of freedom; Adj SS: Adjusted sum of squares of deviations; Adj
MS: Adjusted sum of squares of deviation from mean

Source DF AdjSS AdjMS F-value P-value

Model 6 335118 55.853 1548 0.010
Linear 3 325204 108.401 29.86 0.003
PVP K30 1 308761 308.761 85.04 0.001
Gl 1 9.031 3.305 091 0.190
Tween 20 1 7.411 7.411 2.04 0.226
2-Way interactions 3 9.914 3.035 091 0511
PVP K30 x GI 1 6.301 6.301 1.74 0.258
PVP K30 x Tween 20 1 1.901 1.901 0.52  0.509
GI x Tween 20 1 1.711 1.711 0.47  0.530
Curvature 1 2.021 2.021 049 0.536
Error 4 14.522 3.631 - -

Lack-of-fit 1 3.781 3.781 0.87  0.450
Pure error 2 8.720 4.360 - -

Total 10 349.640 - - -

R Gt 5 B A, 2 7 Y el VA 5 A g i = 55.30 + 208.8
PVP K30 - 1.37 GI - 0.27 Tween 20 + 23.7 PVP K30 x
Gl/% —19.5 PVP K30 x Tween 20 + 0.308 GI x Tween 20,
23 FRHlREENEZZMER HE 49 Pareto
A1, PVP K30 F & (A) M1 GIHIE: (B) A& 520 a1
WERT . FARE PR, PVP K30 A GI H &
Xof R A S R o A 4 L AR o T P T R, R
£ 6 PVP K30 F1 G H & 34 i sk /1S, #5680 PVP K30
G 25 A R A bL - 2 18] PR R 45, 38 58 R 700 AR AL
fe; 7R PVP K30 H & i, GI & ) i i B 1) 52
BS80S, 1t B PVP K30 i 5k 26 45 1 F (1) 52 1) 2 25

Main effects plot for hardness/N
Fitted means
PVP K30/% T Gl% [ Tween20%%
778 72
.'ll.

750 /
£ /
= i

725 /
g / S e
5 / et e
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=
z /

67.5 ,-"

650 § b

0.0%0 0.100 10 40 0 2
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£ 75
£ =
z S
= 70 2

% i d
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Figure 3 The full-factorial design result plots of hardness. a: Pareto plot; b: Main effects plot; c: Contour plot; d: Interval plot
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Pareto chart of the standardized effects
(response is friability/%, & = 0.05)

g

2776

Facsr Name
A PVP K30%
B Gl%
{+ Tween 20%

B o & B3 w »

Standandized effect

Contour plot of friability vs GI/%, PVP K30/%

40 1
Friability'
%
<35
WS- 60
W50~ 68
WEs-T0
>
Held values
Tween 0% 0

3.5

30

§zs

(L]

10

1.5

|
0056 0.064 0.072 0080 0088 0.096
PVP K30/%

Main effects plot for friabilty/%
Fitted means
PVP K30M% 1 Gl%% Tween 20/%
6.75 1
650 A\
£ \
£ \ .
g 625 \ \,
\ P
=]
2 600 " \ /’/
£ N, L
- %
578
X
0050 0100 10 40 [ i

Surface plot of friability/% vs GI/%, PVP K30/%

Holdvalues
Tueen 20460

Friability/%
L]

Figure 4 The full-factorial design result plots of friability. a: Pareto plot; b: Main effects plot; c¢: Contour plot; d: Surface plot

T Glo

3% 6 I %1, RN P{H 79 0.021 (P < 0.05), 7R
R SRS R, B W1 B AR 25 il a4
R-sq 97.46% 5 R-sq (I %) 91.55% #H Z A~ K HBzilr 1,
SAEA A 0.17, BB A HLUF o DA G H 07 2R 7= 1 [
7 FE: JRESE = 9.071 - 34.50 PVP K30 - 0.442 Gl -
0.404 Tween 20 + 3.00 PVP K30 x Gl + 5.50 PVP K30 x
Tween 20 + 0.0417 GI Tween 20,

Table 6 Results of variance analysis of friability model

Source DF AdjSS AdjMS F-value P-value
Model 7 337936 048277 16.47 0.021
Linear 3 296375 098792 33.71 0.0089
PVP K30 1 231125 231125 78.87 0.003
Gl 1 055125 055125 18.81 0.0239
Tween 20 1 010125 010125 345 0.1609
2-Way interactions 3 0.28375 0.09458 323 0.1819
PVP K30 x GI 1 010125 010125 345 0.1609
PVP K30 x Tween 20 1 015125 0.15125 516 0.108
Gl x Tween 20 1 0.03125 0.03125 1.07 0.3789
Curvature 1 013186 0.1318 450 0.124
Error 3 0.08792 0.02931 - -
Lack-of-fit 1 0.00125 0.00125 0.03 0.881
Pure error 2 0.086 67 0.04333 - -
Total 10 3.46727 - - -

24 RAISBHASAMMEZLWMER R %L
724 B, GI & (B) A1 PVP K30 & (A) &5
Wil 73 K5 S0 PR ) 25 X1, B R-sq 93.95% 5 R-sq (1
HE) 84.87% AH 2= K, T EL N A L R B HEAT AT AL .

FEAGEE R bR T 4 A B3 7, AR 2 K7 Gl
A PVP K30, R-Sq H1 93.95% 41k %] 93.13%, R-Sq (i
%) 1 84.87% $2 = 51 91.41%, W 5 A3, 1M SAE H
1.66 %y 1.25, AT WA B AN 525 BT, [ A 1 RICR B
B WAL A R Rk g5 A K 5 R, &
{7 2 P A it i P 4 s 3 #S S E BE PVP K30 FH & 4 K
MG R, B Gl & 3G KM . PVP K30 FH & 138
5 R 700 A 5 AR SR, BELRS T A 4, 7 &k
17 G BRI M GIAE Ay 38 28 7, 16 28 by 7L 1 e
1 [R] BF R T R 7RI A3, T R AR R A v R B
Bt e H .

FH# 7 W] 01, FE 248 P {E 5 0.000 (P < 0.05), &7~
B SR R A ), B B R R i 3
DA G i B 2R IR TR UE 7 R M 23 B4 S0 = 20.47 +
120.0 PVP K30 - 2.333 Gl
3 FTEN&AL A&t = B ML

DoE #5284 i - 2 N7 4T B Ak U7 78 1 ) vk S ]
R 251 1S FR B 43 BT, PVP K30 FH %oy 7108 2 g
TR P AN 4 B35 S PRI A SB35 5T, G A 5 T e 1
JE£ AN 43 B350 5 14 1 4 25 TR 1 Tween 20 5 A i . 325
TS s, Wi s LR BN 0, 3X UL T BN Ab U7
TRV, AN T BRI R TR ) . EE S S E 2 K
(6) Fon 1 PVP K30 A1 GI FH 5 %) 4% Wi o 1) 2 8
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Pareto chart of the standardized effects
(response is dispersible uniformity/s, & = 0.05)

Contour plot of dispersible uniformity vs G1/%, PVP K30/%
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Figure 5 The full-factorial design result plots of dispersible uniformity (simplified model). a: Pareto plot; b: Main effects plot; c: Contour

plot; d: Surface plot

Table 7 Results of variance analysis of dispersible uniformity

Contour plot of dispersible uniformity/s, friability/%, hardness/N
4.0 <

model
Source DF Adj SS Adj MS  F-value P-value
Model 2 170.000 85.000 54.20 0.000
Linear 2 170.000 85.000 54.20 0.000
PVP K30 1 72.000 72.000 45.91 0.000
Tween 20 1 98.000 98.000 45.91 0.000
Curvature 1 3.879 3.879 3.13 0.120
Error 8 12.545 1.568 - -
Lack-of-fit 5 6.000 1.200 0.90 0.601
Pure error 2 2.667 1.333 - -
Total 10 182.545 - - -
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Figure 6 The contour plot of dispersible uniformity, hardness
and friability. The white area indicates that all responses meet the
predefined standard; the gray area indicates that one or more
responses do not meet the predefined standard
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Figure 7 The plot of response optimizer. y: Optimal value; d:
Desirability
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Figure 8 Stitch diagram of dynamic snapshot of a droplet taken
at 3 us interframe time. a: 40% (v/v) isopropanol aqueous solution;
b: 40% (v/v) isopropanol aqueous solution containing 0.1% (w/w)
PVP K30 and 4% (w/w) GI
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Figure 9 Characteristic trajectory of primary droplet and satellite droplet after jetting. a: 40% (v/v) isopropanol aqueous solution; b: 40%

(v/v) isopropanol agueous solution containing 0.1% (w/w) PVP K30 and 4% (w/w) Gl
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Table 8 Model design and test results of 3D printed tablets with different strengths

Strength/mg 1000 750 500 250 1 000 (Spritam®)
Model size (diameterxheight, mm) 18.5x8.33 16.8x7.56 14.6x6.57 11.5%5.18 —
Model volume/cm? 2.24 1.67 1.10 0.537 —
Appearance Regular and intact ~ Regular and intact ~ Regular and intact ~ Regular and intact ~ Regular and intact

tablets tablets tablets tablets tablets

Hardness/N 74.8 £10.2 51.5+7.7 51.9+3.2 26.1+2.7 61.2+8.4
Friability/% 2.1 2.6 2.7 3.4 4.1
Dispersible uniformity/s 16 16 13 9 15
Dissolution rate/5 min, % 96.0 97.4 99.4 98.7 96.2

0s ' 0.1s '
20.4°

3L1°
0.3s 5 oss B

14.2° 10.6°

Figure 10 Dynamic diagram of the contact angles of the deter-
mined printing ink with the powder
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