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Abstract: This study employed differential Raman spectroscopy combined with machine learning to
classify ink samples from 43 commercially available blue gel pens of different brands and models. Dif-
ferential Raman spectra were first acquired to identify characteristic Raman peaks. Based on these
spectral profiles, samples were manually categorized into four distinct groups. Subsequent classifica-
tion using cluster analysis and random forest algorithms was compared against manual categorization.
The random forest model achieved 90. 00% classification accuracy. Differential Raman spectroscopy
enables rapid, non-destructive analysis of blue gel pen inks. When integrated with random forest al-
gorithms, it establishes an effective framework for efficient sample classification. The optimized ran-
dom forest model significantly enhances both the speed and accuracy of identifying unknown ink com-
pounds through differential Raman spectroscopy, demonstrating strong predictive capability for sam-
ple categorization.
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Table 1  Blue neutral pen sample table

Number Brand Model Manufacturer
1 Ena Tl 009 GOSN R 5y 92 1R
2 R SKP61118 BT TF IX R fre SO i A T
3 ok DM-93 H A FORSCH
4 FEEN R 7026 B TIT R B 52 5 A BR A
5 TEST2 GP-380 BN ARSCRT
6 PILOT G-1.100 HZH 4R PILOT
7 PILOT Juice up 05 H 4 F 4k PILOT
8 HOK DM-902 HARFORSCH
9 HE 009 FUE SCH B AR A B H
10 g 5010 WL SCEABR AT
11 2ot K-35 i SR SCEIBA A BR A
12 =S AGPA1701 LRGSR AR A BR A F

13 PILOT LJU-10EF-SB HAH 5K PILOT
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(&£1)
Number Brand Model Manufacturer

14 PILOT P-500 H A 4R PILOT
15 DS A DS-904 R i B A SCH A BR A
16 ook DM-600 H A HOK SC A
17 A DS-911 T AR ARAF
18 Jeve) DS-904 W 5 A SCE A R
19 jeval DS-067 B LA SCH A BR A
20 J=val DS-0163 B EASCHARARAF
21 BE JJ15 H A BE Dk 24k
22 P 177 H A BE Dk 24t
23 Ko JIM88 H AR BE T R 24t
24 =25 UMN-105 HA =22tk &t
25 =3 UMN-207 HZR =228tk &t
26 Vil BLN105 H AR R SCHEA R F]
27 UK BLN75 H A YR8 SCHAT BRZA
28 PILOT G-1 HAH 5K PILOT
29 PILOT G-6 HA<E 4R PILOT
30 PILOT 10EF JUICE HZAH 4R PILOT
31 (i S60 5 1 AR AT PR )
32 (v S08 3 S AL AT R
33 15 AXCEED-S01 BIEEA A BR AT
34 5h 6600ES R4 BRA A
35 [EES P1500 H L B ESCHABRA
36 M3 P1500A H B BESCHARA A
37 S PVR-155 T8 BFESC A FRA A
38 EES PVN-166 5 B SCHABRA A
39 EES G-101 H L B RESCHABRA
40 JRI6 GP-1280 L RCSCH AR A BR A
41 Jeot AGPA9204 RSB A B AR
42 SR GP-1008 i RESCE B A BR A
43 = AGP62403 i R SCERA A BR A
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Table 2 Differential Raman shift of samples

No. Raman shift/cm™

1 477, 588, 673, 741, 770, 947, 1105, 1140, 1189, 1212, 1306, 1337, 1450, 1525
2 424, 518, 721, 794, 914, 974, 1172, 1363, 1451, 1590, 1624

3 479, 587, 674, 741, 1105, 1141, 1188, 1307, 1336, 1450, 1524

4 479, 587, 674, 742, 772, 948, 1141, 1200, 1306, 1338, 1388, 1451, 1527

5 477, 672, 740, 766, 946, 1103, 1139, 1187, 1331, 1445, 1518, 1592

6 417, 679, 1175, 1613

7 588, 775, 949, 1142, 1342, 1453, 1532

8 478, 589, 674, 742, 770, 825, 948, 1141, 1189, 1214, 1307, 1337, 1412, 1450, 1525
9 478, 589, 673, 741, 946, 1105, 1140, 1187, 1306, 1334, 1448, 1521

10 587, 673, 741, 1105, 1140, 1187, 1213, 1334, 1448, 1521

11 478, 588, 673, 741, 826, 947, 1104, 1140, 1186, 1215, 1307, 1334, 1448, 1522
12 587, 673, 740, 767, 946, 1103, 1139, 1185, 1212, 1307, 1333, 1447, 1520

13 775, 951, 1108, 1143, 1195, 1217, 1309, 1344, 1455, 1534

14 479, 589, 676, 774, 949, 1107, 1142, 1203, 1309, 1342, 1454, 1532, 1613

15 383, 1180

16 590, 675, 742, 832, 948, 1004, 1106, 1142, 1338, 1451, 1526

17 530, 1227, 1622

18 1173, 1283, 1623

19 1174, 1622

20 1172, 1622

21 309, 476, 583, 672, 739, 769, 946, 1001, 1104, 1139, 1203, 1306, 1338, 1387, 1430, 1451, 1528
22 476, 585, 672, 739, 1138, 1201, 1306, 1338, 1387, 1529

23 372, 476, 584, 671, 739, 770, 859, 946, 1103, 1138, 1202, 1304, 1337, 1385, 1527
24 671, 738, 1334, 1522

25 671, 739, 1138, 1335, 1523

26 303, 526, 663, 1171, 1613

27 287, 531, 1171, 1373

28 391, 666, 1171
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(83%2)
No. Raman shift/cm™
29 384, 554, 640, 1170, 1608
30 672, 739, 1138, 1337, 1525
31 738, 1137, 1333, 1449, 1521
32 531, 669, 1333, 1522, 1891
33 314, 374, 737, 944, 1137, 1303, 1332, 1446, 1520
34 738, 1137, 1334, 1523
35 303, 381, 546, 905, 1586
36 289, 516, 1588
37 264, 533, 559, 635, 1589
38 309, 526, 630, 1587
39 296, 387, 528, 548, 646, 1588
40 741, 1143, 1340, 1530
41 741, 1340, 1394, 1528
42 586, 742, 776, 1530, 1646
43 672, 739, 1521
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Fig. 2 Differential Raman spectra of Class 1 samples
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Fig. 3 Differential Raman spectra of Class Il samples
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Fig. 4  Differential Raman spectra of Class Il samples
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Table 3 Sample classification table
Classification Sample
EES 1, 3, 4,5,8,9, 10, 11, 12, 14
£ ES 6, 15, 17, 18, 19, 20, 24, 26, 27, 28, 29, 35, 36, 37, 38, 39, 40, 41, 42, 43
EHIES 7, 13, 16, 31, 32, 33, 34
EAES 2, 21, 22, 23, 25, 30

x4
Table 4

LB LR

Table of common Raman feature frequencies

Raman characteristic peak .
Chemical compound

Raman characteristic peak .
Chemical compound

frequency/cm™" frequency/cm™

1 634~1 622 MR bE AR 1 130~1 100 N 2k

1616~1571 SRk 1 010~990 B A, 3, S-HURRE

1 473~1 446 Rk 914 DY K

1 450~1 400 SRR 835~749 SN

1390~1 370 2k 830~720 POR VAT v S

1375~1 360 LRTEE TS 825~820 HEES

1350~1 330 S 785~700 Te IR L e

1314~1290 J R ek Lk 760~650 BT 3

1305~1295 IEREkE 760~730 B

1220~1 200 a1, 2 TRIERR N bR 730~720 [EERaWseS

1196~1 188 T R ot HE Pk 2 690~650 S FIR BE R
1188 EINLES 520~510 B E

1 145~1 125 AL 484~475 TSk Lk
1140 1 g 425~150 IEREIEZE

1 150~950 IERERRZE
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Fig. 7 Partial least squares discriminant analysis

A. sample score chart, B. results of permutation test
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Fig. 8 Prediction results of random forest model

A. confusion matrix of training set, B. confusion matrix of test set
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