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Abstract: To meet the demand for rapid and non-destructive brand identification of plastic tooth-
brush handle evidence in practical police casework, a dual-spectral identification method based on
differential Raman spectroscopy and X-ray fluorescence spectroscopy (XRF) was developed, and a
stepwise hierarchical gating network (SHG—Net) was proposed. Differential Raman and XRF data
were collected from 111 toothbrush handles covering nine brands. Stable elemental variables were se-
lected from the XRF data and then standardized, while the differential Raman spectra were prepro-
cessed and subjected to dimensionality reduction. Meanwhile, data augmentation based on normal-
distribution sampling was adopted to alleviate the small-sample problem. SHG-Net uses separate fea-
ture-extraction branches for differential Raman and XRF data, and integrates a gating mechanism to
achieve adaptive weighted fusion of features before outputting the predicted brand category. Five-fold
cross-validation results showed that SHG—Net achieved an accuracy of 0. 96 and a balanced accuracy
of 0. 94, outperforming single-modality recognition and simple concatenation-based fusion methods.
Compared with traditional machine-learning models and deep-learning baseline models, SHG-Net
showed better performance across multiple evaluation metrics, with smaller overall fluctuations. The
complementary dual-spectral information and gated fusion mechanism can effectively improve brand
identification performance under small-sample conditions, providing technical support for the rapid
classification of plastic evidence recovered from crime scenes.
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Table 1 Brand and material classification information of 111 toothbrush handle samples

Brand ID Brand Quantity Source Color Material category
1 Sanxiao 21 Yangzhou Green, orange, blue, black, purple, white PP+TPE
2 Colgate 21 Guangzhou Gray, blue, purple, orange, white PP+TPE
3 YIBAO 7 Shantou Blue, green, purple, pink, white PP+PR
4 Yangchen 7 Yangzhou Blue, green, pink, white PP+TPE
5 MUJI 20 Yangzhou Blue, pink, white, gray PP
6 Saky 6 Guangzhou Pink, blue, purple, white PETG/PP
7 SUHC 5 Yangzhou Red, green, yellow, white PP+TPE
8 LESENING 19 Chongging Green, black, purple, pink, orange, white PP+TPE
9 DARLIE 5 Zhongshan Green, yellow, blue, white PP+TPE
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Table 2 Classification results of sample materials based on differential Raman spectroscopy

Classification Peak position(cm™) Matrix Sample number
A 809, 840~842, pP 17~20%, 43%, 44", 50°~58", 627, 64", 68", 71%, 727, 74", 77°~82",
1 450~1 460 84*, 88*, 90*, 97*, 98*, 100", 102*, 103*, 105*~111*
B 1615, 1728~1731, 1290~1296 PET/PETG 59*~61%, 63", 65°~67", 76"
C 1001, 1600~1603 PS/ABS 45*-49*
D 1728~1730, 1295, 1450~809/ - 69", 70, 73"
841
E 1001, 1450, 809/841 - 20% 237, 25%-42%, 897, 917°~96", 997, 1017, 104"
F - - 75*, 83*, 85*~87*
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Table 3 Summary of major differential XRF elements under Raman-based grouping

Raman group Matrix Major differential elements Brand
Group A ppP Ti Brand 1, Brand4
Ca Brand2, Brand5

Fe, Zn Brand8

Group B PETG Zn Brand3

Group C ABS Br, Sh Brand7
Group D, E - - Brand6, Brand9
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Table 4 Comparison of classification performance of SHG—Net before and after data augmentation

Data augmentation setting Accuracy Macro—F1_all Bal-Acce
Without augmentation 0. 82+0. 07 0. 74+0. 08 0. 81+0. 06
With augmentation 0. 96x0. 04 0. 89+0. 08 0. 94+0. 06
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Table 5 5-fold cross-validation results for different fusion strategies(mean + standard deviation )

Number Strategy Acc Bal-Acc Macro—F1_all Macro—F1_present
El Raman—only(Branch A) 0. 96+0. 04 0. 94+0. 06 0. 88+0. 09 0.92+0. 07
£2 XRF-only(Branch B) 0. 90+0. 08 0. 89+0. 11 0. 84+0. 12 0. 88+0. 11
E3 Early fusion 0. 95+0. 03 0. 93+0. 05 0. 88+0. 08 0.91+0. 05
E4 SHG—-Net 0. 96+0. 04 0. 94+0. 06 0. 89+0. 08 0.93+0. 06
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