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A Rapid and Nondestructive Analytical Method for 3D Printing Mate-
rials Based on Raman Spectroscopy

HU Run-kai', ZHU Jun'*", MEI Hong—cheng’
(1. School of Investigation, People’s Public Security University of China, Beijing 100038, China; 2. Narcotics
Control Intelligence Center, Ministry of Public Security, Beijing 100038, China; 3. Institute of Forensic
Science, Ministry of Public Security, Beijing 100038, China)

Abstract: To establish a rapid identification method for 3D—printed materials using portable Raman
spectroscopy, Raman spectra were collected from 100 samples of 3D—printed materials. A total of
120 candidate preprocessing workflows were constructed using methods such as Savitzky - Golay
(SG) smoothing and asymmetric least squares (AsLS), and were combined with 11 traditional
machine learning and deep learning classifiers. Model selection and generalization performance evalu-
ation were conducted using nested stratified group cross—validation with independent samples as
grouping units. The results showed that for the three—category material classification, the optimal
scheme was SG smoothing — AsLS baseline correction - Min - Max normalization combined with a
spectral Transformer, achieving an accuracy of 88. 0%. However, acrylonitrile-butadiene-styrene
(ABS) contained only 4 independent samples, making the class—level metrics highly sensitive to
individual misclassifications. As an exploratory validation for the secondary classification task, the
optimal scheme for glycol-modified polyethylene terephthalate (PETG) brand classification was
SG smoothing - first derivative — standard normal variate (SNV) combined with a multilayer per-
ceptron (MLP), achieving an accuracy of 88. 9%. In a preliminary optimization of integration time
using one representative sample from each of the three materials, the average spectral shape correla-
tion coefficient at 9 s was 0. 995; the average cosine similarity from fixed—point repeated measure-

ments on a single PETG sample was 0. 994. This method can be applied for subsequent chemical com-
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position screening and source comparison of samples that have been preliminarily screened on—site as
suspected 3D—printed evidence, providing technical support for the rapid classification of relevant
physical evidence at crime scenes.

Key words: 3D printing materials; portable Raman spectroscopy; hierarchical classification;

nested cross—validation; forensic evidence
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Table 1 ~ Material-type and brand composition of the 100 3D—printing samples

Category level Category n Proportion/%
Material type PLA 60 60.0
Material type PETG 36 36.0
Material type ABS 4 4.0

Brand R3D 42 42.0
Brand Lezhen 17 17.0
Brand Bambu Lab 14 14.0
Brand Creality 3D 14 14.0
Brand ByeHassle 7 7.0
Brand Lanbo 4 4.0
Brand Sailner 1 1.0
Brand Tianrui 1 1.0
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1064 nm Raman Spectral Data Processing and Model Selection Workflow

Raw 1064 nm Raman spectra
sample_id as the independent sample unit

Check wavenumber range, spectral length, missing values, signal saturation, spike artifacts, and baseline drift
Unify the wavenumber axis, retain the effective spectral range, and remove isolated spikes with a local median filter

[Construction of 120 Candidate Preprocessing Workflows B

Intensity, Scale, and Scatter Correction

SG smoothing;
Wavelet denoising;

AsLS; arPLS; airPLS Applied or not

Number of preprocessing workflows: 3 = 4 x 2 x 5= 120

Each section may either select one operation or opt for none,

Median Aggregation of Replicate Spectra

Replicate spectra from the same sample_id are preprocessed separately and aggregated point-
wise by the median 1o obtain sample-level specti.

Preprocessing-Model Combinations o
Conventional MI SOTA Deep
methods 120 preprocessing workflowsx 11 classifiers = 1320 candidatesch Models
PCA-SVM PCA-Logistic Regression PLS-DA [ speciral Transformer _] | msa.Le [ SupCon-ResNet + LP J
Histogram Gradient Boosting | Extra Trees MLP | Prowmo-ResNet | ArcFace-ResNet
— J
Nested Stratified Group Cross-Validation
: Inner “,‘"”'“"dad"" Outer cross-validation
+ Compare 1320 candidae schemes
Evaluate the generalization performance
= Optimize model hyperparameters. be tel selecti =
= Select the top 5 candidate combinations G108 Mt Siaction Peoceon
S
The same sample_id is never split across folds, thereby aveiding data leakage
Hierarchical Classification Tasks
¥ ¥ ¥ v
M;?:Ia;l:rh:::on ] [ PLA brand classification ] [ PETG brand classification ] [ ABS brand classification

Selection of Stable Candidate Models

Comprehensive evaluation based on macro-F1, balanced accuracy,
cross-validation 5D, and model complexity

v

Performance Evaluation and Feature Analysis

Macro-F1, balanced accuracy, confusion matrix, important wavenumber variables,

and interpretation of characteristic Raman peaks

B 1 SEIG R AR 0 S R 2

Fig. 1 workflow for spectral preprocessing and model selection
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Fig. 2 Spectral-shape correlation (a) and robust noise ratio (b) at different integration times
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Stacked Raman Spectra of PETG at Five positions Repeated Raman Spectra of PETG at the Same Position
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Fig. 3 Representative PETG specimen, five—point spatial uniformity, and five fixed—position repeated measurements
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Table 2 Top five preprocessing—model combinations for three—class material classification
Macro— Weighted—

Rank Preprocessing Model Accuracy BalancedAccuracy

F1 F1
SG smoothing + AsLS baseline correction + Min— .
1 ) L Spectral Transformer 0. 880 0. 806 0.787 0. 860
Max normalization
SG smoothing + AsLS baseline correction + Min— Masked Spectrum Autoencoder +
2 o . 0.795 0. 851 0.679  0.833
Max normalization linear probe
SG smoothing + AsLS baseline correction + Min—  Supervised contrastive ResNet +
3 0.790 0.778 0. 663 0.819

Max normalization linear probe

SG smoothing + AsLS baseline correction + Min—
4 Prototype ResNet 0.770 0. 841 0. 661 0. 824

Max normalization

SG smoothing + AsLS baseline correction + Min— X
5 ArcFace ResNet 0.795 0.775 0.659  0.834

Max normalization

Bl 425 7 “SG-AsLS-MM + Spectral Transformer” B)VA—{LIRIEFERE, JHK FL 52200 A0 FN 2853
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ERRIRG, 8 ANBEIRAI A PLA, 340514 ABS, R L4100, 694, J&=25k0k v 2R 55020k
VR ABSHEAH 3ANPIERRING . 1 MR PLA, 124 0. 7500 T ABS UL 4 M FEAR,
AR R RT3 25 4 [ R AR 1k 0. 25, PRI ABS IR AL RE MR (R FFETE . SRR L] 4 PLA
60%. PETG 36%., ABS 4%, Accuracy 2% %% 28025 £ 'S, AR SC[H] B} 4% 45 Balanced Accuracy Fll
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&, #1768 cm™ MK C=0 fli%E ™' PETG{E£ 633 cm ' RILA NN, 853 em™ [ 575 IRIF
WZ/C-O PRBNAH K, 1282 em™ BT A F5HR C-C 5 C-0 PR3, 1613~1615 em™H 75 F IR C=C i, 1724~
1730 em™ 'R G 2L C=0 filigg o ABS WYRFAE 20k B 3 FPIL IR 415> . £ 1003~1006 em ™' A AR ERIFEIRL
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Fig. 4 Normalized confusion matrix of the optimal model for three—class material classification
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Fig. 5 Overlaid Raman spectra of PETG, PLA, and ABS samples
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Table 3 Major Raman bands and tentative assignments of PLA, PETG, and ABS

Material Raman shift/cm™' Tentative assignment

PLA 873 C—-COO vibration

PLA 1042 C—CHs stretching

PLA 1094 C—0-C symmetric stretching
PLA 1450 CHj; deformation

PLA 1768 C=0 stretching
PETG 633 Aromatic—ring CCC in—plane bending
PETG 853 Ring breathing / C-0 stretching
PETG 1282 Ring C-C / C-0 stretching
PETG 1613~1615 Aromatic C=C stretching
PETG 1724~1730 C=0 stretching

ABS 1003~1006 Aromatic-ring breathing
ABS 1602~1603 Aromatic C=C stretching
ABS 1667 Butadiene C=C stretching
ABS 2238~2239 Acrylonitrile C=N stretching

#£ 4 PETG S0 Z5HEA T S I RTAL 1R &

Table 4  Top five preprocessing—model combinations for PETG brand classification

Rank Preprocessing Model Accuracy BalancedAccuracy Macro-F1 Weighted-F1
1 SG smoothing + first derivative + SNV MLP 0. 889 0.792 0. 800 0.877
2 SG smoothing + first derivative + SNV PCA-SVM 0. 833 0.799 0.788 0. 838
3 SG smoothing + arPLS + SNV MLP 0. 833 0. 769 0.770 0. 829
4 SG smoothing + arPLS + SNV Extra Trees 0. 833 0.739 0.748 0.814
5 Raw spectrum Extra Trees 0.750 0.735 0.715 0.757

1.0
R3D 0.00 0.00 0.00 0.00
(n=0)  (=0) (n=0) (n=0)
0.8
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" Ciyp] 000 017 M4
1 0=0)  (@=1) z
[
r0.2
0.20 0.00
Bambu - Gty (1=0)
—0.0

Q P W » oo
LR P
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5 6 PETG ILsih o> Fime AR — (L IR VB A RS
Fig. 6 Normalized confusion matrix of the optimal model for five—=brand PETG classification
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