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Schematic diagram of digital holographic diffuse imaging system
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Fig. 3 Digital holographic deformation detection system and experimental samples. (a) Photo of the experimental system; (b) aluminum

plate sample
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Fig. 4 Holograms collected before and after excitation and spectrum distribution. (a) Hologram collected before excitation; (b) hologram

collected after excitation; (c) spectrum distribution of holograms
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Fig. 5 Deformation fringes and three-dimensional distribution of aluminum plate sample surface. (a) Deformation fringes produced by

5 pum displacement; (b) three-dimensional distribution of deformation fringes produced on force-excited aluminum plate surface

by 5 pm displacement; (c) central cross-section diagram of three-dimensional deformation distribution shown in Fig. 5(b);

(d) deformation fringes produced by 10 um displacement; (e) three-dimensional distribution of deformation fringes produced on

force-excited aluminum plate surface by 10 pm displacement; (f) central cross-section diagram of three-dimensional deformation

distribution shown in Fig. 5(e)

BT o S0 v SR BE I ARk R T T sh a1, /i K
AR [ LREHE 78 5 pm 72 (EAR PR 407 4 BEOR B89
S, BV B Al AR S HEA AT A K e A 1 43 B
AP T CCD B AR R N, AR S % R e 0 4
NSRS DN RS P R 4 4R 3 B AR OR 2 22 pm
3 ME 5B BB AR K &R 4L B it
Bt F BE 10 SC ) AN T RS Bl R (RN R R T
Jih 75 20k SCHY R A — R BB AN SO T R
IR 2% A, A T BT 2.2 75 i 34 B0 4 S8R 78 G T 52
9 R G AT A BT, I DA F ) RE DA A K
1 3 PA i BE O SR 0F R T R A U K e B R
o I S 5 9F 5T o 7 IR Sl RT AL S Y AE Bl R TR I

A
a0

computer

ORI ESRIIE7/RLN 8 K e IR R 7k N R PN S
THT IOUL G5k B 51 A 4 R 3 T A OO AR T R e
e X SOy B A R b vk B SR 5 B AR R
A WO T B K R X A 1A AAR A A |
F149 AN T ke o X IO 25 AN (] 194 1z g 245 g 20 B A 32 38 B
) 25 AF T 2% R e DX ) SR TR AN ] o SR P i 3
FBAY I 205 = P A S DA I g A 2 Ak
IR T i R, 25 25— B3 5 e B b 1 L A R
A5 B I R Akl 2 e A IR R R A Kl
o7 4 BENC AR 3 5 1R 09 T35 8wl il L I 5
AR B AR SR B

5 87 2 BRI R G 6 P, Hoh
K6 (a) o Sl A 19 87 & BB 2K R IR A .

K6 ek R G AR (a) 87 2 B AR AN 2 50 IR 5 (b) B8 SR 2 1 Ak 31K 1 7 T

Fig. 6 Optical system and integration. (a) Photo of digital holographic deformation detection system; (b) interface of software about data

collection and processing
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Fig. 7 Schematic diagram of defects on wood-based mural sample. (a) Front side of the sample; (b) reverse side of the sample; (¢) photo

of mural sample defect detection
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Fig. 9 Deformation fringes produced from defects on wood-based mural sample by acoustic scanning excitation. (a) Deformation fringes

produced from layer edges (acoustic excitation with 250 Hz); (b) deformation fringes produced from bonding parts (acoustic

excitation with 224 Hz); (¢) deformation fringes produced from back holes (acoustic excitation with 280 Hz)
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Fig. 10 Building walls defect detection. (a) Subsurface of building walls; (b) photo of building walls defect detection
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Fig. 11 Subsurface defects on building walls. (a) Photo of subsurface crack defect; (b) schematic diagram of subsurface crack defect

cross-section; (c) photo of subsurface void defect; (d) schematic diagram of subsurface void defect cross-section
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Fig. 13 Deformation fringes produced from subsurface defects by acoustic excitation. (a) Deformation fringes produced from subsurface

crack (acoustic excitation with 224 Hz); (b) deformation fringes produced from subsurface void (acoustic excitation with 620 Hz)
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Fig. 14 Photo of in-situ detecting of the mural and the detected zones. (a) Photo of in-sizu detecting; (b) detection zones on the south

wall; (c) detection zones on the western wall
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Fig. 16 In-situ detection results of micro-defects on the south wall. (a) Deformation fringes of sampling zones A — F; (b) three-

dimensional distributions of abnormal structures in sampling zones A—F
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Fig. 17 In-situ detection results of micro-defects on the western wall. (a) Deformation fringes of sampling zones A —F; (b) three-

dimensional distributions of abnormal structures in sampling zones A-F
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Defect Detection and Analysis in Murals Using Digital Holography
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Abstract

Objective Numerous murals containing abundant historical information have been preserved in the ancient architectural structures in
our country. However, these murals have suffered varying degrees of damage after thousands of years, such as the formation of
surface and subsurface cracks and voids. Optical inspection techniques, such as spectral analysis and imaging technology, are widely
used in the restoration and preservation of cultural relics. However, these methods involve chemical composition analysis or primarily
provide two-dimensional images, which cannot fulfill the demands of micro-defect detection. Digital holography enables three-
dimensional surface profiling. Digital holography combined with excitation can be utilized for the detection of surface and subsurface
defects in murals. Therefore, a portable deformation detection system based on digital holography is designed herein to meet the needs
of in-situ defect detection in murals. The developed detector combined with acoustic sweep excitation is applied to the in-situ detection
of defects in murals at the Palace Museum, Beijing. Combined with acoustic sweep excitation, this study confirms that digital
holography can be used to determine the status of damage of the surface and subsurface of cultural relics through non-destructive
methods. This research is conducive to the diagnosis of damage in cultural relics, as well as for analyzing defect formation and

predicting defect growth, thereby providing a scientific basis for the restoration and protection of cultural relics.
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Methods Based on the principle of holographic interference on diffuse reflection surfaces, a portable deformation detection system
was designed. First, an aluminum plate, the surface of which was coated with white particulate paint, was selected as the
experimental sample. Holograms of the surface of the aluminum plate were captured after applying force excitation. After applying
filtering techniques to the digital hologram and extraction algorithms to the deformation fringe phase, the feasibility of the technique
and capability of the system for quantitative analysis were validated. With the combination of acoustic sweep excitation, experiments
were conducted on mural samples and interior architectural wall samples to inspect the internal defects. Deformation fringes
corresponding to surface and subsurface defects were obtained, confirming the effectiveness of the frequency sweeping excitation
method using acoustic waves. The portable deformation detection system based on digital holography combined with acoustic
excitation was used to analyze the murals at the Palace Museum in Beijing. In-situ micro-defect detection was performed on the
western and southern walls of Ru Ting. Gaussian lo criterion and histogram segmentation methods were applied to eliminate the
overall background phase from the deformation fringe phase to obtain a three-dimensional distribution of the defects in order to analyze

the locations and contour features of the defects.

Results and Discussions Firstly, theoretical analysis is used to prove that the principle of digital holographic interference on
diffuse reflection surfaces is reasonable for extracting out-of-plane deformation data. Feasibility verification using aluminum plate
samples reveals that the three-dimensional distribution of deformations could be quantified. The experimental system enables
quantification of the out-of-plane deformation (Fig. 5). Combined with acoustic sweep excitation, sub-surface defects in mural samples
and interior architectural wall samples are effectively detected. Different defects, such as voids and cracks, show distinct abnormal
fringe patterns (Fig. 9, Fig. 13). In-sizu micro-defect detection was performed on the murals on the southern and western walls of Ru
Ting at the Palace Museum. By using phase extraction and spherical aberration phase elimination algorithms to determine the phase
distribution of the deformations, the three-dimensional defect distribution could be determined. Visible cracks, paint peeling, and
shallow-level defects such as micro-cracks, fractures, and voids are detected in the mural on the southern wall (Fig. 16). The main
defects in the western wall mural are subsurface cracks and hollow spots. These results also prove that conventional sounds such as

those made by tourists are still harmful to cultural mural relics (Fig. 17).

Conclusions A deformation detection system is designed herein based on the principle of digital holographic imaging of a diffuse
reflection surface, combined with the acoustic excitation method. The system is successfully applied to the detection of defects in real
murals at the Palace Museum, providing information about the locations and contours of the defects. The system is capable of
detecting real-time micro-defect-induced deformations on the diffuse reflection surface. The acoustic excitation method offers
controllable parameters and simple operation, while being a non-contact approach. By processing holograms and applying background
phase elimination algorithms, defect characteristics such as positions and contours can be extracted from the overall deformation
phase, enabling accurate identification of defects. This study demonstrates that the portable holographic deformation detection
system, in combination with acoustic sweep excitation, can effectively detect defects such as voids, cracks, and holes on mural
artifacts. This system provides a scientific basis for diagnosing the health of mural artifacts, as well as for restoration and preservation.
In future work, we will further investigate the effective range and safety threshold of acoustic wave excitation for detecting defects in
cultural relics. We will also consider the spatial and ground conditions of structures like Ru Ting at the Palace Museum to design a
high-precision scanning and stitching method for capturing holograms of the entire mural, focusing on detecting defects in the

subsurface within a large area.

Key words holography; mural; diffuse reflection surface; defect detection; acoustic excitation
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