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This study presents a multimodal approach integrating infrared thermography with 3D laser scanning
for the thermal characterization of bronze antiquities with non-uniform thickness. Traditional methods
often conflate material properties and geometric effects, which can lead to inaccurate estimation of
thermal diffusivity. To overcome this, a framework was developed to align 3D geometric data with
transient thermal responses. Experiments on bronze mirrors demonstrate that the proposed method
effectively compensates for thickness gradients, revealing intrinsic material heterogeneity, including
localized thermal anomalies linked to tin segregation. COMSOL-based simulations validate the
applicability of the 1D heat transfer model in regions with mild thickness variation. By separating
geometric and material effects, the methodology enhances defect detection and provides quantitative

guidance for conservation strategies.

Infrared thermography (IRT) is a non-contact, non-destructive testing
(NDT) technique that detects surface and subsurface inhomogeneities based
on thermal response analysis'’. It operates either passively, by observing
naturally occurring temperature variations, or actively, by applying external
thermal excitation, commonly through flash lamps, halogen lamps, or
lasers. Active IRT can be further categorized into pulsed thermography
(PT), lock-in thermography (LIT), and step-heating thermography (ST). It
can be performed in either reflection or transmission geometry, depending
on the relative positions of the heat source and the infrared detector.

Over the past two decades, IRT has gained traction in the character-
ization and conservation of cultural heritage objects, with successful
applications ranging from historical buildings, paintings and frescos to
metal artifacts, particularly bronze objects”". Pulsed thermography is
especially effective for bronzes due to their high thermal diffusivity and
conductivity, and has been widely used in the analysis of Western bronze
statues under reflection-mode configurations"™"’. To accommodate more
complex material interfaces and corrosion layers, recent studies have pro-
posed double- and multi-layer thermal diffusion models'*™.

There are two principal categories of IRT applications: qualitative
imaging to locate defects, and quantitative analysis for extracting thermal
parameters such as diffusivity or defect depth®*’. However, thermal
responses are jointly influenced by geometry and intrinsic thermal prop-
erties, making quantitative interpretation nontrivial. Most existing appli-
cations, assume uniform, flat geometries—common in industrial settings

such as aerospace composites or metal plates—where either thickness or
thermal properties are predefined™ .

Cultural heritage artifacts, in contrast, exhibit complex, irregular geo-
metries and heterogeneous material compositions. Bronze artifacts, for
example, may have variable thicknesses from casting, internal inclusions,
and layered corrosion products, with alloy compositions varying across
regions. These factors complicate the interpretation of thermal diffusion and
reduce the applicability of standard inversion models. As a result, IRT
analysis in heritage contexts faces ongoing challenges in decoupling geo-
metric effects from intrinsic material properties.

Understanding the spatial distribution of thermal properties in cultural
heritage artifacts is essential for their effective conservation. It enables a
better evaluation of how objects respond to environmental changes, sup-
porting structural stability assessments and the identification of potential
deterioration risks. Deviations in thermal behavior can also reveal hidden
defects such as voids, inclusions, or corrosion, allowing for early-stage, non-
destructive diagnostics. Furthermore, accurate thermal data informs the
selection of restoration materials that are thermally compatible with the
original, helping to prevent stress-induced damage. In addition, these
parameters provide a basis for constructing thermal response models and
digital monitoring systems, contributing to more scientific and sustainable
preventive conservation strategies.

Recent technological advances, such as 3D scanning and low-cost
thermal imaging, have introduced new opportunities. High-resolution
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geometry enables digital modeling and wall thickness estimation, while
smartphone-based thermal detection expands accessibility”’ . Some stu-
dies integrate infrared images with point clouds or visible-light data for 3D
thermal mapping of heritage buildings™”. Yet, most of these approaches
remain focused on visualization or architectural chronology, and lack the
ability to simulate physically meaningful thermal processes™, underscoring
the need for more advanced modeling strategies and adaptive image pro-
cessing techniques.

A multimodal framework that integrates PT with 3D laser
scanning is proposed in this study. A thickness-compensated inver-
sion method for estimating thermal diffusivity is developed by
aligning transient thermal data with detailed geometric informa-
tion.This approach enhances defect detection accuracy and provides
a robust solution for characterizing the thermal behavior of complex
heritage materials.

Methods

Bronze mirrors are invaluable cultural artifacts that encapsulate ancient
metallurgical techniques and symbolic meanings. Due to their age and
fabrication processes, they are prone to internal defects such as shrinkage
cavities, cracks, and layered corrosion, all of which can significantly alter
their thermal behavior and compromise their structural stability under
environmental stress™”. Accurate characterization of their thermal prop-
erties is thus essential—not only for assessing internal stress and predicting
deterioration pathways, but also for informing evidence-based preventive
conservation strategies™.

However, conventional thermal analysis techniques, such as
steady-state or transient plane source methods, generally assume
simple, homogeneous geometries. These assumptions do not hold for
bronze mirrors, which often feature complex curvature, relief dec-
orations, and uneven wall thicknesses. Such geometric irregularities
complicate heat diffusion modeling and can obscure or distort the
interpretation of subsurface features”’. To overcome these chal-
lenges, this study employs a multimodal approach that integrates
pulsed infrared thermography with 3D geometric data to improve
the reliability of thermal parameter extraction.

135.2mm

(b)

Fig. 1| Visible light images of the bronze mirror. a Front side (smooth surface);
b Back side (cast-decorated surface).

Study object: Tang Dynasty bronze mirror

The object investigated in this study is a bronze mirror from the Tang
Dynasty, illustrated in Fig. 1, measuring ~136.4 mm by 135.2 mm. It fea-
tures a petal-shaped edge and a slightly convex reflective surface, designed to
create a soft magnification effect. The reverse side is elaborately decorated,
with ten rams adorning the outer ring and the Eight Trigrams (Bagua)
symmetrically arranged around a central Yin-Yang symbol in the inner
circle. At the center of the mirror is a raised knob with a perforation, likely
for suspension.

A casting defect occurred during the manufacturing process, caused by
insufficient separation of the mold during metal pouring, resulting in a hole
on the mirror surface. This defect may cause localized variations in thickness
and material distribution, leading to slight misalignment of decorative
patterns and secondary effects such as microporosity due to interrupted
metal flow.

Thermal diffusivity measurement using transmission-mode
pulsed IRT
Transmission pulsed thermography is a non-contact, nondestructive testing
technique that evaluates thermal properties and detects internal defects by
applying a short thermal pulse, typically generated by a flash lamp, to one
side of the specimen while recording the temperature evolution on the
opposite side using an infrared camera. In homogeneous, defect-free
materials, heat diffuses evenly, resulting in smooth temperature changes on
the rear surface. Internal defects such as voids, inclusions, or corrosion layers
disrupt heat flow, causing localized thermal anomalies that appear as con-
trasts in thermal images. By analyzing these contrasts, defects’ presence,
location, and characteristics can be identified.

Under adiabatic conditions, when a homogeneous material of thick-
ness d absorbs a surface heat pulse with energy q per unit area, the rear
surface temperature evolution T(d, t) can be described by:
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where C and p represent the material’s specific heat capacity and density,
respectively. Thermal diffusivity (o), a key parameter characterizing heat
transfer, can be extracted from the temperature-time curve by iteratively
adjusting the fitting parameters through nonlinear curve fitting to achieve
the best match with the experimental thermal response data, given the
known sample thickness™.

The experimental setup is shown in Fig. 2. A high-power flash lamp
provided 2 ms pulses with a maximum energy of 2.4kJ. A FLIR SC7000
cooled infrared camera (7.7-9.3 pm spectral range, 320 x 256 resolution)
was used to capture thermal data. During testing, the bronze mirror was
positioned to fill the camera’s field of view, with the flash aligned to ensure
uniform heating. Thermal images were recorded at 200 Hz for 3 s under
stable ambient conditions.

Fig. 2 | Experimental setup for transmission-mode
pulsed infrared thermography.
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3D laser scanning experiment

The surface geometry of the bronze mirror was captured using the Han-
dySCAN 700 laser 3D scanner (Creaform), which employs 7 blue laser lines
for data acquisition. The system offers a resolution of 0.2 mm and an
accuracy of up to 0.03 mm, making it well-suited for complex and curved
surfaces such as those of the bronze mirror.

Before scanning, the device was carefully calibrated, and the mirror was
positioned to ensure optimal coverage. Reference targets were placed on and
around the specimen to improve spatial alignment and facilitate full-surface
reconstruction. Due to the mirror’s thin and irregular edges, the front and
back sides were scanned separately. The resulting datasets were then aligned
and merged using post-processing software, yielding a high-resolution mesh
with alignment accuracy typically within the millimeter range.

Transient 3D heat conduction simulation

Although thermal diffusivity was estimated using a 1D model, surface
curvature and irregularities may induce 3D heat flow, potentially affecting
accuracy. To evaluate the validity of the 1D approximation, transient heat
conduction simulations were conducted in COMSOL Multiphysics using

(a) (b)
Fig. 3 | Self-designed model and 3D model of the bronze mirror for COMSOL
simulation. a Self-designed model; b 3D model of the bronze mirror.

(b)

Fig. 4 | Analysis of casting defects. a The TSR first-order processed images of the
transmission showing a thermal barrier (blue) and cracks (red); b Reflection image
showing surface protrusions (yellow).

two models: (a) a self-designed sample incorporating flat, protruding, and
sloped surfaces with dimensions marked on the figure, and (b) a high-
resolution 3D mesh of the actual bronze mirror obtained via laser scanning
(Fig. 3a, b). Both models treated the sample as a homogeneous solid.

In both cases, a 2ms, 2.4Kk] heat pulse was applied to the smooth
bottom side, and temperature evolution on the opposite side was simulated
over with a 0.005s time step, matching the 200 Hz frame rate of the IR
camera. Representative regions with the same thickness (2.5 mm for both
self-designed and the bronze mirror model) were selected for analysis. To
ensure accurate results, the mesh was set to an extremely fine mode, and all
surfaces were set as thermally insulated. This setup allowed investigation
into how local geometry influences transient heat flow and the applicability
of the 1D assumption.

Results

This section combines transmission-mode PT, infrared image processing,
and 3D laser scanning to analyze the thermal and geometric characteristics
of the bronze mirror. First, subtle casting defect features were revealed
through image processing. Subsequently, infrared data were registered to the
reconstructed thickness map and used in thermal diffusivity inversion.
Fitting lengths were adjusted based on local thickness. The fusion of 2D
thermal data with 3D geometry enabled intuitive visualization of thermal
property distributions. Comparative simulations further validated the
applicability of the 1D heat conduction model in areas with gradual geo-
metric variation, supporting the decoupling of thermal and structural
parameters under specific conditions.

Transmission-mode pulsed thermography

In the transmission-mode experiment, a thermal pulse applied to the front
surface via flash lamp initiated heat propagation through the sample. To
investigate potential casting defects, infrared data were processed using first-
and second-order Thermal Signal Reconstruction (TSR). As shown in Fig.
4a, this revealed a thermal barrier signature (blue circle) and multiple linear
cracks (red circles). In contrast, reflection-mode IRT detected visible pro-
trusions on the surface (yellow circles in Fig. 4b), demonstrating trans-
mission-mode’s efficacy in identifying deeper flaws obscured in reflection-
mode imaging.

A comparison of thermal responses between a thicker region (Region
1) and a thinner region (Region 2), shown on Fig. 5a, reveals that the thicker
area exhibited slower heat transfer and a lower peak temperature, while the
thinner region responded more rapidly and reached a higher saturation
temperature. Normalized thermal curves are shown in Fig. 5b. However,
due to their differing thicknesses, these responses cannot be directly used to
compare intrinsic thermal properties.

As shown in Fig. 6a, a representative point with measured 2.41 mm
thickness (double checked from the thickness map) was selected and input
into the iterative fitting program to estimate thermal diffusivity. The fitting
curve, as shown in Fig. 6b, demonstrates excellent agreement with the
experimental data, indicating high accuracy. The final result shows that the
thermal diffusivity is 6.02 mm?/s.

Fig. 5 | Thermal analysis results. a The 85th frame

of the raw thermogram; b Thermal response of Region 1 |
Regions 1 and 2. s i — Region 2
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Fig. 6 | Thermal diffusivity analysis. a Thickness 250
map showing the selected representative point
(2.41 mm); b Thermal response fitting curve of the 200

point shown in (a).
150

100

50

Data Points

6 TR R

6000

5950

5900

w
Thickness (mm)
DL

N

5850

0 50 100

X

(2)

1 + Experimental Data
5800 —— Fitted Data
200 250 N 0 50 100 150 200 250
Frame

Fig. 7 | 3D model visualization. a 3D model of the
bronze mirror; b Model after import into ParaView.
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Fig. 8 | Segmented thickness map aligned with infrared data with a sample point.

Point cloud data processing

Point cloud data of the bronze mirror surface was acquired using a
laser 3D scanner and processed with specialized software for
denoising, filtering, and surface reconstruction, shown in Fig. 7a. It
was then exported as a VTP file to extract thickness information. A
ray-tracing algorithm was employed to compute local thickness
values across the surface. The VTP file was imported into ParaView, a

6400

6300

6200

5’ 6100
ResampleTolmage1 6000
Id: 18610
Coords: (-61.983, 20.7955, 0) 2900 i Do
= arrname _tess e scalars: 1.85191 5800] —— Fitted Data

arrname_tess_felem_lds: 142109 5 = = % 10 35 o L5 200
arrname_tess_item_type: 9 Frame

Fig. 9 | The experimental data and the fitting curve of a point with a thickness
of 0.5 mm.

data analysis and visualization software, where the model was scaled
to its actual dimensions. The model was aligned with the infrared
thermography data by adjusting the rotation center and coordinate
axes to ensure consistency between geometric and thermal data, as
shown in Fig. 7b. It was then segmented according to the resolution of
the infrared image to generate a thickness map corresponding to each
pixel. Figure 8 shows an example point with ID 18610, which corre-
sponds to a thickness of 1.851 mm. The ID number was then con-
verted to the x and y coordinates of the IR image.
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Fig. 11 | Thermal diffusivity map of the bronze mirror, with circles indicating
regions of lower thermal diffusivity.

Thermal diffusivity inversion and data fusion

A Python script was developed to automatically incorporate local thickness
values into the iterative fitting process, introducing a thickness-dependent
fitting duration to enhance accuracy. Selecting an appropriate fitting
duration is crucial because the 1D analytical model assumes an adiabatic
boundary conditions, leading to a flat temperature curve after saturation.
However, in practical experiments, convective heat losses cause the tem-
perature to gradually decline, which can distort the fitting if late-stage data
are included. For example, as shown in Fig. 9, fitting a 0.5 mm thick point
using 200 frames (1 s) introduces errors due to convective cooling. In thin
regions, extended fitting durations can lead to significant deviations in
thermal diffusivity estimation.

To address this, the optimal fitting length for minimizing errors at
different thicknesses was determined. A functional relationship between the
optimal fitting length and the square of thickness was established using the
least squares method, as shown in Fig. 10. This relationship was incorpo-
rated into the script to allow dynamic assignment of fitting lengths during
thermal diffusivity calculations. The resulting thermal diffusivity values
were saved to an output file and visualized using scatter plots with color
mapping, providing an intuitive representation of the spatial distribution of

(@)
Fig. 12 | Thermal-geometric fusion results. a Raw infrared pseudo-color ther-
mogram; b Thermal diffusivity distribution projected onto the 3D model.

thermal properties, as shown in Fig. 11. Regions with lower thermal diffu-
sivity correspond to the locations marked in Fig. 4a, while those shown in
Fig. 4b exhibit no significant variation in Fig. 11. This suggests that the
anomalies observed in Fig. 4b are likely due to thickness variations rather
than material defects.

Subsequently, 2D thermal images were mapped onto the 3D bronze
mirror model using Blender’s UV mapping technique. As shown in Fig. 12a,
b, the pseudo-colored infrared thermogram (JET colormap) and the ther-
mal diffusivity map (RGB scale) were accurately overlaid on the recon-
structed surface. This 2D-on-3D fusion allows intuitive visualization of
temperature gradients, defect locations, and material properties directly on
the object’s geometry. When the model is viewed at an angle (e.g., 80°),
features in the thermal image remain precisely aligned with their spatial
counterparts, overcoming the limitations of flat thermal images and
enhancing interpretation of thermophysical behavior in complex heritage
artifacts.

Simulation validation of 3D heat flow effects

To further assess how 3D thermal effects influence the accuracy of thermal
parameter estimation using a 1D analytical model, a simulation model was
developed. As shown in Fig. 13a, three regions with identical thickness
(2.5 mm) but different geometries (flat, protruding, and sloped) were
selected. Using the same parameters as the transmission experiment, their
thermal responses were simulated and compared, as illustrated in Fig. 13b.
The results show that the protrusion area reaches the highest peak tem-
perature, whereas the flat disc and sloped region show little differences in
their temperature rise. This is due to heat spreads laterally and along curved
surfaces within the structure, with greater curvature exhibiting stronger
thermal flow aggregation and higher energy concentration. After normal-
ization, the protrusion area shows faster temperature rise followed by the
sloped and the flat area. This outcome confirms the phenomenon that the
thermal diffusivity appears higher on the curved surfaces. It is worth noting
that this simulations is conducted under specific conditions, where con-
vective heat flux is omitted (heat transfer coefficient h =0). This analysis
contributes to a better understanding of the decoupling between thickness
effects and material thermal properties.

Figure 14a presents two locations with sample thickness ~2.5 mm: a
sloped point (experimental point 1) and a flat area (experimental point 2).
Figure 14b shows the corresponding normalized simulated thermal
responses, along with analytical results based on the 1D heat conduction
model using averaged thermal parameters measured at these two locations.
The simulation data closely align with the theoretical predictions, with a
slightly faster temperature rise observed at the protrusion, consistent with
simulation outcomes from the designed sample. These results suggest that
the higher thermal diffusivity observed on non-flat surfaces may be partially
influenced by 3D thermal effects.
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Discussion

This study integrates 3D data to develop a locally thickness-compensated
IRT model, which effectively decouples geometric effects from intrinsic
thermal behavior in bronze mirrors with non-uniform thickness. By com-
pensating for local thickness, the model enables more accurate extraction of
thermal diffusivity. However, as a multi-element alloy, bronze often exhibits
spatial heterogeneity in thermal properties due to compositional segrega-
tion, microstructural differences, and casting variability. These intrinsic
factors, coupled with geometric complexity, introduce significant challenges
in 3D heat transfer modeling and interpretation. Therefore, a comprehen-
sive analysis must account for both 3D heat flow and material
inhomogeneity.

The influence of alloy composition on thermal properties has been well
documented. For instance, pure copper has a thermal diffusivity of
~116 mm?®/s, while tin’s diffusivity is much lower, around 40 mm?/s. In
copper-tin alloys, increasing tin content reduces both thermal conductivity
and diffusivity. Previous IRT studies reported thermal diffusivity values of
4-8 mm?/s for bronze containing 10-20% tin’’, and established an empirical
correlation between thermal diffusivity and weighted concentration of tin
and lead.

In this study, certain areas, especially near voids, exhibited noticeably
higher thermal diffusivity than the average. These anomalies likely reflect
local compositional or microstructural variations. One possible explanation
is localized copper enrichment due to segregation during casting, which
enhances heat conduction. Another factor could be the presence of
microcracks or structural features that re-direct thermal flux, sometimes
leading to elevated apparent diffusivity values, even though cracks are
generally heat barriers. These interpretations demonstrate the importance
of integrating material science understanding with thermal imaging
analysis.

To reduce computational complexity, a 1D thermal diffusion model
was adopted for parameter inversion. While this model performs reasonably
well in regions with gentle thickness gradients, it becomes less reliable in

areas with abrupt thickness changes or sharp curvature, where lateral heat
flow cannot be ignored. Finite element simulations confirm that thermal
diffusion is most rapid at protruding regions, and that 3D effects become
significant in geometrically complex zones. This is particularly evident in the
Eight Trigrams pattern. In such cases, more accurate 3D transient heat
transfer models are needed to capture the true thermal behavior and
improve defect detection.

Beyond the limitations of the 1D model, the methodology faced
challenges in both data processing and interpretation. Data alignment
relied on adjusting surface normals from the 3D scan to the camera’s line
of sight, followed by manual registration using symmetry axes and edge
features. Although validation against reference points indicated no sig-
nificant misalignment, this manual procedure remains subjective and
resolution-limited. On the interpretative side, IRT’s inherent ambiguity
in separating thickness variations from material properties persists.
While combining IRT with 3D scanning compensates for thickness, the
accuracy of this approach is highly dependent on registration precision,
and surface alterations such as corrosion layers or patina can further
complicate material structure. Consequently, even when spatially
resolved diffusivity maps are obtained, the origins of local anomalies
arise from alloy segregation, voids, or microstructural damage remains
difficult using thermal data alone. These challenges underscore the need
for methodological refinements, including automation, and the inte-
gration of complementary analytical approaches.

Future work should aim to implement automated registration using
feature-based recognition and gradient-based alignment, potentially sup-
ported by machine learning. Structured light projection or fiducial markers
during data acquisition could further enhance spatial precision.

While the proposed method increases the diagnostic value of IRT by
incorporating shape-related corrections, it does not eliminate the need for
complementary analysis techniques and expert evaluation. It should
therefore be viewed as part of a broader, integrated approach to the study
and conservation of cultural heritage materials.
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In practical conservation applications, the proposed 3D diffusivity
mapping approach can identify zones of stress concentration, evaluate the
integrity of historical metalwork, and even inform the assessment of
restoration treatments. The technical framework developed here can be
extended to other single-layer metallic artifacts, and has potential for
adaptation to more complex objects. Further research should also explore
the integration of environmental factors such as humidity into multiphysics
thermal analysis, providing a broader basis for preventive conservation
strategies.

In summary, this study proposes a novel, thickness-compensated IRT
method that combines 3D scanning and thermal wave imaging to accurately
extract thermal diffusivity in non-uniform bronze mirrors. By addressing
both geometric and compositional complexity, the method improves the
reliability of defect detection and material assessment. It offers a valuable
tool for heritage science, with broader implications for the structural analysis
and preventive conservation of metallic artifacts.

Data availability
The datasets generated during the current study are available from the
corresponding author on reasonable request.
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