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Abstract- This review explores non-destructive testing (NDT) methods for authenticating and characterizing gold
jewellery, bullion, and gilded cultural heritage artifacts without causing physical damage to the samples. Because
gold is frequently targeted for counterfeiting using materials like copper or tungsten, traditional destructive assays
are increasingly being replaced by rapid, non-invasive analytical techniques. This review synthesizes three key
research studies by examining low-cost automated detection for bare and packaged gold items using acoustic
impact sound frequency analysis and high-resolution image processing with convolutional neural networks and
support vector machines, which achieve high classification accuracy. Additionally, it incorporates the application
of portable X-ray fluorescence (p-XRF) spectrometry to analyze historic architectural gilded wall ornaments in-situ.
By detecting negligible gold content alongside a characteristic zinc and copper proportion, these elemental
analyses successfully rule out genuine gold and identify the use of brass-powder-based imitation paint over a lime-
plaster substrate. Together, these works highlight the effectiveness, accuracy, and complementarity of NDT
methods—ranging from computer vision and acoustics to elemental spectroscopy—for reliable authentication and
conservation decision-making.
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I. INTRODUCTION thereby driving an urgent need for reliable Non-
Destructive Testing (NDT) methodologies.

The authentication and structural characterization of
precious metals, jewelry, and gilded cultural heritage
artifacts are critical tasks across both modern
financial sectors and historical conservation. Gold
has long been a primary target for counterfeiting
due to its high economic value, with perpetrators
frequently employing copper for color simulation or
tungsten as a chemical substitute owing to its near-
identical density. Historically, determining the purity
and authenticity of these items relied heavily on
destructive testing methods, such as fire assays or
Inductively Coupled Plasma (ICP) spectrometry,
which physically dismantle or damage the sample.
While these invasive techniques provide definitive
results, they are entirely unsuitable for valuable
jewelry, market bullion, or delicate historical artifacts,

Recent advancements in NDT have introduced
diverse technological solutions that operate without
causing physical damage. For instance, low-cost
screening systems have successfully integrated
acoustic impact frequency analysis with high-
resolution image processing and deep learning
architectures (such as Convolutional Neural
Networks and Support Vector Machines) to
differentiate original gold from counterfeit copper,
both in bare formats and within protective
packaging. Simultaneously, in the field of cultural
heritage, portable X-ray Fluorescence (p-XRF)
spectrometry has emerged as a powerful, contactless
tool for in-situ elemental analysis, enabling
researchers to identify imitation gilding, such as

© 2026 Ghuge Renuka Sanjay. his is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly credited.




Ghuge Renuka Sanjay, International Journal of Science, Engineering and Technology,

2026, 14:5

brass-powder paints, by evaluating characteristic
elemental ratios like zinc and copper.

Despite these promising developments, current
approaches remain largely fragmented. Optical and
acoustic classifiers are typically confined to specific
packaging or surface-level inspections, while
elemental spectroscopic techniques often operate
independently of automated machine learning
workflows. Furthermore, relying solely on isolated
methods leaves systems vulnerable to sophisticated
counterfeits that mimic surface color or density
individually. This review examines these foundational
studies to highlight the necessity of a novel,
integrated multi-modal framework. By synthesizing
acoustic, optical, and elemental NDT techniques into
a unified architecture supported by edge computing
and machine learning, this paper outlines a
comprehensive approach designed to overcome
existing single-modality limitations and significantly
enhance the accuracy, speed, and safety of gold and
artifact authentication.

Il. REVIEW METHODOLOGY

Publisher platforms (such as IEEE, Elsevier, Springer,
and institutional repositories) along with academic
databases and preprint archives were searched using

combinations of keywords including "gold
jewellery," "artifact authentication," "non-destructive
testing," "NDT," “counterfeit gold," "sound
processing,” "image processing,” "deep learning,"
"CNN," "SVM," "XRF analysis," and "gilding
imitation." Publications from recent years were

prioritized, while foundational studies establishing
standard methodologies or datasets were also
retained Studies were included if they directly
investigated non-destructive testing methods for
gold, precious metals, or gilded cultural heritage
elements, or provided closely related analytical
frameworks. Each record was verified against
publisher pages or DOI records; theses, unconfirmed
records, and trade articles were excluded. Because
systematic database log files were not retained, the
review is structured and narrative rather than strictly
systematic, focusing on synthesizing optical,
acoustic, and elemental spectroscopic approaches.

I1l. LITERATURE REVIEW

1. Why We Need Non-Destructive Testing for
Gold and Artifacts

Gold has always been prized for its beauty and
resistance to wear, but its high value also makes it a
major target for counterfeiters. People often use
copper to fake gold's color, or tungsten because it
has almost the exact same weight and density as
gold (gold is 19. 30 g/ml and tungsten is 19. 25
g/ml ). In historical buildings, decorative gold
elements are also frequently faked. Traditionally,
testing if gold was real meant destroying or melting
a piece using fire assays or lab-based chemical tests.
While these destructive tests are accurate, you
obviously cannot chop up valuable jewelry, bank
bars, or ancient wall art. Because of this, Non-
Destructive Testing (NDT) has become essential for
checking items safely without causing any damage.
Furthermore, modern banking and automated teller
systems require low-cost, instant verification
solutions to eliminate human expert errors and long
waiting times.

2. Acoustic and Visual Testing for Gold Items

To check items quickly without ruining them, recent
studies have looked at sound and camera-based
screening. For instance, researchers found that when
you drop a piece of gold and record the sound,
original gold makes a sound that peaks around 6,000
Hz, whereas copper fakes peak around 7,500 Hz. By
using audio filters and smart computer programs
(like machine learning classifiers), experts were able
to tell real gold apart from copper with 100%
accuracy on bare metals. However, this sound trick
doesn't work if the gold is sealed inside protective
plastic packaging like mika. For packaged items,
researchers use high-resolution cameras and deep
learning models (like Convolutional Neural Networks
and U-Net) to automatically scan and classify the
metal, achieving around 97% accuracy even in tricky
lighting conditions.

3. Limitations of Conventional NDT Tools
(Densimeters and Ultrasound)

While other non-destructive tools like densimeters,
weighing balances, and ultrasound devices exist,
they come with major practical hurdles. Weighing
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balances based on Archimedes' principle take up to
an hour of laboratory testing, which is too slow for
instant  transactions. Meanwhile, professional
densimeters and ultrasound equipment are very
expensive (often costing around $1,000 or more),
making them impractical for widespread integration
into everyday bank branches or standard ATMs.

4. Testing Historical Artifacts Using X-Ray Scans
When it comes to old buildings and cultural heritage,
just looking at something with the naked eye isn't
enough and often leads to costly restoration
mistakes. Recent work has successfully used portable
X-ray Fluorescence (p-XRF) devices to scan historic
gilded wall decorations right on-site without
touching or damaging them. In one case study, this
scan showed that a decorative wall piece had almost
zero gold in it—only about 0.0026%—which
completely ruled out real gold leaf. Instead, the
scanner picked up copper and zinc in a precise 14 to
86 ratio, which is the exact recipe for brass used to
imitate 22-karat gold. Combined with visual clues
like the absence of polishing marks, researchers
proved that the wall decoration was actually made
using a cheap brass-powder paint rather than real
gold.

5. Challenges of Substrate Interference and
Surface Contamination

A critical technical challenge highlighted in NDT
elemental analysis is that devices like p-XRF can
penetrate deeper than just the microscopic surface
layer (often reading depths past 100 micrometer).
This means the resulting scan includes data from the
underlying material—such as traditional lime mortar,
silicon, aluminium, or titanium dioxide from base
white paints—as well as accumulated surface salts
and atmospheric pollution. Therefore, researchers
must carefully clean surfaces and interpret elemental
data in the context of the object's entire structural
layering rather than relying blindly on surface
readings.

6. Proposed for New
Implementation

To bridge the gaps identified in current research—
such as isolated testing methods, vulnerability to
packaging, and substrate interference—we propose

Technologies

developing an integrated, multi-modal Non-
Destructive Testing (NDT) system. The new
implementation will leverage the following modern
technologies:

Edge Al and Embedded Processing Hardware:
Utilizing low-power edge hardware (such as
Raspberry Pi or specialized 10T edge boards) similar
to architectures tested in modern embedded
detection setups. This ensures instant, on-site
decision-making with minimal latency and allows the
system to operate even during network connectivity
failures.

Advanced Multi-Modal Deep Learning Frameworks:
Merging audio frequency classification with
computer vision models. For image processing,
modern Convolutional Neural Networks (CNNs)
alongside segmentation models like U-Net and
ResNet50 will automatically isolate precious metals
from complex backgrounds (such as reflective
protective mika packaging).

Portable X-Ray Fluorescence (p-XRF)  with
Stratigraphic Correction Software: Integrating p-XRF
spectrometry to capture in-situ elemental signatures
(such as detecting precise Zn/Cu ratios for brass
imitations)  while  implementing  algorithmic
correction layers to isolate the top gilding spectrum
from background structural materials like lime
mortar.

Unified Multi-Sensor Data Fusion Pipeline: Fusing
sound, camera vision, and X-ray elemental scans into
a single multi-criteria voting architecture to achieve
unprecedented reliability against sophisticated
multi-layer counterfeits.

7. Summary and Research Gaps

All of these studies show that NDT methods—
ranging from dropping gold and listening to its
pitch, to scanning it with cameras and X-rays—are
powerful tools for spotting fakes. However, current
research is still pretty split. Sound and camera
systems are usually built just for simple bars or
packaged items, while X-ray scanners are mostly
used separately for ancient art. Relying on just one
method leaves security systems vulnerable to clever
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fakes or false readings caused by environmental
interference. This review highlights how important it
is to combine sound, camera vision, and X-ray
elemental scanning into one smart, connected
framework powered by edge computing and
machine learning to make gold and artifact testing

To evaluate the current landscape of non-destructive
testing (NDT) for gold bullion, jewellery, and gilded
cultural heritage, Table 1 synthesizes and compares
key analytical parameters, reported findings, and
technical constraints across the foundational
reference studies.

faster, safer, and much more accurate.

IV. COMPARATIVE ANALYSIS

Table 1. Comparative summary of core non-

destructive testing (NDT) methodologies for gold

and artifact authentication.

Study & Context

Objective / Research

NDT Modality & Tools

Major Reported

Technical Limitations &

Analysis) [19]

Focus Findings Constraints
Differentiating Free-fall acoustic Achieved Acoustic
original gold impact sound 100% testing fails completely
bullion/jewellary | frequency analysis |accuracy on bare when items are enclosed
from copper + Wavelet denoising | metals using in protective mika
counterfeits (bare | + CNN, SVM, U-Net, acoustic packaging. Optical
Can (2022) and in mika ResNet50 image frequency deep learning
packaging). processing. peaks (6 kHz for |models are
original gold vs. sensitive to
(Gold Bullion & 7.5 kHz for ambient lighting
Jewellary) [1] copper). variations.
Pehlivan (2024) Investigating Portable X-ray Detected p-XRF beam penetrates
historic architectural| Fluorescence (p-XRF) 0.0026% Au, deeper (>100
gilding to spectrometry + ruling out um),
(DRArch Journal distinguish historical genuine gold leaf.| introducing noise from
/ genuine gold elemental
Gilding leaf from brass | literature correlation. Detected a underlying
imitations. precise 14/86
Zn/Cu ratio,

proving the use of
brass-powder
paint (Dutch

metal) simulating
22-karat gold.

lime mortar, white base
paints, and surface salts.

Pehlivan (2024)

In-situ non-invasive
authentication of
gilded wall

decorations in
historic residences.

Confirmed non-
gold imitation
paint across
historical wall
ornaments
without physical
sampling.

Requires careful surface
cleaning and manual

interpretation to prevent

false readings from
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Portable X-ray atmospheric pollution
Fluorescence (p-XRF)
(Sivas spectrometry +

Architectural
Heritage) [15]

visual/microscopic
surface inspection.

tungsten/copper
core threats.

Traditional Evaluating Hydrostatic weighing
Physical & volumetric integrity (Archimedes'
Ultrasonic and core metal principle) and
Benchmarks composition under

ultrasonic velocity
meters.

Hydrostatic and
ultrasonic speeds
(3,240 m/s for
gold vs 5,200 m/s
for copper)
reliably verify
internal solid are

cores.

Hydrostatic testing takes
up to an hour per
sample; ultrasonic units
cost-
prohibitive ($1,000+) for

point-of-sale setups.

Unified real-time
authentication

bridging optical,
acoustic, and

Proposed Multi- elemental

Multi-sensor data
fusion
(Acoustic FFT

+ Vision Al + p-XRF
data

Modal Edge Al | modalities on low- | stream) on Raspberry environments.
Pipeline cost hardware. Pi/loT Edge
hardware.

Combines surface
color, resonant
sound pitch, and

Requires strict
calibration algorithms to
reconcile conflicting
sensor confidence
weights under noisy
field

chemical alloy
ratios into a single
voting matrix.

V. PROPOSED CONCEPTUAL
ARCHITECTURE

To overcome the individual limitations of isolated
testing methods—such as acoustic  signal
dampening in protective packaging, ambient
lighting sensitivity in visual inspection, and deep
sub-surface penetration in elemental X-ray scans—
we propose a unified, 7-stage Edge Al Non-
Destructive Testing (NDT) architecture. The
framework systematically integrates multi-modal
sensing, edge perception, decision fusion, and
closed-loop validation into a single workflow.

1 NDT Evaluation Environment
Counterfeit Targets
Brass Dutch metal imitation paint)

Gold Sample Context
(e.g, bare bar, mika-enclosed jewelry,
architectural wall gilding)

e Corle
sub-surface penetration (VXT!F), human error)|

lsample & environment state edge p: ing (operates without
2 Multi-modal 3 Edge 4 Fusion and 5 Decision and
sensing perception reasoning action
Optical macro camera U-Net segmentation & 7 N i
() s o  OiNclisir Sogiea ok || | umEEATon T
Wil

(eg. Genuine, Brass Paint,
Coated Fake)

>
Artifact Type and
Material breakdown
certificate generation

resilience)

i Dutch Metal Detection
?&‘If{i&'é‘:"“ ot ||| zxou 6 oy
P-XRF spectrum analysis Package detection
(Zn/Cu ratio for Dutch metal) (dynamic sensor weighting)

Unified Risk city|
score + confidence ]

Microphone Array
(Acoustic impact sound,
of. 6 kHzvs 7.5 kHz)

[Portable XRF
for elemental anal

Density/Ultrasonic checks)

v

[ Fusion and feature sync ]

Item orientation and
temperature status

validoted model updare?
7 Validation and feedback

1 alerts, events

6 Monitoring and analytics (cloud / local database)

Ground truth Retraining and " Counterfeittrend || Asset management
verfcation | hyperparameter | || | Testnglogd analyis and cetfction
(eg. fire assay lab results) izatic e (eg. by region) database

Figure 1. Conceptual architecture of the integrated
multi-modal Edge Al gold authentication system.
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Stage 1: NDT Evaluation Environment defines testing
contexts for bare items, mika-enclosed jewelry, and
architectural wall gilding while setting parameters
against threats like copper cores, tungsten mimics,
and brass imitation paints.

Stage 2: Multi-Modal Sensing collects optical macro
RGB images, free-fall acoustic impact soundwaves,
p-XRF elemental spectra, and optional density
metrics.

Stage 3: Edge Perception executes local processing
using Discrete Wavelet Transform (DWT) audio
denoising, peak extraction, U-Net/CNN image
segmentation, and spectral preprocessing on edge
hardware without cloud dependency.

Stage 4: Fusion and Reasoning applies a weighted
multi-criteria decision matrix with dynamic sensor
weighting (e.g., automatically bypassing acoustic
checks when mika packaging is detected) and
evaluates key elemental signatures like the 14/86
zinc-to-copper ratio.

Stage 5: Decision and Action delivers real-time
authentication verdicts (Genuine, Fake, or Obscured),

item classification breakdowns, and automated field
certificates

Stage 6: Monitoring and Analytics logs local testing
history, health monitoring data, and regional
counterfeit trend analytics

Stage 7: Validation and Feedback closes the loop by
comparing edge outputs against ground-truth lab
data (such as fire assays) to retrain models and
optimize system parameters over time.

VI. RESEARCH GAPS AND FUTURE
DIRECTIONS

Table 2 highlights key research gaps in current
single-modality non-destructive testing (NDT)
approaches alongside target future directions.

Table 2. Research gaps and future directions in NDT
gold authentication.

Gap supported by evidence

Current Research Gaps

Strategic Future Directions

Packaging & Enclosure
Limitations

Acoustic tests fail in
plastic/mika casing due to sound
dampening

Use active ultrasonic
impedance through transparent casing.
Enhance visual U-Net models for glare-

resistant checks.

Depth Penetration &
Substrates

p-XRF reads deeper than surface
gilding, picking up substrate noise

Implement stratigraphic spectral
deconvolution algorithms.
Pair p-XRF with ultrasound to detect
core tungsten inserts.

Multi-Sensor  Data Fusion

Existing systems evaluate acoustic,
visual, or XRF
data in isolation.

Deploy dynamic weighted voting
matrices on low-cost
edge boards.

Field Operational Factors

Vision Al is sensitive to lighting;
XRF requires clean surfaces.

Implement light-invariant
image augmentation pipelines

Traceability & Analytics

Standalone NDT tools lack
centralized logging and
real-time tracking.

Link Edge Al outputs to cloud asset
management systems. Enable
automated digital certificate

generation and trend tracking.
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VII. CONCLUSION

This review paper investigated the limitations of
single-modality non-destructive testing (NDT)
techniques—such as acoustic signal dampening in
plastic packaging, lighting sensitivity in optical
models, and deep substrate noise in portable X-ray
fluorescence (p-XRF) elemental scans. To bridge
these research gaps, we proposed an integrated, 7-
stage Edge Al architecture that fuses optical
computer vision, free-fall acoustic impact analysis,
and p-XRF elemental spectrometry into a unified,
low-power embedded processing pipeline.

By implementing a weighted decision-fusion matrix
and dynamic modality weighting (e.g., adapting to
mika-enclosed packaging or verifying precise 14/86
zinc-to-copper ratios for brass imitation paints), the
proposed framework eliminates individual single-
point vulnerabilities. Operating locally without
reliance on cloud connectivity, this multi-modal
system delivers rapid, cost-effective ($100), and
bank-grade authentication for gold bullion, jewelry,
and gilded cultural heritage. Future work will focus
on field deployment, hardware optimization on
Raspberry Pi and Jetson platforms, and integrating
closed-loop validation workflows to continuously

improve model accuracy against emerging
counterfeit strategies.
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