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ABSTRACT

This paper presents a novel system for non-destructive testing (NDT) aimed at improving the inspection of composite-coated metallic pipelines
in the oil and gas industry. The proposed system utilizes shearography combined with induction thermal loading to enhance defect detection
efficiency, achieving significant improvements in inspection speed and adaptability for field applications. The developed system features a compact,
lightweight structure, produced using 3D printing, with an effective clamping mechanism that allows operation by a single person. An integrated
induction coil applies controlled thermal loading, enabling active shearography inspection without interrupting plant operations. The methodology
involves a dynamic inspection process where adjacent regions are sequentially analyzed: while one region undergoes shearography inspection
during its cooling phase, the next region is heated by induction, optimizing the workflow. Initial results demonstrate a significant increase in
inspection productivity, reducing the average inspection time by approximately 60 % compared to conventional shearography techniques, while
maintaining the defect detection quality. This innovative solution is particularly suited for restricted spaces and remote locations, addressing key
challenges in field inspections. The system can be adapted for various industrial applications requiring efficient defect detection in composite
materials.
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1. INTRODUCTION AND LITERATURE REVIEW chromium content. However, due to their high cost, these solu-
tions are not feasible for large-scale application. In this context,
the use of composite materials coating has grown significantly.
These materials have become especially valuable for mitigating
corrosion-related damage in harsh operating environments where
metallic components are frequently exposed to aggressive chem-
ical agents [3], [4].

In particular, composite coatings, often made of glass fiber-
reinforced polymers (GFRP) or carbon fiber-reinforced polymers
(CFRP), are applied to metallic pipelines as a means of mechanical
reinforcement and barrier protection. Their high impermeability
helps slow the corrosion process while simultaneously restoring
the structural integrity of the damaged pipeline. These repairs
are cost-effective and can be performed without interrupting
production, as the application process does not involve high-
temperature techniques such as welding [3].

Additional advantages include ease of maintenance and asuper-
ior strength-to-weight ratio compared to bulk materials like steel.
These characteristics, combined with the high specific stiffness

Ensuring the safety and reliability of facilities has become a
top priority in the oil and gas (O&G) industry, driven by both
economic and environmental concerns. Despite continuous ef-
forts to preserve structural integrity, many components inevit-
ably deteriorate over time, particularly those exposed to aggressive
environments and corrosive agents, which leads to substantial
investments in maintenance operations [1], [2].

Among the most persistent challenges faced by the O&G in-
dustry is corrosion, especially in metallic structures located near
coastal regions or in offshore facilities, where saline water exposure
is a critical factor. If not adequately addressed, corrosion tends
to spread across the metal surface, causing structural degrada-
tion such as cracking and wall thickness reduction, which can
escalate to operational failures, leakage, or even total structural
collapse [1], [2].

Several strategies have been developed to mitigate corrosion, in-
cluding the use of high-alloy steels or stainless steels with increased
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of fiber-reinforced composites, explain their growing adoption
in structural applications, particularly where downtime must be
minimized [4].

However, composite repairs are not without challenges. De-
fects such as voids, delamination, and disbonding may arise during
application or in-service operation. These flaws can compromise
the mechanical performance of the coating and allow the ingress
of corrosive agents through paths not visible during visual in-
spection, potentially leading to catastrophic structural failure.
Defects are generally categorized as either manufacturing-related
or service-induced [5].

To ensure long-term performance, periodic inspection using
non-destructive testing (NDT) is essential. These methods al-
low for the identification of defect location and severity, guiding
decisions regarding maintenance or replacement of the affected
sections [6], [7].

Shearography is a laser-based optical non-destructive testing
(NDT) technique that relies on speckle interferometry to de-
tect surface and subsurface defects in materials. By analyzing the
phase difference between two states of an object subjected to slight
deformation, shearography enables full-field measurement of dis-
placement gradients, making it especially suitable for identifying
delaminations, disbonds, and voids in composite structures [8],
[9].
The fundamental principle of shearography is based on the
laser speckle phenomenon, which occurs when coherent light is
diftusely reflected by a rough surface, forming a granular interfer-
ence pattern. These patterns are highly sensitive to deformation
and can be analyzed using interferometric techniques to extract
mechanical information from the surface [8].

Unlike traditional interferometry that measures absolute dis-
placement, shearography introduces lateral shearing of the optical
wavefront, allowing interference between adjacent points on the
surface. This leads to measurement of displacement gradients
(Ow/Ox and Ow/dy), which inherently eliminates rigid body
motion from the analysis and improves robustness under indus-
trial conditions [8], [10].

Fringe patterns are produced by the interference of sheared
images before and after a load is applied to the test object. These
fringes localize strain concentrations associated with structural
anomalies. Shearography systems can extract phase information
using temporal phase-shifting (multiple frames) or spatial meth-
ods based on carrier fringes and Fourier transform techniques [8],
[11].

Temporal phase-shifting, such as the four-step algorithm, is
sensitive to environmental vibrations, limiting its use in field
inspections. To overcome this, digital shearography using spatial
phase shifting enables phase recovery from a single pair of images
using Fourier analysis, greatly increasing inspection speed and
robustness against vibration [8], [11].

Recent advances have enabled multi-directional one-shot sys-
tems, which capture deformation gradients in multiple axes sim-
ultaneously, using specially designed multi-aperture masks and
optical configurations [12].

The success of shearography depends on the method used to
induce measurable deformation. Common loading techniques
include mechanical stress, such as vacuum suction, pressure, or
tension, and thermal excitation, which can be applied through
hot air, infrared radiation, or electromagnetic induction [11].

The application of shearography offers several distinctive ad-
vantages: full-field imaging, contactless operation, high sensitivity
to shallow and subsurface defects, and resilience to environmental
noise, especially when spatial phase-shifting is employed [10].

Applications in the oil and gas industry include inspection
of pipelines and pressure vessels repaired with GFRP or CFRP
composites, where access may be limited and the use of portable,
vibration-insensitive systems is critical [9], [10]. Recent studies
have compared different system configurations, including those
based on consumer-grade cameras, showing that even medium-
resolution setups can achieve adequate defect detectability when
combined with robust algorithms [13], [14].

Continued research in compact and portable shearography
systems, including lightweight structures and embedded loading
modules, is addressing the demand for efficient field inspection
solutions. These efforts reflect the growing maturity of shearo-
graphy as a practical NDT tool for composite material evalu-
ation [8], [11]. Motivated by the need for greater portability and
productivity in field inspections, this research aimed to develop a
compact and efficient shearography system optimized for in-situ
applications.

2. METHODOLOGY

The development of the compact and high-productivity
shearography system followed a structured product development
model which encompasses different stages of design. The object-
ive was to create a lightweight, ergonomic, and operable-by-one-
person inspection device suitable for use in restricted or difficult-
to-access industrial environments.

2.1. Informational design

The informational design phase included a market analysis
and the definition of functional and operational requirements.
Benchmarking of existing compact shearography systems, such as
those from Steinbichler [15] and Dantec [16], guided the identi-
fication of key features to be incorporated. Based on this analysis
and discussions with industry professionals and research collab-
orators, a set of design requirements was established: Compact
dimensions, portability, affordability, transparency to produc-
tion processes, high productivity, robustness, innovation, and
operation by one person. Also, from this analysis, the following
operational requirements were established:

- Inspection area between 50 x50 mm? and 100 x 100 mm?;

- Compatibility with composite-coated metallic pipes up to

152.4 mm (6 inches) in diameter;

- Suitability for both laboratory and field use.

2.2. Conceptual design

The conceptual design stage focused on breaking down the
system’s global function, shearographic inspection, into element-
ary functions: (i) load application, (ii) illumination, (iii) image
acquisition, and (iv) system fixation. A morphological matrix was
used to generate different solution principles for each of these
functions, resulting in three conceptual designs. A decision mat-
rix evaluated these conceptions against functional requirements
and determined the best configuration:

- Electromagnetic induction for thermal loading;

- Low-power diode laser (532 nm, 40 mW) for illumination;

- One-shot shearography system, based on Barrera [12] for

image acquisition;

- Manual fixation structure for equipment stability.

The resulting concept was transformed into an initial model that
served as a basis for the system’s mechanical and functional devel-
opment. This initial model is presented on Figure 1.

Also in this stage, the system’s operating workflow was defined

to streamline usage in both laboratory and field conditions. The

ACTA IMEKO | www.imeko.org

June 2026 | Volume 15 | Number 2 | 2



One-shot

Diode Laser |. L — shearography
\-\ D/ system

Manual
fixation
structure

Induction coil

Figure 1. Model layout.

procedure begins by positioning the system over the composite-
coated surface and securing it in place. The laser-based illumina-
tion is then activated to generate a coherent speckle pattern over
the region of interest. Subsequently, thermal loading is applied
via the induction coil to induce local deformation in the com-
posite material. A reference image is captured immediately after
heating. Then, while the surface cools naturally through air con-
vection, a second image is recorded. This sequence avoids the need
to reposition the system mid-inspection, contributing to greater
repeatability and robustness. Finally, the two images are processed
using spatial Fourier techniques to retrieve the phase map, from
which fringe patterns indicating potential defects are extracted
and analyzed.

2.3. Preliminary design

The preliminary design phase consisted of defining the physical
layoutand assembling the functional modules of the shearography
system selected in the conceptual design stage. This step aimed to
integrate all components, thermal loading, illumination, image
acquisition, and fixation, into a unified and operable prototype,
manufactured primarily using additive manufacturing techniques
to ensure reduced weight and cost. Each subsystem was designed
individually and then adapted for mechanical and functional
compatibility within the overall device. Special attention was
given to portability, modularity, and ergonomics to enable easy
operation by a single user in confined field environments.

2.3.1. Thermal Loading Module

The thermal loading module is responsible for generating loc-
alized deformation in the composite coating to enable phase vari-
ation detection during the shearographic inspection. In this sys-
tem, electromagnetic induction was selected as the excitation
mechanism due to its non-contact nature, rapid heating capacity,
and suitability for composite repairs over metallic substrates. The
system’s current source was based on a repurposed commercial
induction cooktop. This unit was chosen for its affordability and
availability. Internally, the cooktop includes a 30-turn copper
coil with 2.5 mm diameter wire. After rectification, it operates at
approximately 50 A current and 25 kHz frequency, which are ad-
equate for inducing rapid localized heating in metal structures. To
validate thermal performance, the coil was activated over a metal-
lic pipe segment (152.4 mm diameter) coated with a 5 mm thick
composite repair layer. A thermal camera was used to monitor the
temperature distribution after short heating pulses (5 to 105s).
The results confirmed the system’s ability to quickly raise the
temperature of the inspection area sufficiently (less than 5°C)
to generate detectable deformation, without damaging the com-
posite surface. This confirmed the effectiveness of the induction
module for loading during shearographic measurements.
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Figure 2. Triple-aperture configuration for simultaneous measurement in three
shearing directions [12].

2.3.2. lllumination Module

The illumination system in a shearography setup is respons-
ible for delivering coherent light to the surface under inspection,
enabling the formation of speckle patterns necessary for interfer-
ometric analysis. Based on the conceptual design results, a low-
power diode laser was selected due to its cost-effectiveness, com-
pact form factor, and sufficient optical output for shearographic
imaging. For that, a 532 nm (green) diode laser with 40 mW was
chosen [17]. The selected laser is supplied in a compact metallic
housing, which facilitates integration and mechanical mounting.
Some of the limitations of diode lasers are their beam ellipticity
and relatively low beam divergence, typically around 12 mrad
in this model, which results in a narrow illumination cone. To
expand the beam and ensure uniform coverage of the entire in-
spection area, a pair of aspheric lenses with 2 mm focal length
was employed.

2.3.3. Image Acquisition Module

The image acquisition module of the shearography system is
composed of a digital camera, an interferometric optical head,
a fringe carrier generation device, and a set of lenses for image
formation. This module s responsible for capturing the speckle in-
terferograms used to extract phase information related to surface
deformation. A S-megapixel camera was selected for this pur-
pose [18]. Following the conceptual design, the optical head was
based on the multi-directional one-shot shearography system de-
veloped by Barrera et al. [12]. This system enables phase retrieval
using spatial phase-shifting techniques, eliminating the need for
temporal phase stepping and reducing sensitivity to vibration
or object movement during inspection. The optical configura-
tion consists of a mask with three apertures that introduce carrier
fringes, and three optical wedges (W1, W2, W3) responsible for
introducing controlled lateral shifts between the captured images.
This setup, presented in Figure 2 enables simultaneous acquisition
of multiple sheared views, enhancing the robustness of the phase
calculation and allowing multidirectional deformation analysis.

To determine the appropriate field of view (FOV), the dis-
tance between the camera head and the specimen was set at
120 mm. Two different front lenses were tested: a lens with focal
length f = 8.0 mm, which provided an FOV of approximately
60 x60 mm?, and a lens with f = 3.5 mm, which produced an
FOV of approximately 110 X110 mm?. Due to the small size of
the test specimens used in laboratory evaluations, the 8.0 mm
lens was selected for all experimental procedures described in the
following section.

2.3.4. Fixation Module

After defining and assembling the thermal loading, illumin-
ation, and image acquisition modules, preliminary laboratory
tests were conducted to validate their individual performance and
integration. These tests were carried out on an optical table un-
der controlled conditions using different specimens to assess the
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system’s ability to detect defects in composite-coated metallic sur-
faces. All inspections followed the operational workflow defined
earlier, and the system successfully identified the intended defects
in each case. Encouraged by these results, the project advanced to
the development of the fixation module, responsible for integrat-
ing all components into a compact and portable structure. The
fixation module was designed to ensure proper positioning and
mechanical stability of the system during inspections, particularly
in confined spaces and on cylindrical surfaces such as pipelines.
While the initial tests were conducted with the components posi-
tioned on an optical table, this configuration was not practical
for real-world field applications. As a result, a dedicated struc-
tural frame and fixation mechanism were developed to support
the complete shearography system in portable and on-site inspec-
tion scenarios. As defined in the operational requirements, the
fixation module is designed to couple to pipes up to 152.4 mm
(6 inches) in diameter lined with composite material. The system
is based on a support with three non-collinear points to ensure
stable contact with the surface of the test object. The optical mod-
ules are attached to a structural frame that maintains the relative
alignment between components and allows for compact integ-
ration of all subsystems. To simplify the assembly process and
minimize weight, the entire structure was designed to be manu-
factured using additive manufacturing with polymeric material.
At this stage, it was defined that the illumination and image ac-
quisition modules would be positioned in the central region of
the structure, while the thermal loading module would be placed
in an adjacent area. This configuration proved advantageous for
simplifying the overall system design, as it eliminated the need for
amechanical mechanism to reposition the induction coil—i.e., to
move itin and out of the inspection field during operation. An ad-
ditional benefit of this configuration is the increase in inspection
productivity. While image acquisition is being performed over the
current inspection zone, the induction coil can simultaneously
heat the next area to be inspected. This sequential workflow re-
duces idle time between measurements and allows the operator
to conduct inspections more efficiently and continuously. Fig-
ure 3 presents the final version of fixation module structure, and
Figure 4 presents a model of the complete system, containing all
its modules and the composite coated piping under inspection.
The illumination and image acquisition modules are positioned
in the central region of the structure, delimiting the inspection
area, and the thermal loading module is located in an adjacent
region. Furthermore, a cover made of opaque fabric can be at-
tached to the outside of the structure to minimize the influence
of external lighting in very bright environments, such as outdoor
measurements on sunny days.

With the definition of all system modules, completion of the
mechanical design, and the selection of appropriate manufac-
turing and assembly processes, the preliminary design phase was
concluded. The project then proceeded to system validation and
performance testing, as detailed in the following section.

3. RESULTS AND DISCUSSION

3.1. Prototype manufacturing and testing

The first step of the detailed design stage was the fabrication of
the fixation module, as previously described. After 3D printing the
structural frame, the complete system was assembled by attaching
the thermal loading, image acquisition, and illumination modules
using screws. Additionally, three metal inserts and screws were
installed at the support points to enable stable positioning of the
device on cylindrical surfaces such as pipes. Figure 5 shows the fully
assembled prototype positioned over a test pipe during inspection.
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Figure 3. 3D model of the fixation module structure.
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Figure 4. Model of the complete system.

Thanks to the use of polymeric 3D printing, the resulting structure
is lightweight, with a total mass of approximately 1500 g, which
facilitates portability and single-operator handling.

To validate the prototype’s performance, an inspection was
carried out on a metallic pipe coated with composite material
containing an artificial wall defect (test specimen (i)). The shearo-
graphy image acquired during this test is shown in Figure 6. The
resulting fringe pattern clearly highlights the presence of the de-
fect, which is observable at the center of the image. This confirms
the system’s ability to successfully detect anomalies through de-
formation mapping, validating the functionality of the integrated
modules and the chosen design approach.

To further validate the capabilities of the developed system,
additional tests were conducted on another specimen, different
from the previously tested straight pipe section. In this case, a
curved 4-inch diameter metallic pipe, also coated with compos-
ite material, was selected to simulate a more complex inspection
scenario (test specimen (ii)). Due to the curved geometry in this
configuration, a different fixation strategy was adopted. Com-
mercial elastic straps with plastic hooks were used to secure the
prototype onto the pipe surface. This solution proved effective in
maintaining system stability during inspection, while also demon-
strating the adaptability of the fixation module to non-standard
geometries. Figure 7 shows an image of the prototype being in-
spected in this new test specimen. This image already shows the
fixing system with elastic straps.

The test confirmed the system’s functionality even under non-
ideal mounting conditions, reinforcing the potential of the pro-
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Figure 5. Experimental assembly of the prototype.

Figure 6. Result of shearography inspection of the prototype on test specimen (i).

posedsolution for field applications in diverse real-world scenarios.
Figure 8 shows the result of this inspection, in which it is pos-
sible to see that the system was able to identify a region of the
pipeline with the presence of defects, evidenced by the fringe
pattern highlighted in the image.

These results demonstrate that the system as designed, built,
and tested successfully meets the objectives defined in this study.
The developed prototype enables practical shearography inspec-
tions of pipelines coated with composite materials. Thanks to
its compact dimensions and simple fixation mechanism, the sys-
tem can be operated by a single user. Once the structure is fixed
onto the inspection region and the thermal excitation is applied,
the operator can independently perform image acquisition and
processing. After completing an inspection cycle, the operator

simply moves the system to the next inspection area and repeats
the same procedure. This workflow supports sequential inspec-
tion with minimal repositioning effort, making the prototype
well-suited for field applications that demand mobility, efficiency,
and operational simplicity.

3.2. Analysis of system productivity gains

Based on the experimental results presented in the previous
section, it can be inferred that the developed system demonstrates
higher productivity for pipeline inspections when compared to tra-
ditional shearography systems that rely on more complex position-
ing mechanisms. Such systems typically involve time-consuming
procedures for alignment and fixation, resulting in slower and
more labor-intensive inspections. To quantitatively assess this
productivity gain, it would be ideal to construct a standardized
test pipe with embedded defects distributed in multiple directions
across the surface. This setup would allow a controlled, repeat-
able comparison between different shearography configurations.
However, due to the lack of such a specimen during the develop-
ment of this work, the productivity comparison presented here is
based on an estimated analysis between the developed prototype
and a previously built shearography system. The reference system
selected for comparison features direct fixation to the pipe using
a ratchet strap collar, as shown in Figure 9. It includes an image
acquisition module and an illumination module but lacks an in-
tegrated thermal loading unit. For the purpose of this analysis, it
was assumed that an external electromagnetic induction heater
would be used to provide thermal excitation for both systems.

The shearography inspection procedure was broken down into
the following sequential steps: Initial positioning and fixation of
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Figure 7. Prototype under inspection with elastic fixation on test specimen (ii).

Figure 8. Result of shearography inspection of the prototype on test specimen (ii).

the system; Thermal loading of the test surface; Image acquisition
from the first inspection area; Repositioning of the system; Heat-
ing the next area; Image acquisition from the subsequent region.
Table 1 presents the estimated time required to perform each step
for both systems. It is important to note that time intervals were
estimated, as the actual execution time may vary depending on
the operator’s experience and on-site working conditions. To sim-
plify the comparison, it was assumed that both systems inspect a
similar area of approximately 60 mm X 60 mm. Pre-test proced-
ures, such as locating and preparing the test object, were excluded
from the analysis since they are common to both systems.
According to the estimated data, the average time to performan

inspection using the proposed system was approximately 40 % of
the time required by the reference system under similar conditions.
The main productivity advantages of the developed prototype
come from two key factors: faster repositioning, enabled by the
use of elastic straps for fixation rather than mechanical ratcheting
collars; and the ability to initiate thermal loading of the next
inspection area while image acquisition is being performed on
the current region, minimizing idle time between inspections. It
is worth noting that this productivity analysis was based on two
consecutive inspections, but the efficiency gains become more
pronounced as more tests are performed in sequence. With each
repositioning and loading cycle, the time-saving benefits of the
proposed system compound, resulting in significantly greater
cumulative productivity when inspecting larger surface areas or
multiple regions.

4. CONCLUSION

This work aimed to develop and evaluate a compact and high-
productivity shearography system to facilitate the non-destructive
inspection of composite-coated steel pipelines, especially in hard-
to-access or restricted environments. The proposed system was
successfully designed, built, and tested under laboratory condi-
tions, demonstrating its capability to detect defects effectively and
with higher operational efficiency compared to existing systems.
Therefore, the main objective of the study was fully achieved. The
system development followed a structured engineering methodo-
logy, including the definition of design and operational require-
ments, functional decomposition, and generation and evaluation
of solution principles. Each selected principle—diode laser il-
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Image
acquisition

Figure 9. Shearography system used as a reference for comparative analysis.

Table 1. Comparative estimate of system productivity.

Illumination

Ratchet strap
fixation

Steps Proposed system (s) Reference system (s)
1- Initial positioning and fixation of the system; 60 <t <90 240 <t < 360

2 - Thermal loading of the test surface; 15 <t < 30 15 <t <30

3 - Image acquisition from the first inspection area; 30 <t <60 30 <t <60

4 - Repositioning of the system; 15 <t <30 60 <t < 120

5- Heating the next area; 0 (during step 3) 15 <t <30

6- Image acquisition from the subsequent region. 30 <t <60 30 <t <60
Total (inspection of two regions) 150 <t <270 390 <t <660

lumination, electromagnetic induction heating, and one-shot
shearography for image acquisition—was experimentally valid-
ated and integrated into the final prototype. The 3D-printed
structure of the prototype proved lightweight, solid, and ergo-
nomic. Its inspection area was suitable for detecting defects in all
tested specimens and could be easily adjusted by changing the cam-
era lenses. The complete inspection process using the developed
system was found to be simple and agile. Unlike conventional
tripod-mounted systems, this prototype can be directly fixed to
the surface of the pipe, greatly improving ease of positioning and
allowing rapid progression along different inspection regions. A
comparative productivity analysis with a reference system—fixed
by a ratchet strap—revealed that the proposed system required
only about 40 % of the inspection time, clearly demonstrating its
operational advantage. The prototype built also has the advant-
age of compact dimensions and low mass, which are especially
important characteristics for offshore applications, which require
air transport and inspections in difficult-to-access locations and
restricted environments. The experiments confirmed the system’s
effectiveness in identifying and localizing defects in composite-

coated pipelines. These results were achieved under testing con-
ditions designed to simulate the challenges encountered during
field inspections. Overall, the system demonstrated high poten-
tial for industrial implementation, with promising results under
simulated field conditions. Finally, a patent application for the
invention presented in this work has been filed and is underway.

4.1. Future work

Future research should focus on enhancing the system’s auto-
mation and field adaptability. Key developments include design-
ing a dedicated control module for the induction heating system
and incorporating an elastic tensioning mechanism to improve
ergonomic fastening on various pipe diameters. Additionally, eval-
uating the feasibility of battery-powered operation would assess
potential improvements in portability. Finally, further experi-
mental validation using standardized test specimens and testing
under vibration-prone environments will focus on assessing the
system’s robustness in operational environments.
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