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Abstract

The pursuit of accurately replicating cultural artifacts has been significant throughout history, evolving from mechanical
pantographs to modern digital modeling techniques. Today, precise replication enables practical applications in artand conservation,
including museography, cataloging, preservation, and virtual exhibitions. Digital models serve as vital records of an artifact’s
condition, aiding in its conservation and restoration efforts.

Recent advancements, particularly in the last two decades, have revolutionized the ability to obtain highly detailed digital
models of cultural heritage objects. Studies have shown that achieving precision in the range of tens to hundreds of microns is easily
attainable, allowing for the documentation and measurement of intricate details in artworks. Fringe Projection Method (FPM)
emerges as a valuable tool for cutator of cultural heritage and restorers due to its high resolution and non-invasive nature.

Future applications of FPM in conservation include comprehensive digitization of archaeological sites, inspection of architectural
structures, integration into augmented reality and virtual reality, artifact reproduction and restoration. In laboratories, ongoing
research involves applying FPM methodology to comparative studies of different relining techniques, providing quantitative data
on their invasiveness. This quantitative approach aims to guide operators in selecting the most suitable techniques for conservation
interventions.

The growing prominence of FPM suggests its indispensable role in the future of art conservation and restoration. It represents a
valuable tool for preserving cultural heritage by enabling precise documentation, analysis, and intervention. As research continues
and methodologies evolve, FPM is poised to contribute significantly to the conservation field, ensuring the protection and longevity
of our cultural legacy.
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Introduction

The most accurate possible reconstruction of the shape of of the artwork. Nowadays, the ability to replicate the external
an artwork has been a matter of great relevance since antiquity —aspects and the surface of an object of cultural heritage with high
when such reproductions could only be achieved using mechanical ~resolution allows for various practical applications [1]. One of
pantographs. Initially, the goal was to obtain the most precise copy ~the most common applications is the creation of digital models
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of objects for museography and cataloging purposes. For this use,
very high precision is not essential, as a resolution of one millimeter
provides acceptable quality [2,3]. Digital models allow for the exact
preservation of the artifact's memory in case of deterioration or
loss (due to natural or accidental causes) as well as the temporal
recording of its conservation status. Furthermore, it enables the
generation of databases to recognize replicas of original works
and to create digital museums that make art accessible to people
worldwide. With the advent of 3D printers, it is now feasible to
transform three-dimensional models into faithful copies of scanned
works [4,5] which also provides the possibility of reconstructing or
reintegrating missing parts in pieces that require it [6].

Currently, in the conservation and restoration of cultural assets,
a scientific approach is indispensable. For this reason, interventions
are carried out with the support of quantitative data leading to an
objective diagnosis based on a scientific approach to the problem.
To achieve this result, it is necessary to quantitatively understand
the pictorial surface as accurately as possible. This is obtained
through a deep knowledge of the adopted analytical techniques,
their precision, and limits.

3D Scanning Methods in Conservation

The registration and documentation of cultural assets have
been fundamental aspects of conservation throughout history.
The need to create accurate copies of these objects for cataloging,
preservation, and, more recently, their exhibition in virtual
museums, has driven the development of methodologies for the
three-dimensional reconstruction of cultural heritage objects.

The mathematical foundations for the quantitative three-
dimensional registration of objects date back thousands of years,
with ancient Egyptians and Babylonians developing triangulation
techniques in astronomy and geodesy. In ancient Greece, figures
like Euclid and Archimedes laid the groundwork for trigonometry,
while in the 17th century, Willebrord Snell van Rojen established
the foundations of optical triangulation, crucial for modern
photogrammetry and 3D reconstruction [7].

Although the foundations of modern techniques for the three-
dimensional reconstruction of objects have been known since
ancient times, it was only with the development of digital cameras,
personal computers, and increased graphic and computational
capabilities that concrete attempts at 3D scanning were made.
During the second half of the 20th century, the first applications
of 3D scanning were carried out in the industrial field, mainly in
surface inspection [7].

Laser holography, in 1972, was the first 3D reconstruction

technique used to document statues and other art objects [8,9].
In the 1980s, at the National Research Council of Canada (NRCC),
the first attempts at 3D scanning using structured light were made,
projecting a point cloud onto museum artifacts to perform precision
calculations on replicas and generate digital models [10,11]. These
techniques were later applied to various pieces of cultural heritage,
such as relics from the Mausoleum of Qin Shi Huang, “La Minerva di
Arezzo,” and sculptures by Donatello and San Giovanni Pisano [11].

Prominent projects such as the Michelangelo Project (1988)
and the Pieta Rondanini project (1998) allowed for the rigorous
and precise documentation of Michelangelo’s works in Italy [12,13].
In 2003, a joint project between the French Center of Museum
Research and Restoration and the National Research Council
of Canada scanned the pictorial surface and the reverse side of
Leonardo da Vinci’s Mona Lisa [14].

Three-dimensional digitization enables the creation of
accurate virtual models of real objects, reproducing their volume,
texture, and color. Specialized equipment measures thousands of
coordinates on the object’s surface, generating a dense point cloud
that is subsequently processed to create a faithful 3D reproduction

using trigonometric triangulation [15].

Main Three-Dimensional Scanning Methods

For any 3D scanning method, the starting point is the precise
registration of points on the object’s surface. Various methods have
been developed and applied over time [4,15,16]

The techniques are divided into “contact techniques,” which
require touching the surface, and “contactless techniques,” which
acquire points without physical contact and are generally less
invasive. The former include 3D positioning systems, where a
mechanical arm records movement manually or through a robotic
arm. On the other hand, contactless techniques are more varied and
are based on principles such as emitting or receiving light, sound,
ultrasound, microwaves, and X-rays, which are transformed into
surface point coordinates [17] Figure 1.

Among the passive techniques are stereophotogrammetry and
digital photogrammetry [18], which allow for the reconstruction
of 3D models from 2D images. Techniques such as obtaining
models from silhouettes or object shadows are also used. Among
these techniques, the most commonly used today are those called
“structure from motion,” which do not require calibrated cameras.
These methods involve taking numerous photographs of the object
from different perspectives and distances to reconstruct a point
cloud of the object and generate an interpolated surface Figure 2.
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Figure 1: Schematic representation of typical setup for fringe projection method.
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Figure 2: Schematic representation of fringe deformation by the object.

On the contrary, active techniques emit some form of radiation
towards the object, either through transmission or reflection.
Examples of active techniques are computed tomography and
structured light, which will be detailed later.

Optical 3D scanning techniques are active methodologies widely
used in architecture, archaeology, and conservation. In addition to
structured light, they include active triangulation and time-of-flight
techniques, which involve projecting a laser beam onto the object’s
surface to obtain its 3D coordinates.

The fringe projection method (FPM)

The fringe projection technique is an optical method used in
the three-dimensional reconstruction of objects. Essentially, the
technique consists of the projection of a structured light pattern
(black and white fringes) onto a reference surface and onto the
object of interest of which a 3D digital representation is desired.
Figure 1 shows the typical configuration of the experimental setup
of the technique. This arrangement consists of a projector, which
is used to project the fringe pattern, a CCD camera to capture

the images and a computer in which the analysis of the images
is performed, and the 3D digital representation of the object is
obtained by means of specialized algorithms.

The aim of the technique is the acquisition of “n” (usually n=4)
images of the fringe pattern with and without the object. In the case
of the reference plane images (without the object), the fringes are
completely parallel, and their phase remains constant. When the
object is placed, the fringes undergo a displacement (deformation)
because of the topography of the object, see figure 2.

The distortion fringe pattern is modeled as

[(x,y)=a(x,y)+b(x,y)cos 2—”(@(}@ v)+AD)
p

Eq. 1,

where a(x,y) is the background ligth, b(x,y) is the modulation of
the fringes, is the carrier phase term and the shift of phase produced
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by the height of the object. For gray-scale fringes, the background
and modulation are adjusted to generate sinusoidal fringes from
black to white theoretically. In practice is so difficult achieved this
range however, the optical set-up must be adjusted to obtain the
result closest to the ideal. The key work is to recover the phase of
the fringes image captured because the phase contains the height
of the object. There are some techniques to phase recovery as X,
Y, Z (references), one of them is phase stepping (reference). This
technique is popular for the few images requires and the precision
good. Phase stepping involves the capture of N-images (minimum
three) with a known N-step of fringe shifting. The N-step images
are models by

[ (x,y)=a(x,y)+b(x,y)cos [2—” D(x,y)+27zn/ N)j
p

where n represents the phase-shift index n=0,1,2,..,N-1. The
steps of fringe enable to solve a system of equations from which the
phase is obtained. The solution of system of equation is given for
following expression.

L 201 (x, y)sin(2an/ N)
>V (x,y)cos(2zn/ N)

D(x,y)=tan
Eq. 2,

Without indentation ¢ is the corresponding wrapped phase.
The unwrapped phase is essential to obtain the information of
the object and then get the 3D digital model. This step is critical
to getting accurate models, due to this, in literature exist a great
number of algorithms to unwrap the phase [19,20]

Results of our study on the precision of the FPM method
and its potentiality

The accuracy of FPM is determined by multiple factors such as
the characteristics of the projector and camera, configuration of
the projected pattern, phase detection and unwrapping algorithm,
calibration technique, and properties of the object to be captured,
among others [21-24]. In all of the aforementioned aspects, there
are proposals to improve resolution, for example, lens distortion
elimination [25], gamma correction techniques [26], sampling
techniques [27], calibration methods [28], local blur analysis by
subsurface scattering [29].

In the study conducted by [20], we experimentally determined
the precision and depth variance of a specific system. The
experiment involved using a camera and projector with slightly
above-standard quality, and more technical details can be found in
the manuscript Figure 3. The experiment consisted of capturing a
reference piece with steps of varying heights.
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Figure 3: In the work by Casas-Pérez et al. (2023), a circular pyramid with 8 steps built in Nylamid using a computer numerical
control lathe was used. The tallest step has three concentric channels that were useful for spatial calibration (modified from
Casas-Pérez et al, 2023).

These steps were produced using computer numerical control
(CNC) machinery and measured with significantly higher resolution
than the precision expected from the machinery, employing an

optical profilometer. Eight steps were fabricated, with the tallest
being 2.0993 mm and the lowest being 0.0141 mm. The smallest
fringe period achieved was 0.5 mm. The maximum resolution with
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acceptable variance (with an unequivocally recognizable step) was
0.1 mm, with a standard deviation of 0.0125 mm.

In addition to the quantitative study, our work included a
qualitative analysis of an oil painting on a linen canvas titled “The
Rooster” This artwork was chosen because its creation involved a
technique that posed a challenge to our method, making it an ideal
test case. It exhibits a variety of reliefs, textures, and tones, which
make it difficult for the scanning technique used. The captured
surface reveals global aspects such as relief angles and textures.
The achieved resolution allows the observation of very fine details,
such as aligned ridges that tend towards verticality and small peaks
at the edges of impasto, likely due to irregularities at the edges of
the ridges generated by the spatula and/or brushstrokes from the
base. Moreover, the resolution enables the observation of slight
undulations on an almost flat background. This resolution allows
us to observe and measure details related to conservation and
technical aspects, such as brushstroke orientation, micro-fractures,
and crack patterns, among others [20].

The results obtained in our 2023 study have demonstrated
the potential of these scanning techniques in the field of artwork
restoration, particularly in restoring canvas paintings. However,
the achieved resolution opens up the possibility of utilizing
this technique in numerous conservation fields with countless
applications.

Possible future application of FPM to cultural heritage

The FPM continues to be a subject of ongoing research and
development by numerous groups worldwide. In the specific field
of conservation, efforts are being made to enhance the quality
of captures and to develop increasingly user-friendly software.
This suggests that shortly, these technologies will become more
widespread, accessible, user-friendly and potentially leading to
their adoption in a variety of applications.

Among the potential applications
conservation, one notable area is the digitization of entire
archaeological sites in high resolution. Currently, most FPM
applications focus on individual objects. However, in the next future,
this method could be adapted to digitize complete archaeological

in archaeology and

sites, enabling the creation of precise 3D models of complex
structures such as temples, ruins, and archaeological remains.

Another potential application is the inspection and conservation
of architectural structures. Fringe projection could be employed to
inspect and monitor the structural integrity of historical buildings
and architectural monuments. Due to its potential precision, this
technology could detect changes in the shape and geometry of
these structures over time, aiding in their long-term conservation
and maintenance.

Equally significant are applications in augmented reality and
virtual reality. The information obtained from these methodologies
could be integrated into augmented reality and virtual reality
applications to provide immersive and educational experiences
related to cultural heritage. Users could digitally explore artifacts
and historical sites with an unprecedented level of detail from
remote locations. Overall, fringe projection methodologies, along
with other structured light techniques, could find applications
in the entertainment industry. They could be used, together with
Artificial Intelligence applications, to create special effects for
movies, video games, and theatrical productions requiring accurate
representations of historical objects and ancient architecture.

More specifically, in the field of conservation, the method could
be utilized for artifact reproduction and restoration. Structured
light could be used to create exact digital replicas of historical
artifacts and artworks. These replicas could be 3D printed or used to
guide or test restoration processes, allowing conservators to work
with a precise digital copy of the original object for intervention
simulations.

In summary, the future applications of fringe projection
methods are poised to evolve, ranging from the comprehensive
digitization of archaeological sites to integration into augmented
reality and entertainment platforms. Additionally, these methods
hold promise for the conservation and documentation of individual
objects, as well as the restoration of artifacts, further extending
their potential in augmented reality and entertainment domains.

Potential use of the FPM technique in our laboratory

As a specific example in the field of conservation, this paragraph
highlights the technique currently employed in our laboratory,
which will be the subject of forthcoming publications. Our
laboratory specializes in canvas painting conservation, focusing
on assessing the condition of these artifacts, exploring potential
intervention techniques, and refining specific conservation
methodologies Figure 4.

The methodology developed and previously tested by [20]
will be applied to assess the quality and efficiency of conservation
These involve actions taken to
preserve and protect cultural, historical, or artistic objects.

interventions. interventions
Typically, these interventions aim to stabilize, repair, and restore
artistic objects without compromising their original integrity or
authenticity. They may include surface cleaning, consolidation of
fragile materials, repair of structural damage, and implementation
of preventive measures to avoid future deterioration. Conservation
interventions are conducted with extreme care and respect to
preserve the authenticity and historical or artistic significance of
the object. However, each technique has its own characteristics and
technological peculiarities
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Figure 4: Conservative interventions aim to stabilize, repair, and restore artistic objects without compromising their original
integrity or authenticity.

One highly important conservation technique is conservative
lining, which is used to strengthen and preserve the structure
of canvas paintings. Relining is carried out using a variety of
techniques and materials like animal gelatin glue paste, wax and
resin adhesive, synthetic water-soluble adhesive, acrylic resin
adhesive among others. Each technique has its advantages and
specific considerations in terms of reversibility, strength, flexibility,
and compatibility with the artwork. The choice of the appropriate
technique depends on the conservation status of the object, the
preferences of the conservator, and the specific needs of the
artwork. It is important for relining to be carried out carefully and
follow the ethical principles of conservation to ensure the integrity
and authenticity of the artwork.

To date, there has been no quantitative study of the invasiveness
of these techniques. Often, the decision to use one technique
over another depends on the preference of the operator or the
restoration school. Naturally, changing the type of material for this
operation can result in more or less significant changes to the final
appearance of the pictorial surface. It is extremely important to
evaluate the invasiveness of a specific technique so that the choice
of one relining method over another is based on the type of surface
that needs to be consolidated rather than the personal preferences
of the restorer.

Given the proven high resolution of the three-dimensional
models provided by the FPM technique, we are conducting a
comparative study of relining techniques using FPM as a high-
resolution scanning method. The study involves comparing
identical samples (same artist, same subject, size, and execution
technique) relined with different methods. Each sample will
be scanned before and after the restoration intervention. The
obtained 3D models will be registered with great precision, and
the differences between the models will provide quantitative data
on how much the surface has been modified by the treatment. This
study is considered highly important for future decision-making,
aiming to move away from subjectivity and focus on objective and

quantitative data. Each sample will be scanned before and after the
restoration intervention. The obtained 3D models will be registered
with great precision, and the difference in height between the
models will provide quantitative data on how much the surface has
been modified by the treatment.

Conclusions

Throughout history, there has been a continuous effort to
accurately replicate cultural artifacts. However, the techniques
developed in the last twenty years have made it possible to obtain
highly detailed digital models of objects, which hold significant
potential in the fields of art and conservation. This enables the
creation of precise digital models of cultural heritage objects, with
practical applications in museography, cataloging, preservation,
and virtual exhibitions. These digital models serve as records of the
artifact’s condition and can aid in its conservation and restoration
efforts.

Previous studies conducted by our group, focusing on assessing
the precision of the method in-plane and out-of-plane using a
system accessible to any laboratory, have shown that achieving
a precision on the order of one hundred microns (and in many
cases even tens of microns) is easily attainable. This allows for
the documentation and measurement of very minute details of
the artwork. The high resolution and non-invasive nature of FPM
make it a valuable tool for curator of cultural heritage and restorers.
Possible future applications of the technique in conservation include
comprehensive digitization of archaeological sites, inspection of
architectural structures, integration into augmented reality and
virtual reality applications, and use in artifact reproduction and
restoration.

Currently, in our laboratories, we are applying the methodology
developed and previously validated in the field of conservative
restoration. A comparative study of different relining techniques
using FPM is underway to provide quantitative data on the
invasiveness of each technique. This study is expected to add
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significant quantitative information that can guide operators in
selecting the most appropriate techniques.

The FPM methodology, which is already gaining prominence,
will become indispensable in the field of art conservation and
restoration in the near future. Overall, it will represent a highly
valuable tool in the preservation of cultural heritage.
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