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Summary

Cleaning of historical artifacts has always represented a critical treatment in
conservation practice, requiring a delicate balance between effective removal of
unwanted materials and preservation of the original surface. Traditionally, this
process has relied heavily on the conservator's experience and judgment, with
limited tools for objective monitoring during the cleaning procedure itself.

Conventional chemical-physical analyses provide valuable preliminary insights
on material distribution and film formation on artefact surfaces, supporting
informed cleaning decisions. However, these characterizations are primarily
performed ex-situ, i.e. before and after treatments, creating a significant analytical
gap during the cleaning process. Conservators typically perform cleaning under
microscopic observation or through magnifying tools, but this approach remains
inherently subjective and lacks quantitative measurement capabilities regarding the
progressive removal of altered and potentially harmful materials.

A scientific literature review, offered in the first chapters of this Ph.D. research,
highlight recent trends focusing on scientific research supporting conservation
processes both with material engineering and with analytical techniques
development. Among them Optical Coherence Tomography (OCT) raised interest
in the scientific community in the last two decades.

OCT technology, originally developed for medical diagnostics, provides cross-
sectional imaging of sub-surface structures with micrometer resolution, making it
ideally suited for cultural heritage applications where minimally invasive
techniques are essential.

The research methodology combined OCT measurements with complementary
spectroscopic techniques, with reference to reflectance spectroscopy, to
quantitatively measure the thickness of overlapped layers to be removed throughout
the cleaning process. This dual approach enabled comprehensive assessment of
coating distribution and homogeneity, suitable for real case studies.

Moreover, the OCT system's ability to visualize sub-surface structural changes
at interfaces between different material layers further expanded its application
potential, leading to validation efforts for OCT as a non-invasive methodology for
sub-surface roughness profile measurements, a critical parameter in evaluating
cleaning efficacy and potential surface damages.

Notably, the research included a successful first attempt to qualitatively
measure the spatial distribution of siloxanes in treated painted layers, providing



insights into the material's behaviour at the microscale. This achievement opens
promising perspectives for monitoring the penetration and spatial diffusion of
consolidants in painted layers, an interesting complementary outcome that
significantly expands the application scope of OCT monitoring in conservation
treatments beyond cleaning procedures.

The metrological framework developed during this research established
protocols for accurate assessment of intervention materials and procedures on
original matter, providing conservators with quantifiable data to support cleaning
decisions. Parameters evaluated included layer thickness reduction rates, surface
topography changes, interface clarity between layers, and structural integrity of
underlying materials, all monitored in real-time.

Experimental validation was carried out through a systematic approach
involving laboratory-prepared mock-ups with controlled layer compositions,
complementing manual measurements with Al based algorithms, which guaranteed
an increase of the dataset acquired and limited the time-consuming manual
measurements. A first tentative application on a complex real case study presenting
varied conservation challenges was performed.

Results demonstrated significant correlations between OCT-derived
measurements and traditional assessment methods, while offering the distinct
advantage of possible continuous monitoring throughout the treatment process.

The obtained results permit to hypothesize the application on hundreds real
cases presenting similar stratigraphy and related problems. As well, this should be
considered a good starting point for the removal of the studied material from other
substrates (differently reactive to solvents or to the aqueous medium).

The method could also be tested on more recent painted surfaces, especially if
varnished. Moreover, with regards to the developing of a methodology to map a
resin layer underneath another different composition coating, this preliminary study
could suggest possible advances in imaging analysis.

The integration with spectroscopic techniques appears to be, as a future
perspective, a key feature to measure, jointly with the specific aspects studied with
OCT techniques, highlighting also the chemical features of the inspected materials.

The research outcomes report both the considerable potential and current
limitations of the proposed analytical approach: even if OCT monitoring
successfully provided quantitative data for cleaning optimization with transparent
and semi-transparent coatings, challenges remained with highly opaque materials
and complex surface geometries. Future work will focus on expanding the



technique's applicability through advanced signal processing algorithms and
integration with complementary imaging modalities.

All considered, this research represents an important step toward more
objective, data-driven conservation practices that enhance both the quality and
documentation of cleaning interventions for historical artifacts.
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Chapter 1

Introduction

1.1 Premise and research context

Since the nineteenth century cultural heritage conservation has been
documented as a discipline coming from a craft tradition with the noble aim of
preserving heritage for future generations, where knowledge of materials was based
on practice and direct experience [1].

That tradition is still regarded as the root of modern conservation [2], that
witnessed a huge development in the twentieth century, starting from the foundation
of the “Istituto Centrale del Restauro” in 1939, thanks to a project of Giulio Carlo
Argan and Cesare Brandi. The need of setting up the newborn discipline on a
scientific basis defined its line of development to unify the methodologies of
intervention [3].

Since then, conservation has increasingly followed scientific processes to fully
understand the works of art, advancing with research, both scientific and historical.

Starting from the second half of the century, science and research provided new
tools for the characterisation of the materials and their behaviour, including the first
attempts in the study of failure mechanisms [4], [5]. Moreover, new approaches and
materials for conservation [6], [7], [8] have been tailored to the specific needs of
the artefacts, partially answering technical issues that are well known in the
practice, such as verifying the compatibility, safeness and stability of intervention
materials, fine-tuning selective methodologies trying to limit any risk for the treated
surfaces. Thus, the increased knowledge of the deterioration processes favoured
also an interest in preventive conservation.

At the end of the century, scientific development brought a quite new discipline
called Technical Art History, an interdisciplinary field of study focused on the study
of the original artistic techniques and materials [9], already embryonic in the
nineteenth century.

Despite the ever-increasing contribution of science, only in recent years, more
efforts have been registered in supporting the conservation practice in terms of



innovation in material science and assessment of the conservation treatments. A
systematic study on how to monitor and quantify the effects on the original matter
of each specific treatment performed in the conservation process is one of the most
crucial and demanding aspects.

This is an issue worth investigating.

Aware of the complexity of the subject, this Ph.D. project focuses on a specific
topic, i.e. the assessment of cleaning treatments performed on painted surfaces,
which are characterised by diverse methodologies of intervention on variable and
heterogeneous materials compositions, different case by case.

To date, the attention to assessing cleaning treatments is mainly performed in
the frame of experimental activity, to define standard protocols and to study the
interactions with the treated matter. Unfortunately, rarely real case studies respond
exactly as mock-ups do. Although scientific research has provided new materials
and methods for cleaning treatments to respond to the need for control, graduality,
and safeness [10], [11], [12], [13], it is still difficult to objectively monitor the
impact of any treatment in real time, going beyond the conservator’s subjective
assessments.

A multi-technical approach, as a combination of multiple techniques, possibly
non-invasive, is always suggested to complement the strengths of single techniques
while mitigating their limitations. The MOLAB research initiative exemplifies this
approach, employing innovative non-invasive techniques for comprehensive
material characterisation [14].

1.2 Risks related to cleaning treatments

Due to the high reactivity of the original materials to water and solvents, and
the diversity of substances overlapping on the surface, cleaning has always
represented a critical phase in the conservation process. The effects of solvent
mixtures on painted surfaces were described in the early twentieth century, warning
about possible damages occurring in case of incorrect use or choice of cleaning
materials [15].

In the frame of an exhibition held at the National Gallery in London in 1947, a
controversial discussion, known as the cleaning controversy, shifted the attention
to the risk for the surfaces undergoing to treatments, especially in the case of
complete removal of the varnishes layered on it. Since then, a prudent approach in
conservation proposes thinning instead of removal, stressing that even apparently
minimal damage can cause a huge loss in an artefact’s life expectancy [16].

The process of removing degraded or aged materials presents significant
technical challenges. As material ageing increases, conservators must carefully
adjust solvent mixtures to achieve the effective removal by increasing solvent
polarity or breaking chemical bonds inside the molecules, with a direct risk of
unintended interaction with original material structures.



Moreover, capillary penetration phenomena can create a deceptive cleaning
effect, failing to achieve complete material elimination and redistributing
contaminants within the artefact's inner structure [17].

In addition, knowing that colours can differ in brightness depending on the
diffused light radiation, a role in the perception of the treated painting materials is
played by the surface roughness: microanalytical techniques have conclusively
demonstrated that observed colour variations directly correspond to fundamental
differences in the surface structural characteristics between intact and deteriorated
paint layers [18].

Finally, the solvent application can induce potential swelling, critically
compromising the structural stability of the layer by lowering the binder's cohesive
capacity, due to weakened inner structural bonds. Consequently, mechanical
disruption during the treatment could occur [19].

The cleaning process requires indeed an extremely nuanced approach:
conservators must balance the need for material removal against the risk of causing
additional structural or chemical damages.

1.3 Research objectives

Because of all these drawbacks, a non-invasive methodology to monitor during
treatment the progression of the cleaning process is strongly needed, as well as a
quantification of treatments’ impact on the original matter, that is still understudied.

To answer at least some of the issues belonging to the cleaning practices, such
as both overlapped layer thickness and sub-superficial roughness profile
quantification, besides a qualitative evaluation of the temporary consolidants spatial
distribution in the treated layers, the Ph.D. research focused on a metrological
approach to verify the feasibility of applying non-contact and non-invasive optical
techniques, among which optical coherence tomography (OCT) was evaluated.

In the late twentieth century, OCT emerged as a groundbreaking medical
imaging technique and as a non-invasive diagnostic tool providing high-resolution,
cross-sectional images of tissue microstructures. Its use in surgery has progressively
expanded due to its unique ability to provide real-time, microscopic visualisation
of tissues without causing damage, a crucial feature in the medical field [20], [21],
[22].

Since the early 2000s, researchers recognised its potential to reveal previously
inaccessible insights into complex artefact compositions (e.g. [23], [24]). Initially,
it was used to investigate painted artworks, exploring coatings, translucent glazes,
underdrawings, underlying ground layers and, in general, all the materials that
permit specific light wavelength transmission.

Today, OCT is as a well-established methodology for the study of different
kinds of artefacts, such as metals, ceramics, glass, wall paintings, and stone
materials.

Current, even sporadic, research directions are exploring its potential for
precisely assessing and documenting the conservation treatments performed [25].



Considering the needs related to a safe cleaning treatment, and some interesting
results on specific OCT applications documented in scientific literature [26], the
accuracy of low-cost commercial technologies was evaluated in the frame of this
Ph.D. project.

Thanks to the availability of the Links Foundation’s Photonics Laboratory
(Turin) and of the Dental School of the University of Turin, access to two different
facilities was gained.

An experimental activity on different sets of mock-ups was established to
evaluate the dimensional accuracy and the related uncertainty of OCT
measurements in the view of possibly validating the technique for the specific
investigation aim with a non-invasive approach.

First, the OCT accuracy in measuring the thickness and distribution of non-
original transparent materials overlapped to the surface was quantitatively
evaluated.

Then, OCT measurements were performed to quantify the sub-superficial
roughness profile, i.e. the roughness of the original matter when covered by
overlapped materials to be removed. The validation of the methodology permitted
to measure the real impact of cleaning treatments on the original surfaces, and, in
perspective, this process could be applied directly on real case studies, overcoming
the current limit of verification exclusively as preliminary activity on mock-ups.

This specific issue is to be considered a hot topic, to date an almost unsolved
issue to the best of our knowledge, and any possible advancement in providing
objective data on real case studies is a concrete need.

In addition to this, in consideration of the widespread use of siloxane solvents
as a preliminary treatment in cleaning practice, OCT was qualitatively evaluated as
a tool to map their spatial distribution in the treated layer, trying to document
possible changes occurred during or after their application.

To validate OCT measurements, electron microscopy and profilometry were
used as standard reference; besides this, artificial intelligence supported the
analytical process to manage high-volume data acquisition.

A list of all the abbreviations used in the following chapters is given in Table
1.1.



Table 1.1. List of Abbreviations

ACRONYM EXTENDED NAME

Chapter 1

OCT Optical Coherence Tomography
Chapter 2

Al Artificial Intelligence

EDS Energy Dispersive X-Ray Spectroscopy

Fd-OCT Frequency Domain OCT

FT-IR Fourier Transformed Infrared Spectroscopy

HSI Hyper Spectral Imaging

IR Infrared Reflectography

LIBS Laser Induced Breakdown Spectroscopy

MA-XRF Macro XRF

MBI Multi Band Imaging

MPEF Multi-photon  Excitation  Fluorescence

microscopy

NLOM Non-Linear Optical Microscopy

NMR Nuclear Magnetic Resonance

OM Optical Microscopy

PA Photo Acoustic

Sd-OCT Spectral Domain OCT

SEM Scanning Electron Microscopy

SS-OCT Swept Source OCT

Td-OCT Time Domain OCT

THz Terahertz

XRF X-Ray Fluorescence spectroscopy
Chapter 3

RS Reflectance Spectroscopy

InGaAs Indium Gallium Arsenide

MSE Mean Squared Error

Ra Average Roughness

Rmax Maximum Height Difference

Rp Maximum Peak height

Rv Maximum Valley Height

Rzs0) Ten Points Height

SLD Super-luminescent Diode

Ac Long wavelength cutoff

As Short wavelength cutoff
Chapter 4

C Calibration Factor

FWHM Full Width at Half Maximum

ML Machine Learning

Norm. Normalized

pX Pixel

RI(n) Refractive Index

St. Dev. Standard Deviation

Tair Thickness value in OCT images with RI=1

Tri Thickness value calibrated with RI value

A Wavelength

D5 Cyclo-penta-dimethyl-siloxane

NT No D5 application

TO Immediately after D5 application

T24 24 hours after D5 application




Chapter 5

CCR “La Venaria Reale” Fondazione Centro per la Conservazione ed
il Restauro dei Beni Culturali “La Venaria
Reale”

VCP Vatican Coffin Project

ME Museo Egizio

Vis-D Visible Diffused Light

UVL Ultraviolet-induced visible luminescence

IRR NIR Near-infrared reflectography

IR-FC False color infrared

VIL Visible-induced infrared luminescence

HSI Hyperspectral Imaging

SWIR Short-wave infrared




Chapter 2

Assessment of cleaning
treatments

To date, imaging analyses (generally MBI) providing preliminary insights to
understand the distribution of the superficial film-forming materials are usually
integrated by non-invasive and micro-invasive spot analyses, to inform
conservators with chemical characterization (mostly FT-IR, GC-MS and SEM for
the elemental analyses), description of the stratigraphic sequences (OM and SEM)
with specific measurements of materials’ thickness. The information gained,
definitely useful, represent only the point sampling area: a variability must be
always considered.

While performing cleaning treatments conservators still monitor the
effectiveness and safeness of their practice almost under stereo microscopes or
through magnifying tools. The analytical measure of the results is eventually carried
out only after the treatment and obliges conservators to lean back to personal
technical competence, experience, precision, and capability of observation.

Any occurred damage, especially at microscopic and chemical levels, can be
only detected but not prevented.

2.1 Common practices and scientific research state of the
art

The brief overview reported in this section is to be considered not all-
encompassing: the wide range of analytical techniques applied in monitoring of
treatments is related to the specific characteristics of the different substrates, such
as stone, wall paintings, photography, metals, ceramics, and glass. For this reason,
a state of the art on the activity generally performed on cultural heritage objects was
considered off-topic and distracting from the core subject of this thesis.



A specific focus on assessment of treatments performed on painted surfaces
will be given, with reference to the removal of layered materials such as varnishes,
even if scientific research appears to focus more on archacometry application for
the study of the artistic techniques, also with the development of innovative
techniques newly validated [27]. Contributions far from the core subject will be
reported just if considered in line with the discussion.

Despite a recent increase registered, the theme of monitoring conservation
treatments, especially in real-time, results still understudied. This could be due to
the complex nature of the painted layered structure combined with a concrete
analytical issue in answering the specific needs of the conservators, often different
case by case.

In current practices, the analytical approach is defined to assess the
characteristics of the material to be treated, both for the constituent materials and
for the ones used in possible previous conservation treatments, generally before and
after the intervention.

Preliminary multiband imaging (MBI), based on photography, is performed to
enable visualization of surface materials’ changes across different wavelengths and
to verify the presence, nature, and distribution of film-forming substances of
organic origin, besides supporting preliminary hypotheses on the nature of the
pigments and dyes [28]. Combined with this, digital microscopy provides high-
resolution surface monitoring and allows conservators to observe cleaning effects
at microscopic levels. Images obtained can guide in selecting specific areas for
insights to obtain information on the chemical composition of the materials to be
treated and to be removed.

The information can be therefore integrated by non-invasive spot analyses, such
as X-ray fluorescence (XRF) to determine the elemental composition of the
materials, and micro-invasive analyses, Fourier-Transformed Infrared
Spectroscopy (FT-IR) and Raman Spectroscopy, both chemically characterizing
organic and inorganic compounds, either original or degradation products [29],
[30], [31].

Finally, microscopic techniques, generally optical and electron microscopy
performed on micro-samples, allow the observation and documentation of the
stratigraphic sequence of the layers (OM) and their elemental composition by
means of Scanning Electron Microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS). The latter, provides the specific thickness of each layer, even
if organic, and offers important data to conservators, even if referred to the specific
sampling area.

Concerning non-invasive techniques, colorimetry has been mostly applied in
the assessment of experimental cleaning activity on mock-ups, enabling objective
measurement of colour changes before and after the preliminary tests; rarely it is
documented on real case studies applications [32].

Few of these techniques are applied during the cleaning process. MBI is
commonly performed in this process with the aim of monitoring surface changes
step by step [33] and results particularly valuable for detecting residual materials



[34]. Rarely colorimetry has supported the evaluation of the graduality of the
treatments aimed at the removal of overlapped substances on painting materials
[35].

Finally, spectroscopic or chromatographic analyses are sometimes performed
on the removed material, to exclude any invasiveness in the original matter through
its chemical characterization [36]. In addition to this, FT-IR Spectroscopy has been
applied for identifying residual cleaning materials [37] and monitoring chemical
changes during cleaning processes [38]. This practice is almost applied in the field
of Laser cleaning, where Laser-Induced Breakdown Spectroscopy (LIBS) has been
widely applied to monitor the effect of these treatments in real-time, generating
high-resolution elemental and chemical compositional data and, consequently,
characterizing the ablated materials while their removal [11], [39]. The
characterization of removed materials by chemical means results less documented,
probably for technical issues in extracting the solute materials from the cotton
swabs, jellifying materials, or rigid gels used to support the solvents application
[12]. As previously said, scientific research is more stressed on the development of
new materials of intervention, evaluating their workability and effectiveness rather
than their impact on the original matter, even if some highlights demonstrate a
growing interest in it.

Recent and current scientific research tries to fill this gap heavily relying on
non-invasive and possibly non-contact optical techniques for real-time monitoring,
stressing the importance of imaging or mapping tools [40], [41] to give conservators
highlights on the ongoing treatments.

First, microscopy systems in the last years developed tools capable of 3D
surface mapping [42], extremely useful in the evaluation of possible morphological
changes of the treated surfaces, besides documenting residues still in place. Another
advanced microscopy system, confocal microscopy, has been largely applied in
recent studies, mostly to investigate in detail the performances of new experimental
materials [43], due to its capability to provide 3D reconstruction from high-
resolution large data sets images. Non-linear optical microscopies (NLOM)
are other emerging techniques recently applied in monitoring cleaning treatments
[44], [45], with an analytical capability of providing cross-sectional imaging, and,
therefore, measuring the specific thickness of the layers, jointly to morphological
and compositional information [46], also in terms of monitoring the degradation of
varnishes due to aging [47].

Finally, even if the application of holographic techniques is documented in the
conservation of cultural heritage [48], it is often related to the study of morphology
modifications in porosity for stone materials due to the given three-dimensional
topographical information at the nanoscale level. Their integration with
interferometric analyses usually contributes to the sub-superficial study of
structures, but mainly to detect structural deteriorations [49]. To the best of our
knowledge, those techniques have never been applied in the assessment of cleaning
treatments, possibly due to technical limitations, such as a laser source, that has



high temporal coherence, not offering the ability to distinguish between successive
reflective layers [41].

Other sub-surface imaging systems have been widely tested in the study of
painted artefacts to obtain precise stratigraphic information. In the last two decades,
those techniques have been also experimented as tools for the assessment of
material removal, offering advanced non-destructive data.

Besides OCT, which will be detailed in paragraph 2.2 due to the specific
interest of this Ph.D. research, Terahertz (THz) imaging technique, a time-domain
analysis with a penetration depth up to several millimetres [50], [51] is documented
as capable of detecting sub-surface molecular changes and hidden interfaces by
mapping heat distribution and energy transfer, revealing also microscopic structural
transformations [52], [53]. In consideration of its higher capabilities of penetration,
it has been recently combined with OCT analyses, supporting the study of the state
of preservation of the painting materials, with reference to layer delamination
detection and moisture mapping [54].

Finally, ultrasonic techniques complement these approaches by generating
detailed acoustic maps of surface and sub-surface modifications, tracking
mechanical and structural changes with millimeter-level resolution. For this
specific characteristic, this technique is more frequently applied in studying stone
materials and buildings, while results are rarely documented in assessing treatments
in painted surfaces and laser cleaning [55].

Differently, Photoacoustic (PA) imaging modalities, emerging photonic
technologies, have been successfully applied to monitor the safeness of the
treatments and to understand their impacts on the original matter [56], [57].

The combination with spectroscopic techniques has been recently tested in
combination with optical methods. Among these, Reflection FT-IR Spectroscopy
[58], Nuclear magnetic resonance (NMR) spectroscopy and hyperspectral imaging
(HSI) methods result to be the current cutting-edge techniques [59], [60], [61] to
detect agents and substrate surfaces [62], chemical changes, trace contaminants and
structural transformations of surfaces. Consequently, these techniques can support
the evaluation of the impact of the treatments on the original matter [63].

Finally, the rise of hyperspectral reflectance imaging spectroscopy (HRIS) as a
well-established method to map the distribution of colouring materials [28], [60],
[64] and, recently, organic components [65] by generating spectral signatures that
can map chemical variations, bring the attention on its potential contribution in the
assessment of cleaning treatments [66]. Being this specific aspect still to be
considered as a future perspective, insights on its potential application will be
highlighted in Chapter 6.

An interesting example of a possible combination of optical and spectroscopic
techniques is represented by confocal infrared microscopy, which emerged as a
powerful non-destructive analytical technique offering compositional insights by
utilizing infrared radiation and advanced optical sectioning capabilities, with
penetration capability variating up to 100 pm, depending on material composition
[67].
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Recent trends go in the direction of integrated portable instrumentations [68],
[69], with the view of miniaturizing complex analytical technologies enabling real-
time in-situ material characterization without requiring sample extraction or
transportation, dramatically reducing the risk of damage and allowing immediate
diagnostic assessments. Moreover, these systems are increasingly equipped with
wireless connectivity and Al-enhanced data processing capabilities, allowing
immediate data transmission, and cloud-based analysis [70], [71], [72].

Besides database developments for comparative analyses and an attempt to
standardize monitoring protocols [73], data integration is one of the challenging
fields of research, mainly counting on machine learning applications for process
optimization and, as a novel approach, automatic detection of image analysis
enhanced by artificial intelligence (AI) algorithms [74]. Advanced machine
learning and deep learning techniques [75], such as convolutional neural networks
(CNNs) and generative adversarial networks (GANs), enable complex analyses,
including automated pattern recognition of aging processes, prediction of potential
future degradation, precise mapping of conservation needs, and comprehensive
documentation of artwork condition with minimal physical intervention. Their
integration in the analytical process is to date increasingly being pursued, both
focusing on the state of preservation of the treated objects [76] and on the
assessment of the performances of new materials for cleaning procedures [77].

Unfortunately, even if collaborative research platforms, already available
(https://www.e-rihs.eu/), or planned and funded, have been built to democratize
access to sophisticated conservation technologies, permitting integrating cutting-
edge facilities and offering access to methodologies and data, the cost and
accessibility of advanced monitoring equipment still represent a strong limitation,
jointly with training requirements for specialized techniques and the need of
standardization across different institutional practices.

Anyway, the scientific monitoring of cleaning processes for painted surfaces
continues to evolve with technological advances.

Integration of multiple monitoring techniques, combined with proper
documentation and data analysis, provides to date the most comprehensive
approach to ensuring safe and effective cleaning procedures.

All the techniques described are summarized in table 2.1.
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Table 2.1. Technologies presented in paragraph 2.1.

Non invasive analyses Invasive Analises
Spot analyses Imaging Spot analyses
XRF Ma-XRF Raman Spectroscopy
Digital microscopy MBI GC-MS
Colorimetry HSI/HRSI LIBS
Raman Spectroscopy 3D surface mapping OM
Reflection FT-IR 3D digital microscopy SEM-EDS
Ultrasonic techniques Terahertz imaging techniques Confocal Microscopy
Terahertz Photoacoustic imaging NLOM

Ultrasonic techniques

2.1 Optical Coherence Tomography

As introduced, OCT 1is a non-invasive non-contact imaging modality that
provides depth-resolved structural information of materials that moderately scatter
and absorb in the near-infrared spectral region. This technique is fundamentally
based on low-coherence interferometry principles, enabling high-resolution cross-
sectional visualization [78].

Commercially available OCT systems, mainly engineered for medical
diagnostics, result in being compatibility with the characteristics of cultural heritage
painted artefacts, with the only exception of instruments for the examination of the
retina, due to technical features tailored to the anatomical characteristics of the eye.
Since technical specifications are generally reported in detail in every single
publication, it is deemed appropriate to refer directly to what is reported and
summarized in [79].

However, in this context, it could be useful to briefly list the different
typologies applied in the field of cultural heritage starting from its first applications
[23], [24].

Time domain OCT systems, which measure the time delay of light reflections
[23], [80], have been almost simultaneously joined by spectral domain ones, that
measure through a spectrometer across different wavelengths [81].

Td-OCT, advantageous when examining highly scattering or layered materials
for its often-better penetration, is characterized by slower acquisition speed, thus
making it more susceptible to environmental vibrations and, consequently,
affecting the resulting images with high noise.

On the contrary Sd-OCT, with its higher acquisition speed and sensitivity,
guarantees better resolution with noise reduction, perfectly fitting for fine details,
varnish layers, and painting materials. However, its sensitivity, which diminishes
with depth, can be a limitation when examining thicker layers.

Sd-OCT should be conceptually associated with Frequency domain ones,
which measure across different optical frequencies.

Alternative to these main systems, Swept Source systems [82] use a tuneable
laser source to pass through frequencies sequentially, typically in the longer
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wavelength range (around 1000-1300 nm) rather than measuring them
simultaneously; these systems enable better penetration depth in scattering media
while maintaining better quality images thanks to its faster imaging speeds.

SS-OCT systems are generally more expensive, which can limit their
accessibility.

Modern OCT systems integrate sophisticated computational algorithms with
spectral-domain processing techniques. These advancements facilitate enhanced
image resolution, and better signal-to-noise ratios, and enable faster volumetric
visualization.

2.2 Applications on Cultural Heritage. State of art

OCT has found applications in Cultural Heritage since 2004 [23], [24] when
the capability to study the cross-section of the paint and varnish layers was
highlighted, overcoming difficulties encountered with other analytical techniques.
Among these papers, [23] stressed the advantage of the technique in giving
conservators useful information to design more aware conservation treatments,
such as a possible quantification of the extent of an overlapped layer and, as a
hypothesis, a possible non-invasive measure of their thicknesses.

Since that moment, OCT has been widely applied for specific studies on
artefacts, mainly focusing on the understanding of the layering of transparent and
semi-transparent materials. The only systematic studies on the applicability of OCT
to image paint layers, various pigments based, were performed by [83], which
confirmed the proportion between the increase of wavelength and lowering of the
absorption of the radiation by painting materials. Liang [84], however, highlighted
the loss in axial resolution combined with this. On the subject Liang [85] arrived at
an evaluation of the optimal spectral window to image paint layers and other high
opacity materials as the 2-um wavelength regime; two years later she presents a 2-
um wavelength range with a broadband supercontinuum source experimental
facility and the related first results obtained [86].

An important focus on traditional and innovative applications of OCT to the
examination of easel paintings was given in 2013 by Nicolaus Copernicus
University, Torun, Poland in a two-day meeting organized under the EU
Community’s FP7 Research Infrastructures program under the CHARISMA
Project (Grant Agreement 228330). The instrumentation specifically engineered for
applications on cultural heritage is fully described by Targowski [87], and the most
significant results obtained in their applications are fully described by Iwanicka
[78].

As already underlined, the complexity of the study of painting materials
strongly requires a multi-technical approach: the possible combination of OCT with
different analytical techniques has been documented almost in the last ten years
[86], principally in reporting the study of masterpieces artistic technique and,
sometimes, the possible integration of other analytical acquired data.
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Among these OCT has been considered by Targowski [79] as a useful tool to
understand the precise depth location in combination with LIBS to assess the
reference of the information gained. A year later Liang [85] combined OCT with
HSI for a non-invasive campaign of analysis performed to understand the painting
palette and its possible layering on a wall painting. Finally, Elias [88] offered an
overview of the complementarity of optical non-destructive analysis for better
information.

A specific focus on the study of alterations and chemical composition of the
varnishes combining FT-IR with OCT is documented in Vlachou-Mogire [89].

Recently innovative and non-invasive analytical techniques have been
combined with OCT. Among these, MA-XRF, an imaging technique offering
information on the elemental composition of a specific area analysed, has been
combined with OCT and other techniques to study the specific technical features
[90] and to support authentication studies [91].

Finally, a multi-technical approach documents the application of OCT jointly
with reflection FT-IR spectroscopy and NMR for the study of the representative
technical features of a Cremonese violin-making workshops [92].

To date, the technology is well established, and more than 175 papers have been
published on its applications on Cultural Heritage: an almost complete list of papers
on the application of OCT to the examination of artwork is accessible at
http://www.oct4art.eu.

It is worth underlying that, as previously said, OCT emerges as a valuable tool
also for case studies on other artistic materials. Despite this, the evaluation of its
reliability as a useful tool for monitoring treatments is limitedly documented.

The first contributions focus on the monitoring of the behaviour of specific
materials. Liang [93] reported on an interesting experimental study, highlighting
the wetting and drying processes of both painting materials and varnishes by means
of OCT, while Targowsky first studied canvases deformations [94] and later
documented a tentative real-time monitoring of a consolidation treatment on a
painted glass [25]. After this, almost all the published studies focus on the laser
impacts in the frame of cleaning treatments, mostly for the removal of varnishes.
Striova [35], [95] reports in two articles both the monitoring of laser cleaning of
calcium oxalate deposits and the evaluation of a shellac varnish removal performed
with an Er:YAG Laser. A year later, again an Er:YAG Laser cleaning is monitored
using OCT, after the intervention, with an examination of the effects on a varnish
layer [96].

This specific aspect is investigated also by Liang [41], who proposed an
approach combining OCT and NLM to study laser degradation effects on varnishes.

A combination of OCT and reflection FT-IR is proposed by Iwanika [26] for
the monitoring of varnish removal, combining the OCT capability of cross-sectional
imaging with the chemical characterization given by FT-IR spectroscopy with a
promising approach to acquire quantitative data for the safe removal of non-original
superficial materials.
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Finally, Targowski [54] followed the results of this last study and reported the
monitoring procedure to assess the thinning of a varnish layer during 13 different
steps of cleaning by means of cotton swabs.

This brief overview suggests that the development and validation of an
analytical methodology able to inform conservators on the chemical, optical, and
morphological effects of cleaning, possibly in real-time, is still a need and a
challenge in modern conservation.

2.3 Optical Coherence Tomography in the Frame of the
Ph.D. Project

In consideration of the promising results emerging from recent studies, an
experimental activity was set up aimed at evaluating the potential application of
OCT, alone or in combination with other techniques, to assess cleaning treatments.

Given the availability of two different commercial facilities (detailed in
Paragraph 3.1) a preliminary activity was carried out to better understand their
potentialities and, based on this, to select the materials to be studied and to define
the following steps of the research.

The selection of the materials to set-up specific series of mock-ups for each
topic considered the technical features of the two available Sd-OCT, working at
different wavelengths.

The choice of the device to perform OCT measurements was based on technical
features such as axial and lateral resolution, depth penetration, and specific
wavelength. Given the results published in scientific literature, the validation of the
OCT measurements of the thicknesses was limited to transparent materials
(Paragraph 3.1).

Given that the obtained OCT images represent optical distances, a calibration
to recover geometrical distances has been defined starting from what reported in
literature ([54], [93]; see also paragraph 4.1): the postprocessing of the images, fully
described in [86] and in [78], highlights a simple vertical scale recalculation based
on the refractive index for correcting the images and recovering the geometrical
distances, with an approximation to ca. 1.5 for most of painting materials’ RI.

2.3.1 Non-invasive measurement of the thickness

As introduced, the possible non-invasive measurement of the thicknesses of
overlapped and altered layers supports conservators in quantifying the localization,
the entity, and therefore the homogeneity of the material to be removed.

The capability of OCT in documenting the layering of materials, discriminating
superficial coatings and possible residues of previous cleaning treatments, can
concretely address the design of specific treatment choices and support the
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assessment of the thinning of the materials to be removed in a quantitative way,
also during the intervention.

Rarely the measure of the thickness performed with the OCT technique has
been documented: Arecchi [80] suggested its potential capability of measuring it
by comparing cross-sectional OCT images with SEM ones, without detailing the
post-processing applied to obtain comparable images.

Only two other attempts are documented, using OCT measurements: the first
one combines OCT with infrared reflectography [35] and the second one with non-
linear optical microscopy jointly to multi-photon excitation fluorescence
microscopy measurements [97].

To the best of our knowledge, no publication focuses on a metrological
approach to validate OCT to accurately measure the thickness layers and, as
suggested by Liang [84], finding the best method of obtaining quantitative
measurements of optical parameters with OCT is still a need.

2.3.2 Non-invasive measurement of the sub-superficial roughness

As previously underlined, a possible non-invasive measurement of the
morphological characteristics of the surface to be preserved is a concrete need due
to its influence on the perception of the artwork.

A great boost to the topic has been given in the last decade by new technologies
such as photogrammetry, laser scanning, reflectance transformation imaging, and
3D microscopy, even if those techniques can only document the superficial features
of an object at different scales, but not the sub-superficial ones.

This specific field of investigation represents a concrete issue and any possible
advancement providing objective data on the roughness at the interface between the
original matter and the overlapped layers would be a great support for conservators
in assessing cleaning treatments, strongly limiting the subjectivity in evaluating this
specific feature.

The safeness of the treatment in terms of maintaining the superficial
morphological characteristics is currently still evaluated only on mock-ups,
generally in the frame of experimental activity and, rarely, as a preliminary step:
the roughness is measured by direct measurements methodologies before soiling
the mock-ups surface and after the soil removal and it is still not possible to apply
this methodology on real case studies, where the original surface is already covered
by other materials.

To the best of our knowledge, only an attempt has been published [98],
combining 3D digital microscopy with OCT measurements to document surface
morphological features.

Few recent scientific papers focus on a possible measure of the superficial
roughness by OCT systems for industrial materials and offer preliminary positive
evaluations of the results [99]. An interesting recent publication [66] highlights the
contribution of OCT in examining sub-superficial structural changes also at the
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interface, thus suggesting the need for validation of OCT as a non-invasive
methodology for the sub-superficial roughness measurements.

2.3.3 Measuring the impact of the treatments on the original
materials

Since the beginning of the Twenty-first century and, mostly, in the last two
decades, a strong boost of scientific research in material science applied to cultural
heritage, also thanks to European and local funding [10], has been registered. The
definition of new conservation approaches brings to the insertion of new materials
of intervention in the current practices for cleaning treatments, as highlighted in the
International Conference “New Insights into the Cleaning of Paintings” held at the
Universidad Politécnica de Valencia in 2010 ([100] and, two years after, in another
international Congress on Science and Technology for the Conservation of Cultural
Heritage “Research Advances for the Conservation of Cultural Heritage” held in
Santiago de Compostela, Spain, in 2012 [101] .

Among all the innovations documented, one of the most attractive practices for
conservators is the temporary hydrophobic treatment of reactive materials by means
of siloxanes solvents [102] , and, particularly, cyclo-penta-dimethyl-siloxane (D5),
unfortunately still understudied despite its widespread use. Theoretically, those
kinds of materials can physically penetrate through porous layers, temporarily
filling their porosity and, consequently, changing their behaviour in the case of
water-based solutions treatments, thus reassuring conservators to safely treat
reactive surfaces.

To date, to the best of our knowledge, no publication focuses on the
measurements of its spatial distribution in the treated layers. This aspect should
instead be considered extremely important for conservation practice, especially by
means of cross-sectional imaging, given the need to understand the rate of
imbibition of the layer and its location in the material to define the correct timing
for cleaning treatments. Moreover, the published contributions report on cyclo-
penta-dimethyl-siloxane moderate volatility assuming its complete evaporation in
a range of some hours, depending on the treated layer material characteristic.

Having experimentally experienced its retention in the layer for more than a
day, this feature should be better studied, to avoid any risk of complication when
other subsequent conservation treatments are performed.

For this reason, in the frame of this Ph.D. research, a metrological approach
with OCT measurements was developed to give an accurate, qualitative, indication
of the material distribution in the layer, also in function of time.
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Chapter 3

Materials and methods

Materials and methods chosen for the investigated topics of this Ph.D. project
will be reported in this chapter. A specific section will be dedicated to the
description of the two OCT systems available for the experimental activity,
highlighting why and where each instrument was applied.

Thereafter for each topic investigated the implementation of the mock-ups set,
the processes applied to perform OCT measurements, to evaluate their accuracy,
and the analytical techniques chosen as standard reference for the validation of OCT
measurements will be described.

Concerning the application of the technique to a real case study, specifications
will be given separately in the frame of the related section (Chapter 5).

3.1 Selection of OCT instruments

The choice of commercial instruments strongly depended on a will to verify
possible access to the analysis in the common conservation practice. OCTs
engineered as prototypes certainly offer higher performances in terms of noise
reduction of the images, sensitivity, and penetration and already interesting
analytical potentialities has been highlighted. Thus, validation of commercial
instruments can boost useful applications of the technique in concretely supporting
the assessment of cleaning treatments.

As reported in the previous chapter, different wavelengths are linked to
different absorption characteristics of the specific material and, consequently, to
different capabilities of penetration of the specific OCT used.

Liang [85] underlines that the 840 nm wavelength is the ideal parameter to
investigate thin layers and transparent materials, such as varnishes and organic
pigments, while 1300 nm yields better performances for highly scattering materials,
such as paint layers, although many mineral pigments still give high absorption and
axial resolution lowers with depth. Liang identifies the ideal spectral value for the
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study of paint materials as 2.2 um, thus overcoming all the variables linked to the
specific composition of hand-crafted colours, typically particle size, binder type,
and layer thickness.

For these reasons, given the technical features of the available OCT systems,
both Sd-OCT, the experimental activity focused principally on transparent and
semi-transparent materials.

When possible, OCT measurements were performed both with Lumedica OQ
LabScope (840 nm) and Thorlabs — TEL220C1 (1300 nm) with a will of comparing
the output gained.

Besides this, technical parameters and software facilities were considered in
addressing the instrumental choice for each investigated topic, briefly summarised
in Table 3.1.

Table 3.1. Schematic description of the advantages considered for the selection of the specific
OCT system in relation to the investigated topic.

Oct System Wavelength Topic Investigated Advantages
Considered
Measure of transparent  Ideal wavelength for

materials thicknesses transparent materials

Lumedica OQ 840 nm
labScope

Spectral Domain
OCT (Sd-OCT)

Measure of the sub-
superficial roughness

Better penetration
through transparent
superficial materials

Easiest
postprocessing of the
images

Continuous scan on
the volume acquired
with a record of each
b-scan

Thorlabs —
TEL220C1

1300 nm

Spectral Domain
OCT (Sd-OCT)

Measure of the spatial
diffusion of siloxane
liquid in the treated
layer

Good lateral
resolution and
precise location of
the area acquired by
means of coupled
camera

Better penetration in
highly scattering
materials
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3.1.1 Lumedica OQ labScope

Figure 3.1. Lumedica OQ LabScope.

The Lumedica OQ LabScope is a compact and cost-effective OCT imaging
system designed for research and educational applications. Operating at a
wavelength of 840 nm, with an optical power of just 750 uW that can be considered
safe even for light-sensitive materials [103], it provides real-time imaging.

The acquired image is displayed in greyscale: bright white indicates high light
reflection/scattering while varying shades of grey represent lower
reflection/scattering intensities. Dark areas in the image indicate either transparent
media at the measurement wavelength (such as clear varnishes, air, or glass) or
regions beyond the light's penetration depth.

The Lumedica OCT system generates images with a depth of 512 pixels, where
each pixel represents a specific depth measurement in micrometers, depending on
the material's refractive index. In air, each pixel corresponds to 5.71 um, with a
maximum penetration depth of 2.92 mm.

This imaging system does not permit defining manually the dimensions of the
area of analysis, i.e. for the b-scans a line of 7 mm is the fixed dimension and for
the c-scans (volume) a 5 mm x 7 mm area is automatically acquired.

The setup for the acquisition of images was guaranteed by a pre-3D printed
base with a seat for the glass microscope slide referenced positioning. In case of
modification of the pre-defined area, preliminary measures to verify the exact
location of the infrared light are needed, followed by a sign on the sample to avoid
possible misplacements of the mock-ups. Measurement points or area selection
were performed using caliper measurements, with consideration of the instrumental
uncertainty equal to £ 0.2 mm (defined as half the minimum scale division of the
instrument). Slide positioning uncertainty was considered when evaluating results
for measurements at the image periphery.

For each topic investigated, the measurements performed maintained fixed
parameters to permit a correct evaluation of the results.
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The volume reconstructions, not available in the Lumedica combined software,
were processed with Image]® Software, which enables users to display, edit, and
process images, besides offering multiple plugins to analyse and measure.

3.1.2 Thorlabs - TEL220C1

Figure 3.2. Thorlabs TEL220C1

The Thorlabs OCT System Telesto 220 is an OCT system designed using an
SL.D1325 diode that provides about 170 nm of spectral bandwidth and enables to
achieve 5.5 pm axial resolution at an imaging depth of 3.5 mm, ideally fitting for
scattering materials. A linear InGaAs camera is used for detection. Moreover, the
system includes a high-resolution camera for real-time localisation of the inspected
area and sample recording during analysis.

The resulting image is displayed in greyscale, but the software allows us to set
the sensitivity, the brightness, and the colour scale.

The c-scans acquisitions directly reconstruct the volume of the analysed area,
without recording the single b-scans components; if b-scans belonging to a specific
area are needed, a translation stage allows the X and Y travel of the sample with
graduations every 10 um.

The experimental setup for the application summarised above provided a
reference base for a repeatable positioning of the analysed mock-up and point of
analysis, fixed intensity (73.3), distance of the probe (optical focus) and line
dimensions for the b-scans performed.

The key technical specifications of both the OCT systems are summarised in
Table 3.2.
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Table 3.2. Lumedica OQ LabScope and Thorlabs — TEL220C1 key technical specifications
comparison.

Technical Lumedica OQ LabScope Thorlabs — TEL220C1
specifications
Light Source SLD SLD
Central Wavelength (840 = 20) nm (1300 + 80) nm
Axial Resolution 7um/5 pm 5.5 um/ 4.2 ym
(Air/Tissue) (Air/Water)
Lateral Resolution 15 um 13 pm
Imaging Depth 2.92 mm 3.5mm/2.6 mm
(Air) (Air/Water)
Sensitivity <100 dB <111 dB
Linear scan range 7 mm User-configurable
C-scan range 5Smmx 7 mm User-configurable

3.2 Preliminary activity

Besides fully understanding the performances of the two OCT systems, the
campaign was aimed at identifying, following the acquisitions, a system for
measuring the refractive index of single materials in relation to their original
thicknesses, thus achieving the possible non-invasive OCT dimensional
measurements given the RI of the material examined.

3.2.1 Mock-ups for preliminary screening

Film-forming substances of protein, polysaccharide, fatty and resinous nature,
pigments mixed with both categories and modern materials documented in modern
conservation treatments were applied to laboratory slides in single layers and in all
possible overlap combinations. For a detailed description of this series, including
over 90 mock-ups, please see Appendix A.

The selection criteria for transparent film-forming materials included binders,
varnishes, and modern conservation treatment materials, with selection based on
historical usage frequency and their capacity to represent specific production
methodologies and chronological craft traditions, both concerning artistic and
conservation techniques, as documented in scientific literature and historical
technical treatises.

It should be highlighted that, among the retouching modern materials, gum
Arabic, animal glue, and oil, besides being used as binders, were also used in
mixture with pigments, as overpaints veiling the original surfaces. Moreover, gum
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Arabic is still the binder used in industrial watercolours, traditionally chosen in
retouching, and mastic and Laropal® AS81 resins are used as binders for varnish-
based colours for conservation (the first Maimeri® series, the second Gambling®
series); therefore, part of the sequence stratigraphy reproduced counts the
overlapping of two-coloured layers [104].

The choice of yellow ochres and earths used as pigments is linked both to their
reduced grain size and to their spectral behaviour, resulting in higher transparency
at 840 nm and 1300 nm wavelengths compared to other pigments [105].

Concerning the modern conservation materials, the variability of their use in
practice as consolidants, new varnishes, or patinas, and the limited available
documentation referred to the historical treatments, prompted to a necessary
selection on personal professional experience and the craft, tradition-based,
knowledge; for this reason, it should not be considered fully exhaustive.

3.3 Paraloid® B72 thickness measurement

Paraloid® B72 was chosen as the material to mimic a non-original intervention
overlapped with the painted surface. This resin, an ethyl methacrylate-methyl
acrylate co-polymer, is one of the materials most extensively used as coating,
consolidant and adhesive in conservation treatments since the 1970s.

Its application on several artefacts, covering the original materials, and, in some
cases, penetrating inside cracks or porosity, can lead to an increase of superficial
gloss or, in other cases, to matting, both besides yellowing, adhesion and possible
incorporation of atmospheric particulate. All these effects strongly interfere with
the correct readability of the original technique [106] besides reducing the
effectiveness of scientific analysis (imaging and colorimetric).

In consideration of the focus on the Paraloid® B72 resin, its spectral behaviour
(Figure 3.3) has been measured by means of spectrophotometry, preliminarily to
the implementation of the mock-ups, with an Evolution One Plus (Thermo Fisher
Scientific) UV-Vis spectrophotometer.
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Figure 3.3. Absorption spectrum of Paraloid® B72.

3.3.1 Mock-ups for thickness measurement

It is worth underlining that the handmade production of artistic paint materials
intrinsically introduces uncertainty. Due to the variability of the morphological
characteristics in the same mock-up, strictly linked to the specific behaviour of the
component materials, such as variable porosity and morphology in the same layer,
besides the application modalities, a human error must be considered in the
evaluation of the results.

Two sets of samples were prepared to mimic the simplest possible stratification
on real case studies, i.e. an original colour layer covered by a transparent resinous
layer, to measure the thickness of the latter by means of OCT.

For the first one an industrial-grade professional sprayer typically used for
automotive painting was used to apply known thicknesses of Paraloid® B72 both
on a glass substrate and, in the same quantities, on Egyptian blue tablets. The
sprayer was maintained perpendicular to the substrate at a fixed distance of 20 cm,
and the coating thicknesses were measured using a comb gauge for precise
evaluation. The acryl resin was diluted (20 vol%) in a solution of acetone and ethyl-
lactate (70:30 vol%). Egyptian blue (Kremer pigment n. 10060) was first manually
ground to reduce its grain size and then compressed into tablets to reduce the layer
porosity and the related liquid absorbance. The deposition of Paraloid® B72 was
repeated up to 5 times to obtain different thicknesses of varnish both on the glass
slides and on the Egyptian blue tablets (Table 3.3).
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Table 3.3. Description of the 1 series of mock-ups.

Mock-up Acronym Substrate Layers of Paraloid® B72
A GI Glass 1
A G2 Glass 2
A G3 Glass 3
A G4 Glass 4
A G5 Glass 5
A El Egyptian blue tablets 1
A E2 Egyptian blue tablets 2
A E3 Egyptian blue tablets 3
A E4 Egyptian blue tablets 4
A E5 Egyptian blue tablets 5

A second set of samples was prepared to mimic the variability of manual
application typically found in real case studies. Paraloid® B72 was diluted using the
same solution as in the first set and applied through repeated brushing on both glass
microscope slides and a coloured substrate consisting of Egyptian blue (Kremer
pigment n. 10060) mixed in a 10 vol% water solution of gum Arabic ata 1:1 weight
ratio. This pigment mixture was manually applied at a thickness of around 1 mm.
Finally, these samples were coated with Paraloid® B72 using repeated brush strokes
to achieve different thicknesses (Table 3.4).

Table 3.4. Second set of mock-ups synthetic description.

Mockup Acronym Substrate Layers of Paraloid® B72
Gl Glass 2
G2 Glass 4
G3 Glass 6
G4 Glass 8
G5 Glass 10
El Egyptian blue 2
E2 Egyptian blue 4
E3 Egyptian blue
E4 Egyptian blue 8
E5 Egyptian blue 10

A third set of mock-ups was reproduced following the first scheme, i.e. with
Egyptian blue tablets and Paraloid® B72 sprayed manually in growing thicknesses,
mimicking the thickness of final varnishes generally applied in conservation
treatments, as summarised in Table 3.5. Due to a need of understanding the
instrumental limit of the Lumedica OCT system in detecting and quantifying thin
layers, the application steps were doubled: 1-20 applications on 10 different
samples, named as A for the first application and B for the second one, when
performed, after the first measurements.
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Table 3.5. Third set of mock-ups, aimed at understanding the instrument threshold.

Mock-Up Acronym Substrate Layers of Varnish
B Gl Glass 1 Paraloid® B72
B G2 Glass 2 Paraloid® B72
B G3 Glass 3 Paraloid® B72
B G4 Glass 4 Paraloid® B72
B G5 Glass 5 Paraloid® B72

B G6 A B Glass A: 6 Paraloid® B72
B: 12 Paraloid® B72
B G7 a8 Glass A: 7 Paraloid® B72
B: 14 Paraloid® B72
BGS8 aB Glass A: 8 Paraloid® B72
B: 16 Paraloid® B72
BG9a4 s Glass A: 9 Paraloid® B72
B: 18 Paraloid® B72
B G104, B Glass A: 10 Paraloid® B72
B: 20 Paraloid® B72
BEl Egyptian blue tablet 1 Paraloid® B72
B E2 Egyptian blue tablet 2 Paraloid® B72
BE3 Egyptian blue tablet 3 Paraloid® B72
B E4 Egyptian blue tablet 4 Paraloid® B72
BE5S Egyptian blue tablet 5 Paraloid® B72
BE64A B Egyptian blue tablet A: 6 Paraloid® B72
B: 12 Paraloid® B72
BE7aB Egyptian blue tablet A: 7 Paraloid® B72
B: 14 Paraloid® B72
BE8A B Egyptian blue tablet A: 8 Paraloid® B72
B: 16 Paraloid® B72
BE94 s Egyptian blue tablet A: 9 Paraloid® B72
B: 18 Paraloid® B72
BE104s Egyptian blue tablet A: 10 Paraloid® B72

B: 20 Paraloid® B72

Finally, to obtain the most similar condition to a real case study, a selection of
possible original resinous finishes was carried out considering the documented
frequency of use in antiquity.

Among the natural organic materials, plant resins are documented in a wide
range of archaeological and artistic objects with a notable versatility of use. Starting
from ancient Egypt and throughout the modern era, those resins have been, and still
are, widely used in the artistic field as varnishes and, sometimes, binders. Among
these, mastic resin (extracted from the genus Pistacia, subspecies Pistacia
lentiscus) has been extensively documented both in artistic technique [107] and in
conservation practice since the nineteenth century [1].

For this reason, a Pistacia resin (mastic) layer applied irregularly on a glass

microscope slide has been artificially aged in a Hereus Suntest CPS solar box, i.e.
a Xenon lamp with quartz filter and glass filter with a cut off at 320 nm, with
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average irradiation of 750 W/m? and an internal temperature of approximately
50°C. A layer of Paraloid® B72 has been then overlapped to evaluate the OCT
capability of discrimination in the case of different layered transparent materials.

3.3.2 Quantification of the operator image reading uncertainty

The uncertainty associated with the operator capability in image reading was
quantified selecting two points respectively at the outer and the inner interface,
taking the mean point as best estimate of the position of the profile at the best
capability of the operator for each point.

Two repeated measures have been performed using ImageJ®, an open-source
image analysis software that includes multipoint measurements. A low
magnification of the image was chosen due to the low resolution of the images and
the high range of medium grey scale pixels around the selected point. (Figure 3.4).

Figure 3.4. Top: Image of the OCT b-scan used for the preliminary measurement. Bottom:
magnification of the image up to the visualization of the pixel resolution.

3.3.3 Processing of the OCT images

Preliminary measures on the OCT images were performed manually on a
selection of b-scans with ImageJ®.

The obtained mean values have been subsequently compared with an ad hoc
MATLAB® program that gives a distance measure in micrometer scale after the
manual selection of the two points of analyses, directly compensated with the RI
influence of the constituting material.

28



The mean square error (MSE) was calculated to evaluate the consistency
between the two OCT measurements systems (manual vs program), as reported
below:

N
MSE = %Zl(zi _7)?
(D

where N is the number of images analysed, z; refers to the Ramanua values
calculated and z is the Raprogram values ones.

The derived root mean square error (RMSE) was thereafter calculated to obtain
values comparable to the measurement itself, as reported below:

N
RMSE = %Z(zi _7)2
(2)

Verified its acceptable accuracy, the program has been used to measure the
thickness of the investigated layer, still considering the operator uncertainty due to
the subjective, still manual, selection of the point of analysis.

3.3.4 Validation of OCT thickness measurements and
complementary approaches

SEM was chosen as an appropriate analytical technique to validate OCT
measurements, being the reference technique available in current conservation
practice for the thickness measurements. Reflectance spectroscopy (RS) was
investigated as a possible complementary approach.

Being necessary to separately validate both the techniques, the measures
performed will be reported as a preliminary step of evaluation for a possible
integration of the two techniques for the on-line assessment while removing
materials from an examined area.

For the reference measure of the thickness on the first set of mock-ups (Table
3.3) a professional comb thickness gauge measure was performed during the
application of the investigated material.

Scanning electron microscopy

On the second set of mock-ups (Table 3.4) SEM reference measures were
carried out with a ZEISS Supra 40 field emission scanning electron microscope,
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which provides a maximum resolution of 1.3 nm at 15 kV, noise reduction and
image resolution up to 3072 x 2304 pixel.

For the latter measure, each sample was cut at 1 cm from the edge after the OCT
acquisition, paying attention to make a clean cut of all layers without damaging the
cross section. The cut-off interface was sputter-coated by an electrically conducting
platinum thin film (15 nm), which does not interfere with the measurement of the
layer thickness but allows a better visualisation of the image.

The images were acquired with aperture size of 30.00 um, acceleration voltage
(EHT) at 10.00 kW and InLens detector.

Due to problems in the cut for some of the mock-ups measured with the OCT
system, only G1, G3, G5 and E1, E3, E5 mock-ups were measured.

Reflectance spectroscopy

As an experimental approach, reflectance spectroscopy (RS) was combined
with OCT measurements to establish a relationship between the spectral data of the
analysed materials investigating layer thicknesses, thus combining the geometric
precision of OCT with the material identification capabilities of reflectance
spectroscopy, particularly focusing on fluorescence and absorption data.

Measurements were performed with an AvaSpec-3648 fibre optic
spectrometers, with fast data sampling of 270 spectrum/s and data transfer in 3.7
ms, used with a Thorlabs Fiber-Coupled LED MBBI1F1.

The measures were carried out on the series E of the second set of mock-ups
(Table 3.4), acquiring data both placing the fibre in direct contact with the surface
and at a constant distance of 1 mm from the analysed surfaces.

3.4 (Sub)-superficial roughness measurement

Lumedica OQ OCT system was preferred for the roughness measurements, due
to its capability of acquiring a continue scan of an area and recording each single
b-scan, thus permitting the analysis of single images (and the related profiles) and
of a given area volume (3D).

3.4.1 Mock-ups for roughness profile measurement

A new set of mock-ups was prepared for the specific application of roughness
profile measurements: Egyptian blue (Kremer Pigment n. 10060) bound in gum
Arabic (water solution, 10% vol.) was brushed on a set of six microscope slides (2
cm x 2 cm each) ensuring to reproduce the variability of possible brush strokes
present on real case studies (Table 3.6).

The R2-R6 mock-ups were cleaned by means of a low polarity solvent mixture
(Isooctane 60 vol% and acetone 40 vol%) by rolling the surface with imbibed cotton
swabs.
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Any morphological change occurred to the matter to be conserved was then
measured making sure to perform the OCT measurements in the same area of the
pre-treatment images.

Table 3.6. Description of the specific set of mock-ups implemented for the roughness profile
measurements.

Mock-up Substrate Overlapped Measures Steps of
Acronym layers of P.B72 performed measurements
R1 Egyptian blue - OCT (840 nm); Validation of the
brushed on glass SEM measure
Roughness
meter
R2 Egyptian blue 2 OCT (840 nm) Before and after
brushed on glass cleaning
R3 Egyptian blue 3 OCT (840 nm) Before and after
brushed on glass cleaning
R4 Egyptian blue 4 OCT (840 nm) Before and after
brushed on glass cleaning
RS Egyptian blue 5 OCT (840 nm) Before and after
brushed on glass cleaning
R6 Egyptian blue 6 OCT (840 nm) Before and after
brushed on glass cleaning
R7 Egyptian blue 4 OCT (840 nm) Before and after
brushed on glass varnishing

3.4.2 Measurement methodology

R1 was measured to validate the OCT roughness measurements. The choice of
a non-varnished sample depended on a need to simplify the measurements leaving
the colour profile at the interface with air (RI=1), that is measuring the superficial
morphology.

All the measures were performed on the same two selected areas in sample R1
(H: highest roughness variability and L: more regular, lower roughness).

R7 was measured in the same area before and after varnishing, to verify the
probable stretching of the peaks and valleys of the sub-superficial profile due to the
possible geometrical distortion linked to the RI of the resin (>1), to be considered.
For the measurements performed on the other group of mock-ups, the same area
was analysed before and after the varnishing with Paraloid® B72, with
progressively increasing thicknesses.

Profile method (i.e. line roughness measurement) was selected as
measurements methodology for the validation of the OCT system, due to the
possibility of gaining standardised results (ISO 21920-3:2021) and specific profiles
results for each of the three analytical systems tested.

Average roughness (Ra) was chosen as the first parameter for the quantification
of the roughness, considered useful to gain an order of magnitude to be compared.
As Ra does not provide any information on the variability of the surface profile,
other standardized roughness parameters were added to overcome this limitation,
taking into consideration the location and spacing between peaks and valleys [108].
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Among these, the Ten Points Height (Rzso)), and, in addition for the sub-superficial
roughness measurements, the Maximum Peak Height (Rp) and the Maximum
Valley Height (Rv) were chosen.

Ra is defined as the average deviation of the profile in relation to its mean line,
and it is given by the following equation:

n
Ra ~ 12
ax, |z
=1
3)

where n is the number of discrete measurements and z; is the amplitude of each
measurement.

Rz (s0) is defined as the average of the sum of the five highest peaks with the
five lowest valleys within the entire evaluation length and it is given by:

1 5 5
Rz(s0y = < <Z pi + Z Vi)
i=1 i=1
4)

where pi is the peak height and v; is the valley deep in the entire evaluation
length (Figure 3.5).

Figure 3.5. Roughness profile with a single sampling length ([108]°).

3.4.3 Processing of the OCT images

An algorithm based on Phyton® was developed with the aim of automatically
assessing surface roughness of the acquired OCT profiles. However, to validate the
algorithm, manual roughness estimation on a reduced set of b-scans was carried out
and the achieved results were compared with that of the algorithm. The manual
procedure consisted in identifying N significant point at the interface and
calculating the roughness parameters.
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Therefore, preliminary measures to gain Ra values were performed manually
on a limited set of OCT b-scans through Image]® for each image analysed, both
belonging to the H and L reference areas: around 25 points selected every 20 um at
the air-colour interface were measured.

The script extracts the profile and the roughness related values, including Ra
and Rzgso) (as defined in equations 1 and 2), for each b-scan of an entire volume
analysed. Its capability of analysing an entire volume (512 images for each volume)
in a range of few seconds was considered a highly timesaving, an important feature
in consideration of the number of data set to be analysed (Figure 3.6).
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Figure 3.6. Example of the output given by the algorithm. Processing of the R1_vol2_003 OCT b-
scan with extraction of the profile. Top: OCT b-scan (left) and overlay with the upper boundary profile
(right). Middle: smoothing and processing of the OCT b-scan (left) and extraction of the upper boundary
profile (right). Bottom: upper boundary profile (px).

The Ra manually measured values have been therefore compared with the
resulting mean values of the same b-scans chosen.
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The MSE to evaluate the consistency between the two OCT measurements
systems (manual vs. script) was calculated as below:

N
MSE = %Zl(zi —7)?
(5)

where N is the number of images analysed, z; refers to the Ramanual values
calculated and z is the Rascript values ones.

The derived root mean square error (RMSE) was thereafter calculated to obtain
values comparable to the measurement itself, as reported below:

N
1 _
RMSE = NZ(Zi —7)?
1=

(6)

For the measure of the sub-superficial roughness at the resin-colour interface,
the possible shifting of the peaks and valleys at the resin-colour interface, has been
considered to rule out (or consider) a possible influence of the resin RI>1.

The roughness values of the selected parameters (Ra and Rz) have been thus
measured before and after the application of Paraloid® B72 on R7.

As a first step, an automatic extraction of the roughness profile of the R7 air-
colour interface has been carried out. The resulting Ra and Rz values have been
compared to the ones obtained on the same area after the varnishing.

Due to limitations of the script and in consideration of a possible influence of
the acryl resin RI, manual measurements were performed on a selection of five
images for each area, one each 100 b-scans (around 25 points of measure for each
interface: air-resin and resin-colour, Figure 3.7).
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Figure 3.7. Manual measurements for a calibrated quantification of the colour profile sub-
superficial roughness.

Preliminary measurements were performed without considering the change of
interface; verified the influence of the acryl resin RI on the Ra and Rz values, a
calibration of the measurements was performed following the workflow reported in
paragraph 4.1 for the segment between the two interfaces. Then, the profile was
calculated from the mean value of the resin-colour interface points of measurement
calibrated, allowing extracting peaks and valleys’ values.

To better evaluate the accuracy of the methodology, the Rp and the Rv values
were considered, both within the evaluation length.

The mean values for each parameter measured on the sub-superficial roughness
profile were thereafter compared to the ones gained with the algorithm (air-colour
interface) before the varnishing of the mock-up. Finally, to verify the compatibility
of the results obtained for the sub superficial roughness profile, a paired T-test has
been performed for each parameter as described in (5):

mg — My

T=—2_—"
Vo2 + op?
(7)

where:

ms is the mean value calculated from the algorithm results, mm is the mean value
of the manual measurements for the same parameter, osis the script values’ standard
deviation and om the manual measurements’ standard deviation. The test was
carried out for each considered parameter.

The same methodology has been used for the R2-R6 varnished mock-ups
before the cleaning, therefore obtaining mean values for Ra, Rz, Rp, and Rv.

The resulting values were compared to the ones of the roughness colour profile
obtained by the algorithm based on Python® after the removal of Paraloid® B72, on
the same areas.
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3.4.4 Validation of OCT  (sub)-superficial roughness
measurements and complementary approaches

For this topic, direct measurements, such as profilometry gained with a
roughness meter, was selected as standard reference and performed on the R1
mock-up (table 3.7), not varnished. Due to a high risk of damaging the analysed
surface, direct measurements were performed after OCT and SEM measurements,
the latter chosen as possible second reference analysis, considering the technical
needs of investigation.

Given the average thickness of the coloured layers to be conserved as < 500 um
- 800 um, an approximated value due to the heterogeneity of this data on real case
studies at the Centro Conservazione Restauro “La Venaria Reale”, and the current
cleaning procedures and tools limitations, a micrometrical range of accuracy was
considered well fitting for the investigated topic, and compatible with the human
eye perceived threshold [109].

Roughness reference measurements were performed with the SJ-210 Mitutoyo
instrumentation. Data were collected by setting the ISO1997 standard, the R profile,
an N (sample size measurements) of 3 mm with a 2.5 pm As.

The specific instrumentation, with a retractable detector, can measure up to 360
um of Rmax, with a resolution of 25.6 nm, as indicated in the instrument technical
sheet.

Each inspected area was documented by means of digital microscopy before
and after each measure.

Concerning roughness measurements by means of SEM, a Phenom XL G2
Desktop SEM (ThermoFisher Scientific) with a resolution <10 nm and a
magnification range of 160 - 200,000x was chosen.

The microscope is equipped with a software that enables the measure of a
selected area recording three-dimensional surface topographical features with
micrometric precision (heatmaps; heightmaps; roughness view) besides quantifying
surface roughness parameters including arithmetic Ra and Rz for each manually
selected line in the analysed area.

The images were acquired with a field of view of 2.10 mm, with a As of 223.61
nm and a Ac of 282.84 um, the latter separating roughness from waviness.

Due to a need of reaching a Ra index for the entire examined area and
considering the maximum field of view for each acquired image by SEM
instrument, measures were performed on N areas to achieve a mosaic of the surface
OCT investigated surface (8 for H, with high roughness variability; 4 for L, with a
more uniform surface).
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3.5 Measurement of the spatial diffusion of siloxanes in
the paint layer

As introduced, siloxane liquids and, mostly, cyclo-penta-dimethyl-siloxane
(D5) are among the intervention materials that are more useful for conservators as
a preliminary treatment to a solvent-based cleaning or as a raising treatment when
cleaning is carried out by means of silicon-based emulsions. Especially concerning
the first approach, it is mandatory to understand where the D5 fills the porosities in
the treated layer and if it can completely fill the layer as needed, i.e. at the interface
with the material to be removed.

The Thorlabs TEL220C1 OCT system was selected.

3.5.1 Mock-ups for the qualitative measurement of the spatial
diffusion of siloxanes

Two sets of samples were implemented: the first to verify the D5 spatial
diffusion behaviour in layers composed of different grain-sized pigments, and the
second to verify its capability of filling the layer up to the needed surface, i.e., the
surface of the paint layer to be preserved underneath the layer to be removed.

Micronized calcium carbonate (CaCOs3, Kremer Pigment 58490, grain size < 5
um) has been used to obtain a low-porosity paint layer and Egyptian blue (Kremer
Pigment 10060, grain size < 120 pm) for highly porous coloured layers. Aware of
the need to maintain the same characteristics of the layer in terms of pigment/binder
ratio (water solution of gum Arabic 10% vol.), glass microscope slides have been
brushed with each colour and cut in two (treated/untreated areas).

To investigate the second topic, similar mock-ups have been soiled with a thin,
irregular layer of carbon-based black.

The limited dimension of the areas to be imbibed considered the need to
investigate the real capability of complete filling of the porosities in the layer.

In Table 3.7 a scheme of the mock-ups prepared is reported.

Table 3.7. Mock-ups series implemented for a qualitative evaluation of the spatial distribution of
the siloxane liquid.

Mock-up Acronym Description

CA CaCO;

EB Egyptian Blue

CA S CaCO; + standard soil

EB S Egyptian blue + standard soil
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3.5.2 OCT measurements for the evaluation of spatial diffusion of
siloxane liquid

Maintaining the experimental set fixed, each mock-up was measured in a pre-
defined line of analysis (b-scan) before (NT) and after (TO-until refusal of the D5
(Figure 3.8).

Figure 3.8. Example of the OCT images acquired with Thorlabs OCT system (1300 nm) of the
Egyptian blue mock-up before (EB_NT, top) and after (EB_TO, bottom) the application of DS.

A post-processing of the b-scans acquired with Image]® Software was
performed to achieve preliminary results concerning the optical scattering
properties of the paint layer treated related to the OCT signal intensity, allowing to
visualise how the D5 penetrates and distributes within the material.

In addition, plot profiles corresponding to the same y-axis line of analysis have
been extracted, to preliminarily quantify grey values variations.

To evaluate possible changes in the treated layers, the mock-ups were observed
after 24 hours from the DS application (T24).
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Chapter 4

Results and discussion

4.1 Preliminary activity

The first step of the activity was performed to acquire qualitative information
in terms of differences between materials in the b-scan image response. Besides
directly testing the instrument, the results obtained suggested precautions in the
preparation of the mock-ups to be measured, especially concerning a need of
homogeneity for the implementation of the stratigraphy.

Moreover, a screening on the OCT readability of transparent and semi-
transparent materials not documented in literature and referable to intervention, was
performed.

In most cases, Lumedica OCT permitted to observe the overlap of stratified
transparent materials, also discriminating the interface area between the layers,
when chemically different.

In fact, concerning materials of similar nature, such as, for example, two
binders or two varnishes applied in thin layers, only an increase in the thickness at
the transition area of the overlap was visible. A possible compenetration between
the materials occurred due to a missing ageing of the first layer applied.

In addition to this, an instrumental limit in distinguishing the overlap interface
must not be excluded, possibly due to the specific axial resolution.

Thus, both the opportunity of verifying the instrumental limit in detecting
thinner layers and to implement sets of mock-ups with layers of different nature has
been considered.

The preliminary screening performed confirmed the better capability of OCT
working in the range of 800 nm - 900 nm for clearly detecting transparent materials;
a better penetration in highly scattering materials was instead confirmed for the
OCT system working at 1300 nm wavelength, in agreement with what documented
in scientific literature. Concerning thin layers of colour bound with resins (both
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natural and synthetic), mimicking retouches on varnished surfaces and/or original
resinous veils, a possible detection was confirmed but limited to a change in the
layer thickness and to a perceived different scattering of the surface in comparison
to transparent materials only; no clear interface was detected, probably due to
insufficient ageing of the substrate, and, possibly, to OCT resolution limit.

Concerning a need of calibration of the measurements due to the optical
distortion of the images [110], first attempts were performed on objects with known
thicknesses and optical properties: OCT measurements were acquired on a
borosilicate microscope slide with nominal thickness (600 + 5) um and a
polypropylene slide with measured thickness of (1200 + 50) pm.

Given the borosilicate glass refractive index (RI;n = 1.5168), the vertical
calibration factor corresponds to Csg = 139.8/600 = 0.233 pixel/mm, CgG norm=
0.233/1.5168 = 0.153 pixel/mm when normalized for n.

Concerning the measures performed on polypropylene slide, with given n
= 1.49, the calibration factor corresponds to Cpp = 287.7/1200 = 0.240 pixel/mm,
Cpp_norm=0.161 pixel/mm when normalised for n (Figure 4.1).

Figure 4.1. On the left: borosilicate glass; on the right: polypropylene slide

Therefore, a calibration curve in pixel/um as a function of RI and absorption
coefficient of the inspected material has been hypothesised following the
experimental flowchart reported in Figure 4.2.
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Figure 4.2. Experimental flowchart of the OCT measurements method. On the right, the
calibration process followed; on the left, dimensional quantification process followed in the
experimental activity.

Figuring out that the RI (n) for transparent materials documented in artworks
[111],[112], [113], [114] do not remarkably differ one from another (Table 4.1), a
focus on this class of materials was chosen for the specific Ph.D. investigation; in

case of overlapping of different transparent materials, the possible deviation of the
measure as a function of the specific RI has been preliminarily considered.

Table 4.1. Refractive index of the main organic materials components of a paint stratigraphy and
of some of the modern treatment materials frequently applied on the original surfaces. Measurements
carried out at the National Gallery of Art, Washington D.C.

Material RI (n)
Original finishes
Dammar 1.536
Mastic 1.538
Copale 1.535
Binders
Linseed oil 1.48 - 1.57
Poppy oil 148
Walnut oil 1.48
Egg tempera 1.35
Arabic gum 1.34
Modern adhesives, consolidants, varnishes
Paraloid® B72 (acrylic resin, transparent) 1.487
PVAc AYAT (vinyl dispersion in water, semi-transparent) 1.47
Laropal® K80 (ketone resin, transparent) 1.529
Laropal® A81 (aldehyde resin, transparent) 1.503

The strong thickness irregularity of the preliminary set of mock-ups, not
comparable to horizontal planes, made the application of the theoretical workflow
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challenging due to the resulting optical distortion, magnified when the medium has
n > nair (Figure 4.3).

Drop of water ;

Geometrical / Glass slide

deformation o

Figure 4.3. Test for geometrical calibration. Drop of water on a microscope glass slide.

For this reason, the application of the methodology to correctly quantify layer
dimensions was carried out directly in the frame of the experimental activity set up
for the validation of the OCT thickness measurements (Tables 3.4 and 3.5).

The measurements for sample G5 (Figure 4.4) are reported here to exemplify
the analytical process. The glass surface appears to move downward on the right-
hand side of the image, although the microscope slide is flat. This visual artefact is
caused by the Paraloid® B72 layer, which shifts the cross-sectional image due to its
refractive index being greater than 1. Critical interpretation of OCT images is
necessary to obtain reliable information on layer thicknesses.
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Figure 4.4. OCT image acquisition of sample G5 at the interface between glass and Paraloid® B72
layer.

Using Zair to represent the optical thickness (in pixels) of the Paraloid® B72
layer when measured with an air refractive index (n = 1), the actual thickness Tair
in um is:

Tair(um) = 5.71 (l;—zl) - Zair(px)
(1)

where:
5.71 is the calibration factor “depth per pixel” for the OCT instrument used.

If Equation 1 specifically addresses thickness measurements in air, Equation 2
generalises this to Tri for any refractive index. The latter equation uses Zri (in
pixels), which accounts for both Zair and the difference (Az) between the optical
thickness measured in air versus in a medium with a higher refractive index (n> 1)

5.71 (p&x> .(Zair + AZ)(px)
2

Tri(um) =
(2)

where:

Zair + AZ = Zri
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Using the information provided in Figure 4.4 and applying Equations 1 and 2,
it is possible to determine that Paraloid® B72 has a refractive index of n ~ 1.487,
which is in excellent agreement with values reported in the literature [115].

Finally, knowing that the acquired image of the Lumedica OCT system has
512-pixel depth, it is possible to determine its maximum penetration in air as 2.92
mm.

Additional external processing based on Artificial Intelligence (Al)-assisted

segmentation can be applied to identify the various layers and associate a false-
colour map [116], [117].

As described in chapter 3, additional measurements were performed on an OCT
image of the E1 mock-up (second set) to evaluate the operator image reading
uncertainty for the manual measurements, whose results are summarised in Table
4.2.

Table 4.2. Values in pixel for the measurements performed to estimate the uncertainty of the
measurement linked to the manual selection of point of measure. See Figure 3.3.

Selected Selected Selected Expected Uncertainty Uncertainty
point of point of point of value (px) (nm)
measure measure +1 measure -1 (px)

(px) (Px) (px)

8.8 12.3 5.7 9.0 33 18.8

8.9 12.3 5.6 8.9 33 18.8

The broad distribution of medium grey scale pixels around the selected point
accounts for the values of uncertainty emerged. This value should be considered as
the maximum expanded uncertainty for measurement at the current magnification.
If higher magnifications were chosen, uncertainty could be reduced by improving
the spatial discrimination of the measurement location.

4.2 Thickness measurement

What is reported in this paragraph has already been published in [118]; an
extension of the article is forthcoming.

The OCT analysis was performed with Lumedica OQ instrument on both mock-
ups sets (Table 3.3 and 3.4), and the recovered thickness values were compared
with the reference values, either estimated during deposition or obtained from SEM
images.

Each acquired image was measured in different points (four for the first set and
three for the second one) to gain a minimum number of data to assess the accuracy
of the measurements; the standard deviation was calculated, as reported in Table
4.3 and Table 4.4. An example of the acquired OCT image is reported in Figure 4.5.
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Figure 4.5. Example of OCT image of the sample AE3.

Table 4.3. OCT measurements in pixel for the first set.

Mock-up Z:i1 Zyiz Zyi3 Zis Zsi mean St. Dev.
acronym (px) (px) (px) (px) (px) (px)
Substrate: Glass
AG1 6 6 5 5 5.50 0.58
AG2 9 8 8 8 8.25 0.50
AG3 10 11 9 10 10.00 0.82
AG4 22 18 17 18 18.75 2.22
AG5 23 21 21 24 22.25 1.50
Substrate: Egyptian blue
AE1 5 6 6 6 5,75 0.43
AE2 9 8 9 8 8,5 0.50
AE3 10 12 13 9 11 1.58
AE4 15 13 14 13 13,75 0.83
AES5 18 19 15 15 16,75 1.78

Looking at the values for the first set of mock-ups, in thinner coatings (AGI,
AG2, AE1, AE2) very low standard deviations (0.5-0.6) px are measured, highly
consistent between glass and Egyptian blue tablets substrates, suggesting the
minimal impact of the colour layer porosity. Increased standard deviations are
observed with the increase of the thickness layers, suggesting additional factors
beyond simple manual error, possibly including surface uniformity variations,
coating thickness inconsistencies and possible substrate influence.

Analysing the second set with reference to the calculated standard deviations

(Table 4.4), the Egyptian blue substrate shows lower standard deviations for lower
thicknesses, indicating more consistent measurements.
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Table 4.4. OCT sample measurements in pixel for the second set.

Mock-up Z:it Z:ix Z:i3 Zri mean St. Dev.

acronym (px) (px) (px) (px) (px)
Substrate: glass
Gl 20 15 16 17 2.2
G2 26 27 22 25 22
G3 27 30 30 29 1.4
G4 48 54 56 52.7 34
G5 61 64 60 61.7 1.7
Substrate: Egyptian blue
El 7 6 6 6.3 0.5
E2 14 12 12 12.7 0.9
E3 20 20 24 21.3 1.9
E4 44 54 61 53 6.9
ES5 61 64 59 61.3 2.0

The variability noticed on the measurements performed on the Paraloid® B72
layer applied on the glass substrate might be linked to the irregular spreading of the
material by brushing on a non-porous surface and on a possible partial solution of
the material while layering it. Despite this, the relationship between thickness and
substrate type appears to be more linear and predictable in comparison to what
observed in set | measurements.

Transforming the mean value of the thickness (in pixel) applying Eq. 2
expressed in the previous paragraph, the thickness value in micron was obtained, as
reported in Table 4.5.

In the industrial grade sprayed set divergences are remarkable between the two
different substrates, showing, especially in higher thicknesses, higher values for the
glass substrate.

In fact, while for the thinnest coatings the values are remarkably close,
suggesting the low influence of porosity thanks to the pre-grinded Egyptian blue
thereafter pressed in tablets, as the coating gets thicker, the values begin to diverge,
with glass substrate showing higher values in comparison with the Egyptian blue
one. This specific feature should be related to the hypothesised slippage of the resin
on the glass when higher quantities have been applied, having excluded the
influence of porosity.
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Table 4.5. OCT sample measurements in pm for the two sets.

Mock-ups Tri Mock-ups T
Set 1 (um) Set 2 (um)
Substrate: glass
AGl1 213+£33 Gl 65.3+12.6
AG2 30.8+2.8 G2 96.0 + 12.6
AG3 38.3+4.7 G3 111.3£7.9
AG4 72.5+12.7 G4 2022+ 194
AG5 84.7+ 8.6 G5 236.8+9.7
Substrate: Egyptian blue

AE1 21.7+£2.5 El 243 +£2.8
AE2 324+29 E2 48.6£5.1
AE3 41.0+£9.0 E3 81.9+10.8
AE4 53.0+4.7 E4 203.5+394
AES5 64.0 +10.2 E5 2350+ 114

Concerning real stratigraphy representative set, the Egyptian blue based
substrate consistently shows lower thickness values for the overlapped resin, with
about 49% less thickness in the first two mock-ups of the G series.

Interestingly, as the coating gets thicker, the difference between G and E mock-
ups becomes less pronounced. The porous nature of the Egyptian blue likely caused
some of the coating material to penetrate into the substrate’s pores, with a more
pronounced effect in thinner layers where a significant portion of the material can
be absorbed, as experienced during its application: once the pores were filled,
subsequent layers built up more similarly to the non-porous glass substrate, leading
to more comparable final thicknesses.

4.2.1 Validation of the measurement methodology

The first validation of the feasibility of the thickness measurement through
OCT images analysis was carried out with the first set of mock-ups, which had a
known thickness measured with a professional comb thickness gauge during the
application (reference data in Table 4.6).

The comparison of the results of the OCT measurements and reference ones are
reported in Figure 4.6.
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Figure 4.6. Comparison of the thickness of the Paraloid® B72 layer measured by OCT with the
reference measurements for the first set of samples.

Table 4.6. Measured thicknesses in micron compared with the reference measures gained with a
comb thickness gauge.

T hry Reference data

(um) (pm)
Comb thickness gauge

Mock-ups Set 1

Substrate: glass

AGl1 213+33 15
AG2 30.8 £2.8 30
AG3 38.3+4.7 45
AG4 72.5+12.7 60
AGS 84.7+8.6 75
Substrate: Egyptian blue
AEI 21.7+25 15
AE2 324+29 30
AE3 41.0+9.0 45
AFE4 53.0+4.7 60
AES 64.0£10.2 75

The absolute error of OCT’s measurements, which for thinner layers is in the
range of 1-7 um, is considerably below the typical thickness variability due to the
manual application of protective layers. As highlighted before, the maximum
absolute error, around 12 pm, should be realistically related to surface uniformity
variations. The results can be considered acceptable, both considering the
uncertainty linked to the OCT manual measurements (operator image reading
uncertainty) and the lack of information on the uncertainty related to the coating
thickness gauge, providing only the nominal values.

Being the second set of mock-ups more adhered to real cases due to its hand-
made processing, the OCT measurements were compared with ones obtained by
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means of scanning electron microscopy (SEM), the analytical technique generally

selected in practice to address questions on layer thickness in stratigraphic samples.

The interface between the Paraloid®B72 and Egyptian blue layers was proven

discriminable, resulting the first layer more compact and smoother than the latter.
As an example, Figure 4.7 reports a cross-section image of the E5 sample.

Figure 4.7. SEM image of the cross section of the ES sample. The inset shows a detail of the
Paraloid® B72 layer, whose thickness is estimated to be 203.4 pm.

As highlighted in Table 4.7, OCT gained values appear to adhere to the SEM
ones and compatible with the operator image reading expanded uncertainty,
corresponding to about 19 pum.

In addition, one must consider a possible strain of the Paraloid® B72 layer while
cutting the glass slides and a consequent deformation, especially for the thicker
layer (G5 and ES5), showing a plastic behaviour due to the recent film formation by
evaporation of the solvents: the possible non complete film formation of the
Paraloid® B72 layer probably contributed to reduction in thickness due to
compression during the cut of the slide glasses.
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Table 4.7. Comparison of the OCT thickness gained values with the available SEM ones.

Mock-ups Set 2 T hzrr SEM thickness values
(pm) (pm)
Substrate: glass
Gl 65.3+12.6 475+1.6
G2 95.99 £ 12.6
G3 111.3+7.9 106.2 +2.1
G4 2022+ 194
G5 236.8+9.7 2009 +12.1
Substrate: Egyptian blue paint layer
El 243+2.8 35.1£3.7
E2 48.6£5.1
E3 81.9+10.8 95.6 £2.8
E4 203.51+39.4
ES 2355+11.4 203.4+11.3

As predictable, OCT measurements showed a significant deviation from the
SEM available values (Figure 4.8), most of times minor than the expanded

uncertainty previously highlighted.

Despite this we can consider the values obtained comparable and, concerning
OCT, it is possible to prudently say that the system could be considered fitting and
useful for a non-invasive mapping of the thicknesses of the materials to be removed
on real artefacts, preliminarily, during, and after cleaning treatments, even if giving

less precise dimensional values in comparison with SEM measurements.

Therefore, the procedure can be considered a reliable tool offering preliminary

information to assess both the cleaning methodology and the intervention.
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OCT and SEM for the second set of samples.
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Figure 4.9 shows examples of the measurements of two different Paraloid® B72
layer thickness applied on glass or on Egyptian blue substrate (second set of mock-
ups). The thickness difference for the measured layer between the two types of
substrates, as noted above, could both be due to manual application of the varnish
and to the partial varnish absorption by the porous Egyptian blue layer.

Paraloid

Paraloid

a1l

c. G5 d. E5

Figure 4.9. Examples of the measurements of two different Paraloid® B72 layer thickness (a-b; c-d
respectively glass and Egyptian blue substrates): a-b show measured thin layers, while c-d thicker ones.

The porosity of the material in real cases applications could be a problem
since the detection of varnish layers can be tricky to distinguish for non-expert
users, especially when applied in thin layers, due to a similar superficial scattering
in both the materials. Indeed, the two layers may look like one at first sight, while
a more accurate analysis can highlight that some more bright particles are present
on the top of the upper layer, as in the case shown in Figure 4.95.

Finally, the error of the proposed approach is not expected to be a major
problem in consideration of the final objective of the investigation, as combining
OCT with other analytical methods and spectroscopic techniques could likely
reduce this inaccuracy.

In any case, the capability of OCT of providing comparable, even if less precise,
results to SEM analyses at a much lower cost in a completely non-invasive method,
is to be considered an important advantage for real cases applications, thanks to the
possibility of repeating the measure on the entire surface during time and without
any complex sample preparation.
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4.2.2 Repeatability of OCT measurements

To validate measurement repeatability, statistical evaluations were performed.
Specifically, 50 measurements each were acquired on samples G4 and E4 (second
set) to determine mean values and standard deviations, taken across 10 different
sample areas (5 images per location).

As shown in Figure 4.10, the measurements highlight a strong variation to be
related primarily to the inhomogeneity of the Paraloid® B72 film, which results in
slightly different thicknesses in different areas across the sample, especially
concerning the glass substrate mock-ups. A better agreement is observed among
values gained on E4 mock-up, where the phenomenon of shrinking of the varnish
is attenuated by the enhanced adhesion to the pigment layer. Nevertheless, it is
important to note that for each acquisition, the spread of measurements remains
limited and well within acceptable ranges for the intended application.
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Figure 4.10. Mean and standard deviation of Paraloid® B72 thickness on samples G4 and E4.

4.2.3 Evaluation of the OCT instrumental detection and
quantitation limits

As introduced, axial and lateral resolution, imaging depth, and sensitivity are
key characteristics that affect measurements capabilities. Besides this, additional
measurements have been performed to understand the instrumental limit of
detection in clearly distinguishing the presence of a superficial transparent layer, in
terms of thickness and clear interface detection, and the related limit of
quantification.

OCT measurements were performed on a specific set of mock-ups (Table 3.5)
and highlighted a considerable difficulty in detecting the interface of Paraloid® B72
with both glass and Egyptian blue tablet substrates, especially for a quantitative
measure of the thinner layers.
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As observed in the frame of preliminary activity, it is possible to notice that a
change in thickness of the layer can be hardly hypothesised from 1 to 10 layers of
sprayed resin, due to substantial similarity in thickness, even if apparently
increasing in brightness and compactness in the B-G104 mock-up. Moreover, no
interface with the substrate is clearly visible and, consequently, a quantification
could be considered arbitrary, even considering the operator image reading
uncertainty previously commented (Figure 4.11).

Figure 4.11. Details of OCT b-scans. Left: glass slide surface only; centre: B_G1 (centre); right:
B_G10a

A quantification in thicknesses measurements could be dared starting from
B_G6g, i.e. the layer obtained by 12 repeated spray applications of the resin on the
two substrates. A synthesis of the measurements performed is given in Table 4.8.

Table 4.8. OCT Mean thicknesses values.

Mock-up acronym Mean thickness Mean thickness St. Dev.
(Px) (um) (wm)
B E6s 29 11.3 1.8
B E7s 3.6 13.9 4.3
B E8s 33 12.5 5.5
B E9% 3.9 14.9 1.4
B E10s 43 16.5 24

Looking at measurements data, the standard deviation values indicate varying
precision, to be strictly linked to the manual selection of the point of measurements.
The mean thickness ranges from approximately 11 um to 16 pm is within the typical
resolution capabilities of the OCT system. However, the pixel to micron conversion
factor (1 px = 5.71 um) itself introduces a quantisation limit, as the instrument
cannot measure changes smaller than 1 px. Considering the difficult discrimination
of the resin-glass interface below BE6g thickness, equal to (11.3 + 1.8) um,
measurements below this value could be considered arbitrary.

Possibly, different axial resolutions may provide better precision for the
thinnest layers.
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4.2.4 Integration with spectroscopic analyses

As highlighted in chapter 2, the most promising approaches to acquire
quantitative data for the safe removal of non-original materials provide a
combination of OCT measurements with other techniques, such as FT-IR [26].

A different approach, which preliminary data are discussed here, combines
OCT measurements with reflectance spectroscopy (RS). This combination
leverages RS's capability to provide rapid, reagent-free analysis of samples with
minimal pre-processing [119]. Moreover, considering the specific fluorescence
feature, many materials can be used as natural fluorophores.

Preliminary measurements carried out confirm that combination with
reflectance spectroscopy could potentially integrate the measure of the thicknesses
variations of the layer to be removed, allowing for a more accurate measurement
during the thinning or gradual removal intervention while also determining the
composition of the layers. Considering the spectral behaviour of Egyptian blue,
which shows strong fluorescence intensity at around 500 nm, 700 nm and 900 nm
(Figure 4.12), and the absence of fluorescence of Paraloid® B72, a relation between
a spectral change of the Egyptian blue and the thickness of the acryl resin has been
established.

HMams= Peak wavelengths [am] FWHM peaks [mm] Scare [#]
151271, TIB.B4, BTRTY [160;BE, 43.00, 53.48] 101033

nsarted SpAC G0 E), 71406 ETT LY 134.659, 4748 53.21) . 1033

Wavelergth [mm

Figure 4.12. Egyptian blue fluorescence spectra. A strong intensity is visible at around 500 nm,
700 nm and 900 nm. FWHM (horizontal lines) highlights a wider distribution of emission wavelengths.
In green, FS measurements acquired on E2 (B_18).

As highlighted graphically in Figure 4.13, concerning the results related to the
five repeated RS measurements performed on each available mock-up in
consideration of the known proportionally growing thicknesses, the acquired
spectra show intensity values in the Egyptian blue spectra that are inversely
proportional to the thicknesses of the overlapped Paraloid® B72.
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Figure 4.13. Five tests for each sample, on the same point of the surface, keeping the fibre 1 mm

from the sample. Graphic synthesis. B17,18,19,20, 21 are respectively E1,2,3,4,5.

The thicker is the acryl resin layer, the less intense results the colour spectrum,

both in absorbance and in fluorescence (Figure 4.14).
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Figure 4.14. Five tests for each sample, on the same point of the surface, keeping the fibre 1 mm
from the sample. Specific values for each measurement. Horizontal lines represent the mean values. At

the top of the graph: absorbance; at the bottom: fluorescence.

However, as underlined in paragraph 3.3, the ability of reflectance spectroscopy
to detect the gradual removal of materials from an examined area is still under
investigation. An expanded dataset incorporating various coloured backgrounds
and transparent materials of different compositions would enable comprehensive
evaluation of this analytical approach for practical applications on real case studies.
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4.3 (Sub)-superficial roughness measurement

The validation of the possible application of OCT measurements in monitoring
the cleaning treatments, with reference to any change of the roughness profile of
the paint layer underneath the varnish to be removed, needed a first step of
measurements on a rough, unfinished, layer of colour to verify OCT measurements
accuracy and feasibility for the specific aim.

4.3.1 Preliminary activity

In the view of acquiring as much data set as possible, an algorithm tailored for
the scope was implemented (paragraph 3.3.2); prior to this, manual measurements
were performed on a defined and limited set of images of two area volumes acquired
with Lumedica OQ system, in order to measure the air-colour interface profile
(around 25 points for each image) and therefore to evaluate the accuracy of the
algorithm.

Each manually measured b-scan was compared with the same one analysed by
automatic profile extraction and parameters calculation, as summarised in Table
4.9.

Table 4.9. Ra calculated for each b-scan considered, manual and algorithm measurements
comparison.

H Ra H Ra H Ra H Ra H Ra
System — — — — —
(px) (px) (px) (px) (px)
R1_vol2_001 R1_vol2_101 R1_vol2_201 R1_vol2_301 R1_vol2_401
Manual 9.26 10.08 10.30 8.39 4.55
Script 9.05 10.73 10.10 8.63 4.57
System L_Ra L_Ra L_Ra L_Ra L_Ra
(px) (px) (px) (px) (px)
R1_vol3_001 R1_vol3_101 R1_vol3_201 R1_vol3_301 R1_vol3_401
Manual 7.08 7.66 6.40 7.21 6.67
Script 7.76 7.59 7.83 7.66 7.72

Both the MSE and the RMSE, calculated as described in paragraph 3.3.2 for
each referring volume, indicate an excellent level of agreement between the manual
and the script measurements (Table 4.10).

Table 4.10. MSE and RMSE values, evaluation of the level of agreement between manual and
algorithm measurements

Mock-up MSE RMSE
(px2) (px)
H (R1 _vol2) 0.14 0.37
L (R1 vol3) 0.67 0.82

The obtained values suggest high consistency between the two measurement
methods, especially for the first set of measurements (H).
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Therefore, the script method was positively evaluated and considered a reliable
substitute for manual measurements, offering time savings without sacrificing
accuracy.

4.3.2 Validation of the roughness profile OCT measurements

The reference measurements performed by means of roughness meter on R1
mock-up enabled to achieve a standard reference and to better interpret the results
gained by means of non-direct measurements (i.e. SEM and OCT measurements).
Due to a mechanical weakness of the colour layer, the direct measurements abraded
the H area surface while the probe was moving to acquire data (Figure 4.15).

Figure 4.15. H area measured with roughness meter: before the measure (left), after the measure
(middle) and magnification (20x) of the abrasion (right), visible thanks to the lighter hues of blue.

Moreover, automatically stopping with values of Rmax higher than 360 pum,
the instrument did not give sufficient profile measurements on some of the selected
lines of analyses in H area.

For these reasons, only the reference values gained with direct measurements
(5 lines of measurements, see Appendix B) on the L area were considered and
reported in Table 4.11.

Table 4.11. Roughness meter values obtained on L area with direct measurements. Mean values
for each parameter and related standard deviations. The instrumental resolution of 0.0256 pm was
considered negligible for the obtained values and related standard deviations.

Parameter L1 L2 L3 L4 L5 Mean values St. Dev.
(pm) (wm) (um) (um) (m) (m) (pm)
Ra 6.68 7.11 8.31 6.70 7.99 7.36 0.75
Rz 41.14 39.95 44.05 41.00 54.51 4413 5.99
Rp 15.82 14.60 17.56 16.08 18.40 16.49 1.50

Rv 23.31 25.34 26.50 24.92 36.11 27.24 4.77

The results confirm the known surface roughness characteristics, highlighting
a consistent Ra on all the measurement areas, with more variation in the extreme
features, particularly in the Rv, to be attributed to the brush stroke lines. L5 presents
deeper valleys, probably corresponding to areas almost without colour, contributing
to a higher overall Rz value.
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Before acquiring the reference measurements with direct methods, to avoid any
possible damaging of the mock-up surface, the superficial roughness was analysed
on the two same areas both with OCT (H and L) and SEM measurements (H1-8 and
L1-4), following the methodology described in paragraph 3.3.2.

SEM Ra and Rz mean values, whose specific profiles values of Ra and Rz are
detailed in Appendix C, are reported in table 4.12.

Table 4.12. Ra index for each examined area by means of SEM. The instrumental resolution, <10
nm, was considered negligible.

Area acronym Ra (mean) St. Dev. Ra Rz (mean) St. Dev. Rz
(pm) (pm) (pm) (pm)
H1 7.50 1.65 34.33 9.93
H2 4.33 0.95 26.41 9.71
H3 4.50 1.30 28.70 12.90
H4 171.97 27.54 60.08 15.70
H5 4.68 1.08 28.57 12.23
Ho6 3.95 0.67 24.15 7.62
H7 3.81 0.71 22.05 5.85
H8 3.67 0.57 23.06 6.35
L1 8.09 1.12 37.76 9.39
L2 4.42 0.54 20.26 3.21
L3 3.37 0.40 18.23 2.66
L4 3.88 0.69 21.79 6.85

A greater variability can be highlighted for H-series compared to L-series, with
reference to H4, standing out with extremely high values, confirming the
fundamentally different surface features. The progressive measurement positions in
both series suggest directional effects, compatible with the brush strokes related to
the manual application of the colour.

The SEM Ra and Rz mean values were compared to the OCT ones (Table 4.13)
calculated from the algorithm’s extraction profile data for the entire volume.

Table 4.13. Comparison of the mean Ra and Rz values gained with SEM and OCT systems.

Reference SEM OoCT SEM OoCT
Area measurements measurements measurements measurements
Ra index Ra index Rz index Rz index pm
(pm) (pm) (um)
H 26.19+£57.35 41.59+17,22 30.94+15.48 219.60£76.25
(R1 _vol2)
L 5.93+2.42 9.3442.72 29.23+11.62 57.21+14.81
(R1_vol4)
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The comparison reveals significant and consistent differences in roughness
characterization: OCT consistently yields higher values than SEM, with significant
differences in Rz measurements.

For the H reference area, the Ra SEM standard deviation appears extremely
high in relation to its mean value, suggesting, besides a high variability in the
measured area, a possible issue in measurements.

Similarly, for the L reference area, showing generally smoother surfaces, OCT
still measures roughness values approximately twice as high both for Ra and for
Rz.

These systematic differences should be interpreted comparing the reference data
acquired on the L area with the roughness meter measurements, briefly synthesized
in Table 4.14.

Table 4.14. Mean values comparison for the parameters available by the three measurement
systems (Roughness meter, SEM, OCT) on L area.

Parameters Roughness meter SEM values OCT values
values (um) (um)
(um)
Ra 7.36+0.75 5.93+2.42 9.33+2.72
Rz 44.13+£5.99 29.23+11.62 57.21+14.81
Rp 16.49+1.50 - 31.89+£2.01
Rv 27.63+4,77 - 32.95+8,29

Both the two non-contact techniques seem compatible with the gold standard,
even if OCT appears to overestimate roughness parameters while SEM to
underestimate them; looking at Rz measurements, OCT's overestimation is slightly
less severe than SEM's underestimation.

The uncertainty linked to the approximation of the OCT profile extraction,
joined to the axial and lateral resolution of the instrument (see paragraph 3.1.2)
should be considered.

Besides this, SEM likely underestimates both Ra and Rz parameters due to
several factors, among which inferior height discrimination capabilities at lower
magnification rates and filtering processes.

The substantial difference in Rp values suggests OCT is particularly sensitive
to peak detection, possibly including features that the contact method might not
capture, especially knowing the occurred abrasion on the H area, potentially
occurred also on L area, even if less perceivable. In fact, the gold standard shows
asymmetry between peaks and valleys (Rv > Rp), in comparison to the OCT values,
suggesting OCT might better preserve this aspect of surface texture.

After ascertaining the OCT capability of measuring roughness features of a
surface, even if with discrete overestimations, a validation process of the sub-
superficial measurements was set up for R7 to evaluate the impact of cleaning
treatments on R2-6 mock-ups. As introduced in Chapter 3, the Ra was evaluated
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jointly with Rz, Rp and Rv, to provide more information on the local variability of
the surface profile.

Results, summarised in Table 4.15, highlight a compatibility of the mean values
with the ones extracted by the algorithm before the varnishing, even if lower values
after the application of acryl resin are noticed (for a complete report on the specific
values for each manual measurement, see Appendix D). This feature could be
attributed both to a partial penetration of the resin in the colour, with a change in
scattering, especially at the interface profile, and to the process of application of the
resin on the surface, due to a possible superficial interaction of the diluted material
by the solvent action on the colour binder. Besides this, the variability of the surface
and the limited set of measures performed manually in comparison to the dataset
gained with the algorithm should be considered.

Table 4.15. Manual measurements and mean values of the sub superficial roughness profile
parameters for S b-scans considered for R7, compared with the mean values of the unvarnished surface
profile gained with the automatic profile extraction by the ad hoc algorithm.

Parameters R7b_001 R7b_101 R7b_201 R7b_301 R7b_401 Mean Standard Script Standard
(um) (nm) (pm) (pm) (nm) value deviation (not deviation
(sub- nm varnished) (nm)
superficial) (nm)
(um)
Ra 2036  37.88  38.31 40.3 40.89 35.55 8.58 47.56 7.2
Rz 72.4 121.18 133.17 135 150.34 12241 29.81 21198 52.99
Rp 52 9249  85.18 90 138.47  91.63 30.86 121.76  68.56
Rv 67 63.05 69.11 65 62.51 65.33 2.75 101.52  19.88

Even knowing that possible minimal shifts on the results may have been
occurred due to positioning of the sample, besides limiting number (5) of images
manually measured, the T-test performed was considered a good starting point to
provide mathematical evidence to support the hypothesized validity of the proposed
methodology. As reported in Table 4.15, results can be rated positive.

Table 4.16. T-test carried out to compare sub-superficial roughness parameters values with the
same surface mean values collected before the varnishing of the sample.

Parameter Mean value Standard Script Standard T-test
(Sub deviation (not deviation
superficial pm varnished pm
colour surface,
profile) colour
pm profile)
pm
Ra 35.55 8.58 47.56 7.2 1.07
Rz 122.41 29.81 211.98 52.99 1.47
Rp 91.63 30.86 121.76 68.56 0.40
Rv 65.33 2.75 101.52 19.88 1.80

For these reasons, even if the accuracy of the OCT measure cannot be deemed
as high as direct roughness measurements, the results appear useful for the intended
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scope: given the preliminary results reported above, OCT measurements can give
information in a completely non-invasive way on the sub-superficial roughness of
a varnished painted surface and appear to be feasible for application on real case
studies, therefore permitting a monitoring of the entire process of the cleaning
treatment.

4.4 Measurement of the impact of cleaning treatments

As afirst application for the evaluation of the impact of the cleaning treatments,
OCT measurements of the sub-superficial roughness were performed on the R
series of mock-ups (R2-R6), verifying possible changes in roughness of the cleaned
paint layer.

The results reported in this section, being adherent to a preliminary test usually
carried out to assess the treatment efficacy and safeness, are focused on the
measurements carried out on R2 mock-up.

The second topic discussed will be dedicated to the preliminary results obtained
from the measure of the spatial diffusion of the siloxane liquid in the coloured layer.

4.4.1 Measurements of possible changes in the roughness colour
profile to assess cleaning treatments

As described in Paragraph 3.3.2, the methodology assessed on R7 mock-up has
been applied also on the series of samples varnished with Paraloid® B72 in different
thicknesses. In consideration of the homogeneity of results emerged, and verified a
significant change in roughness of the analysed colour profile after each treatment,
in this paragraph only the R2 results are reported as an example.

A first comment can be offered observing the b-scans of an area before and
after the cleaning treatment (Figure 4.16): even if not exactly corresponding to the
same line of analysis, the amount of b-scans in 5 mm area range correspond to
around 100 b-scans/mm, thus suggesting that the comparison can be carried out if
the selection of the images is done choosing the same number of b-scans; b-scan
101 has been chosen for the qualitative evaluation of the visible changes in the two
images.

A change in the colour profile is perceivable by the only observation, with a
general flattering of the surface and, possibly, a superficial abrasion of it. Moreover,
the surface after the treatment shows highly scattering areas located in the upper
portion of the colour layer, likely due to a partial penetration of the dissolved resin
in the layer.
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Figure 4.16. R2_101 b-scan before (top) and after (bottom) the Paraloid® B72 layer removal.

To quantify the change in the roughness colour profile, manual measurements
have been performed on the R2 mock-up before the cleaning treatment, calibrating
the values influenced by the RI of the acryl resin as described in Paragraph 3.3.2.
Manual measurements (Figure 3.4) mean values have been compared with the script
mean results, as summarised in Table 4.17.

All the parameters show a decrease, with the most significant reductions for Ra
and Rp; moreover, considering the decrease of the Ra and Rp standard deviations,
a smoother surface seems to be highlighted by the OCT after cleaning
measurements, previously supposed.
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Table 4.17. R2b manual measurements of the sub-superficial colour roughness, performed before

the varnish removal, compared with the script mean measurements carried out after the cleaning
treatment.

Parameter R2b_001 R2b_101 R2b_201 R2b_301 R2b_401 Mean value St. Dev.  Mean St. Dev
(nm) (pom) (um) (pom) (prm) Sub- (um) value (pom)
superficial After
(um) cleaning
(um)
Ra 53.64 79.93 45.78 69.53 62.31 62.24 13.33  39.99 9.77
Rz 157.56  233.86 144.15 222.18  200.61 191.67 3941 190.74 56.38
Rp 96.4 153.68  69.32 154.53 114.52 117.69 3693 88.55 2045
Rv 86.82  126.81 146.09 12551 12457 12196 21.56 112.24 42.76

Overall, the peak height reduction suggests a significant impact on eliminating
protruding features.

Finally, after treatment the surface shows lower roughness values but
potentially less uniformity regarding valley depths, even if a perceived flattering of
the surface is documented. This specific aspect should be considered thinking of
possible lost of features like brush strokes lines, important processing evidence in
technical art studies.

4.4.2 Measurements for the spatial distribution of cyclo-penta-
dimethyl-siloxane (D5)

As highlighted in Chapter 2, a need to quantify the impact of treatments such
as the imbibition of a water (or solvent)-sensitive layer by means of siloxane liquid
is one of the current issues discussed in conservation of cultural heritage.

In consideration of D5 filling capabilities of the colour layer micro-porosities,
and the related occurred changes in specific properties of the paint layer
investigated, the study focused on any possible change in the colour scattering
properties after the treatment.

A preliminary insight on spectral behaviour of D5 was carried out by means of
FT-IR (Figure 4.17).
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Figure 4.17. FT-IR spectrum of cyclo-penta-dimethil-siloxane (D5). 2963 CH3 asymmetric
stretching; 1258 CH3 bending sym; 1051 Si-O-Si stretching asym;793 Si-C: stretching asym (cyclic);
698 Si-CH3 bending asym; 672 Si-CH3 bending sym.

First qualitative results can be commented comparing the images of EB_NT
and EB TO with the CaCO; NT and CaCOs_TO, to highlight visible specific
aspects.

A first aspect to comment is related to the morphological differences of the two
colour layers related to the penetration and diffusion behaviour of DS5: while
Egyptian blue, with higher porous dimensions, tends to absorb more quantities (13
mL) before its maximum possible saturation, micronized calcium carbonate-based
colour layer allows only a partial penetration of D5 (7 mL), both diffusing and
penetrating in the layer, with time rates slower in comparison to the Egyptian blue.
(Figure 4.18)
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Figure 4.18. D5 diffusion on the colour layer. Top: CaCO3_T0. Right: overlapping of D5 on the
surface. Left: diffusing in the layer up to the dotted line area, after which non-treated material is
visible. Middle: EB_NT. Bottom: EB_TO.

Besides this, an interesting feature is a noticeable change in grey values in the
treated layer, easily observable: the black pixels could indicate regions where the
light 1s not backscattered to the OCT detector (passing through the region or
scattered in directions that do not return to the detector).

The DS filling of colour layer’s micro-porosities can in fact influence several
optical effects, such as the elimination of air-paint interfaces, reducing the refractive
index mismatch at these interfaces (D5 RI=1.4; paint components RI=1.5), giving
a more optically homogeneous medium with fewer scattering centres. Moreover,
with reduced scattering, a possible increased penetration depth is registered.
Finally, the filled pores likely change the balance between specular and diffuse
reflection.

This phenomenon seems comparable to the "optical clearing" effect used in
biomedical imaging, where matching refractive indices reduces scattering and
increases imaging depth [120].
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Considering the aim of the investigated topic, a comparison of sequential b-
scans over time after the application was carried out to qualitatively track diffusion
and penetration patterns and to map regions unchanged after the treatment. Semi-
quantitative analyses have been attempted by depth profiling grey values changes
in the treated layers.

Subtracting the treated images from the not treated ones (Figure 4.19), the
resulting image shows the still scattering areas, likely not changed by the
penetration of D5. To precisely track the distribution of D5 only, it would be
necessary to differ the black (or white in inverted images) areas visible after the
treatment with the ones already present in the NT images.

Figure 4.19. Image resulted by subtracting the BE_TO0 from BE_NT (top), B/W inverted image
(bottom).

On the same images, plot profiles were carried out to quantify the difference in
scattering of the analysed paint layer before and after the application of D5.

Summarizing, the results and the related scattering properties expressed in grey
values highlight a general lowering of the grey values registered in the images after
the application (Figure 4.20, Appendix E for a complete list of data), with the
maximum grey values decreased from 157 to 123, suggesting reduced scattering in
the previously brightest areas.
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Figure 4.20. An example of extracted plot profile for Egyptian blue mock-up. BE_NT (top) and
BE_TO0 (bottom). X axis: 600 px.

Following the D5 application the initially irregular profile transformed in a
more uniform distribution. These changes suggest D5 modified the material’s
optical properties likely by creating a more uniform material structure, as reported
in literature.

Interestingly, besides noticing a tendency of both penetration and diffusion of
DS in the layer, the filling of microporosities results easily visible in the lower
portions, while particles of blue pigment are still backscattered in the upper
portions, thus letting hypothesising in a first evaluation only a partial waterproofing
of the matter at the interface to be treated.

This feature seems in contrast with what daily experienced by conservators
while cleaning water sensitive surfaces, i.e. an effective change in behaviour of the
treated matter with an increase of resistance to the water solution or solvents used
(Figure 4.21).
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Figure 4.21. Evaluation of the behaviour of a water sensitive surface (Egyptian blue bond with
gum Arabic) when in contact with water. Complete penetration of the water in a range of around 1 s
(left) and temporary waterproofing with application of 2 mL of DS before the application of a drop of
water (right): the water lingers on the surface.

Therefore, a possible answer to this experienced feature could be that
something happens in the material even if micro porosities are not filled, likely
being enough a temporary contact of D5 passing through the paint layer to lower
the water sensitiveness of the material. Besides this, it is not to be excluded that a
layer of D5 remains on all the touched micro-surfaces but in thicknesses not
detectable by means of OCT, characterised by an axial and lateral resolution in a
micrometer range.

Interestingly, on the CaCO3 mock-ups plot profiles highlight the complete loss
of scattering properties at the superficial profile of the colour layer while D5 linger
after a first limited penetration in the low porous calcite layer, likely due to a
complete saturation of the superficial portion of colour (Figure 4.22).
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Figure 4.22. Comparison of CaCO3 b-scans before and after the DS application (top); Relative
plot profiles CaCO3_NT (middle), CaCO3_T0 (bottom). X axis: 600px.

Finally, OCT images were acquired on the same mock-ups after 24 h from the
application of D5, to verify the estimated complete evaporation of the siloxane
liquid from the matter. Due to slight changes in the measurement’s setup, the
acquired single images are not comparable with the reference NT and TO ones.

For this reason, only a brief comment on the OCT b-scan that compares jointly
NT and T24 mock-ups (Figure 4.23) is offered.
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Figure 4.23. Top: EB_NT (left) and EB_T24 (right) compared. Bottom: CaCO3_NT (left) and
CaCO3_T24 (right) compared.

Apparently, while Egyptian blue mock-up seems to be still less scattering in the
treated area, no significant differences are visible between CaCO3;_NT and the T24
one. A possible cause should be related to the lower quantity of D5 diffused in the
material, with a limited penetration capability, due to the layer’s lower porosity. On
the other hand, Egyptian blue layer appears to be still optically influenced by the
presence of D5 in the layer, presenting lower grey values in the layer thickness,
even if not comparable with the TO changes registered.

This could confirm the effective tendency of D5 to evaporate, even if not
strictly in few hours.

In consideration of the previously highlighted limit of detection of the OCT
system, a specific and systematic experimental activity should be designed, and
possibly integrated with other techniques, not developed in the frame of this Ph.D.
thesis.

4.5 Conclusions

Concerning each of the topics studied, interesting results were gained, which
could be considered a good base for further investigations.

In particular, the possible measure of different features, such as thicknesses and
sub-superficial roughness, with a unique analytical, and low cost, tool, offer a
concrete support to monitor the cleaning process while performing it, even if not
properly in real time. It is important to highlight that a completely non-invasive
measure of the sub-superficial colour interface profile is for the first time, at the
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best of our knowledge, validated. A possible upgrade in the measurement
methodology of the sub-superficial roughness profile, quite complicate and time-
consuming, could be the implementation of a specific algorithm, providing a step
forward for the final goal of a real time monitoring.

For sure, the combination with other analytical techniques, such as
spectroscopic techniques to document and measure the thinning of materials step
by step during the intervention while chemically characterizing them would
mitigate the uncertainty of the OCT measurements and implement a possible
imaging system combining the data acquired.

Moreover, concerning the measure of the roughness profile, the possible
reconstruction of OCT volumes (Figure 4.24) in a 3D dataset (first attempts were
carried out through VG studio max® Software) could open a possible
standardization process for an evaluation of the roughness features following the
Areal Method.

Figure 4.24. Volume reconstruction of R1: OCT volume scan (qualitative image of the real
roughness) and magnification of a detail of the extracted surface 3D mesh (potentially quantitatively
measurable)

It is important to underline that, since the measurements are based on the texture
information obtained from N single sections, the resulting data may not always
reflect the irregularity characteristics of the overall surface area such as the
orientation of parallel grooves and scratches, difficult to discern using the profile
method.

As a future perspective, a second step of evaluation should be implemented,
based on three-dimensional surface texture data with abundant areal information,
whose weighting could highly support an evaluation of the impact of treatments
(not only cleaning ones) on the surface roughness.

Finally, insights on the interaction between D5 and the treated matter have been
gained, even if only qualitative evaluations have been proposed.
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Chapter 5

Case study

5.1 Premise

Since 2014 the CCR “La Venaria Reale” is partner of the international research
project titled Vatican Coffin Project [121]. All the involved institutions (Musei
Vaticani, Vatican City State; Musée du Louvre, Paris, Rijksmuseum van Oudheden,
Leiden; Museo Egizio, Turin, Centre de Recherche et de Restauration des Musées
de France, Paris;, Centro Conservazione Restauro “La Venaria Reale”, Turin;
Victoria Asensi Amoros, Xylodata Paris) are sharing the same approach for the
research and conservation of anthropoid wooden yellow-type coffins, dating from
the 21% Dynasty (1076-944 BCE) to the beginning of the 22" (ca. 943-870 BCE)
and characterised by a yellow background. The final goal of the VCP is to create a
shared database with all the information concerning the construction and painting
techniques, conservation methodology, and scientific analysis, as explained in
[122]: “An approach that takes seriously the materiality of Egyptian coffins, i.e. not
study them as bearers of text/decoration or mummy containers only, is a
desideratum in Egyptology. The Vatican Coffin Project seeks to close this gap by
focussing on the material aspects of the Egyptian coffins together with their
symbolic and cultural values”.

5.2 Yellow-type coffins’ technical features

Technically, the yellow-type coffins are comparable to Medieval panel painting,
both in terms of constructing techniques and paint layering on a ground preparation.

The wooden support is usually prepared with mixtures based on carbonate with
quartz inclusions, bond with animal glues or vegetable gums, layered and
progressively smaller in particle size (ground layer), having the function both to
repair irregularities in wood working and to shape precisely the coffins.
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The most superficial preparation layer, a white-coloured calcium carbonate-
based material, also bonded with vegetable gums or animal glues, in some cases is
enriched with relief elements obtained with mixtures of CaCO3 and casein.

The painting decoration generally features a yellow background, usually
applied to the whole surface, and a painted decoration applied over it, using pure or
mixed colours.

Finally, a varnish layer (a natural resin, frequently corresponding to a Pistacia
resin) is spread irregularly on the coloured surface, likely as a ritual material (for a
detailed description of yellow coffin techniques, please refer to [123]).

5.3 Issues in Turin’s yellow-type coffins

The CCR “La Venaria Reale” activity focuses on the study and conservation of
the wooden painted coffins belonging to the Museo Egizio in Turin. Original and
intervention materials, artistic techniques, conservation issues, and deterioration
processes were investigated over time.

One of the main issues that was observed is the presence of deteriorated acryl
resin (Paraloid® B72) on several artefacts, most likely used to consolidate the paint
layer, clearly visible all over the surface, covering the original materials, retouches
and, in some cases, penetrating inside cracks or porosities. Its presence is extremely
problematic on coffins belonging to the yellow type due to issues related to the
irregular distribution of the natural resin layer, both in thickness and location, to be
considered in the case of overlapped Paraloid® B72 removal.

In fact, due to the irregular distribution of the original resinous finish on top of
the coffin lid, the acryl resin can cover both the colour surface, water and solvent
sensitive, and, where present, the natural resin layer, whose parameters of solubility
are close to the Paraloid® B72 ones. To tailor a specific methodology of intervention
to the characteristics of the specific treated area this issue should be considered.

Moreover, in Egyptian funerary art the use of materials (especially superficial
finishes) frequently goes hand in hand with ritual/magical meanings and the
location of the original varnish can contribute to the correct reading of the artefact
on multiple levels of meaning.

For these reasons, the preliminary mapping of the surface distribution and
thickness variations of the original resin is essential and represents a critical
objective: to study and possibly to develop an imaging method to enhance the
distribution of the original varnish on the surface, difficult to detect visually when
thinner, due to the co-presence of yellow backgrounds combined with a greyed
Paraloid® B72, possibly distinguishing both in relation to their chemical nature.

5.4 The coffin lid of Tamutmutef (Cat. 2228)

A new exhibition area in the Museo Egizio, inaugurated as part of its
bicentennial celebrations, features in the first room a permanent display dedicated
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to studying materials used in Ancient Egypt, with a focus on the Tamutmutef coffin
set (ME inventory number Cat. 2228; 21st-22nd Dynasty) and the investigations
performed to tell the story of its artistic technique.

Among other questions, the documented hypothesis of reuse [124] of the coffin
lid of Tamutmutef, whose general shape immediately hints to a different
chronology, i.e. 19th-Dynasty festive dress coffins (Figure 5.1), led to perform
specific analytical investigations to uncover possible scientific evidence supporting
the stylistically-based hypothesis, with specific reference to a possible update of the
decoration providing a complete new painting directly created on the white dress
while maintaining the original features of the collar. Concerning the latter, possible
modification during the re-decoration of the body has not been excluded.
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Figure 5.1 Left: coffin lid of Tamutmutef, ME Cat. 2228. Centre: Coffin of Lineferty,
Metropolitan Museum of Art 86.1.2a; 86.1.5a TT1(Face Revealed Project®). Right: Coffin of
Weretwahset, Brooklyn Museum 37.47Eb.

The CCR “La Venaria Reale” was entrusted with the complete study of the set
(involving, besides the lid, the box and the mummy cover), both jointly with the
VCP partners and in cooperation with other research institutions.
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Through detailed analysis of the construction techniques, decoration patterns,
painting materials and resinous finishes, the campaign supported a better
understanding of the find, besides providing information useful to tailor the
conservation treatments for its correct preservation.

As highlighted for many objects at the Museo Egizio, the presence of a
Paraloid® B72 layer on the coffin lid decorated surface was detected.

Considering the availability of non-invasive and micro-invasive analytical data,
the case study was considered ideal for the application of OCT and RS
measurements within a complex system, as a following step after the experimental
results collected.

5.4.1 CCR analytical campaign

For the study of the coffin lid, an analytical campaign featuring non-invasive
and micro-invasive techniques was carried out to integrate the investigations
already performed on the same artefact in 2014.

As regards the documentation with multiband imaging techniques,
photographic documentation in Vis-D, UVL, IRR NIR and IRFC were
preliminarily performed to highlight the distribution of film-forming substances
and/or paint coatings present on the surface, material inhomogeneities such as any
retouching, repainting, filling and gaps. Besides this, images of the VIL, (Figure
5.2) were acquired to map the presence of Egyptian blue [125].

FT-IR analyses were performed for the molecular characterisation of the
original and intervention organic materials, and micro-stratigraphic samples were
taken to understand, characterise and measure the thickness of the layered materials
by means of OM Vis-UV and SEM/EDS.

Finally, XRF measurements were carried out on the blue backgrounds, aimed
at identifying possible compositional clusters and, therefore, different decoration
phases.
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Figure 5.2. Top: Lid detail: visible light (left) and VIL photography (right), showing the
distribution of Egyptian blue. Bottom: XRF spectrum of Egyptian blue, acquired from the eyebrow.

Maintaining the focus on the quantification of the thickness of the transparent
and semi-transparent layers applied on the surface, the following paragraphs report
only the results considered useful for the specific aim of evaluating the accuracy of
OCT measurements, with RS spectroscopy as integrated approach, aimed at a
preliminary mapping (in perspective) of their distribution and variability in
thicknesses.

Concerning the data referred to the presence of superficial transparent layers, a
surface film-forming substance mixed with orpiment was observed using digital
microscopy, probably a resinous finish applied with a ritual function. Since this
layer is also present above the abraded areas or gaps, it is assumed that it was
applied on an already partially degraded painted surface. Furthermore, a compact
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black layer, apparently underlying the superficial decoration, was visible; to date,
it has not yet been possible to achieve a clear identification of this black material.

(Figure 5.3).

Figure 5.3. Coffin lid details: (a) paint with orpiment grains (magnification 20x); (b) black layer
beneath the painted decoration (right: detail of the black layer).

Micro-invasive analyses made it possible to highlight the substances
overlapped over time on the original decoration: the use of synthetic resins was
detected by means of FT-IR spectroscopy, jointly with previous retouches

performed in the modern era (Figure 5.4).
Optical and electron microscopy documented the overlapping of the acryl resin-

based layer on an ancient resinous finish, even if a clear distinction between the two
layers is not immediate. Considering the micro-samples collected in the same areas
where OCT and RS have been performed (five sampling points), the estimated
mean thickness of the acryl resin resulted to be around 6-7 um in each sampling
point, while for the natural resin a great variability was noticed, with values between
20 and 130 pum, with a prevalence of thickness around 40-45 pum (table 5.1).

Absorbance

Wavelenght cm D

Figure 5.4. FT-IR performed on a sample of the superficial finish of the coffin lid. Peaks in 2931,
2869, 1720 cm! are attributable to a natural resin, while peaks in 1720, 1444, 1389, 1242, 1166, 1141,

1030 cm™! to an acryl resin.
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Table 5.1. Sampling areas and OM images of the cross sections used as reference for the OCT

measurements.

Sample
number
and
sampling

SEM
measured
thicknesses

-acryl resin:
6-7 pm
-natural
resin: NO

-acryl resin:
6-7 pm
-natural
resin:

35-40 pm

-acryl resin:
6-7 pm
-natural
resin: NO

-acryl resin:
6-7 pm
-natural
resin:
135-140 pm

-acryl resin:
6-7 pm
-natural
resin:

20-85 um

Concerning the Egyptian blue characterisation, its use agrees with the results
of XRF analysis on the blue-coloured areas of the lid, showing the presence of
copper, calcium and silicon. The relative relationships between the main (Cu, Ca,
Si) and trace elements, to recognize possible different decorative phases of the lid,
have been analysed looking for distinct correlation groups based on the
composition. However, the analysis of the spectra did not lead to a clear correlation,
therefore not allowing a discrimination for a possible different manufacture.
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5.5 Integration of the results with OCT and UV
spectroscopy

Considering the analytical campaign performed by the CCR “La Venaria
Reale” Scientific Laboratories, OCT and RS spot analyses were carried out to
compare the gained results with the data already available.

Concerning the verification of the OCT measurements capability to highlight
the overlapping of different transparent materials, i.e. original (natural resin) and
modern (acryl resin) layers of varnish, and therefore its capability of measuring
their thicknesses in a non-invasive way, SEM measurements of the organic layers’
thickness, when available, were compared to the ones obtained with OCT imaging.

Moreover, an evaluation of the contribution of RS has been considered.

Besides this, given the spectral behaviour of Egyptian blue highlighted in the
frame of the experimental activity while performing RS measurements, additional
measurements were carried out in the same points of the XRF campaign, to gather
additional data possibly useful to highlight eventual differences between the coffin
lid blue decoration on the collar and the blue one on the body.

A map of the distribution of the OCT spot measurements performed is given in
Figure 5.5.
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Figure 5.5. Left: OCT measurements location; right: XRF-FS measurements location.

81



5.5.1 Measurement of the thicknesses and distribution of the
transparent layers

Among the OCT and RS measurements performed and mapped in Figure 5.5,
the n. 28 (breastbone), 29 (collar, right side), 30 (left leg) and 31 (title, feet),
corresponding to the stratigraphic samples’ areas summarised in Table 5.1, were
considered and measured.

Interestingly, the acquired OCT image in the point 29, corresponding to the
stratigraphic sample n. 5, highlights the irregular distribution of the mastic resin
underneath the acryl layer, visible only on the left area of the b-scan.

This could explain the impossible discrimination of the natural varnish layer in
the analysed stratigraphic sample, where the Paraloid® B72 layer only was detected
and measured (Figure 5.6).

Figure 5.6. Detail of the OCT measurement (point n. 29) carried out on sampling point n. 5.

In this case, only the superficial acryl resin layer was measured and quantified
in 15.36 £ 0.95 pum. In consideration of the mean value of 6-7 um given by SEM
measurements, the OCT value seems to overestimate the thickness of the layer.
Even if it is not to be excluded that, in this specific point, the SEM measurement
could underestimate the value considering SEM samples preparation (cutting,
coating) that might alter dimensions or create artifacts, the OCT instrumental
uncertainty leads to consider this value not fully reliable.

Additionally, in the case of variable thickness of the resin layer, the location of
the SEM measurement might happen to be at a thinner region.

To better understand a possible overestimation of the OCT system, other two
images of the point n. 29 (c-scan) were analysed; results, summarised in Table 5.2,
are in accordance with the first measurements taken.
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Table 5.2. Additional OCT measurements performed on other two images of the point n. 29 c-scan
for a correct understanding of the resulted values

Point of Mean measure Mean measure St. Dev. SEM reference
analysis (px) (um) (um) measure
(pm)
29 4 15.36 3.69 6-7
29, 4 15.36 4.84 6-7

In consideration of what emerged while evaluating the instrumental limit, equal
to (11.3 £ 1.8) um, and, additionally, considering the operator image reading, the
thickness of the acryl resin in this case study seems to be inferior to the detection
capability of the OCT system used.

Only a qualitative evaluation can be therefore offered.

The results obtained on the other points of analysis are aligned for what
concerns this specific measure, thus suggesting focussing on the natural resin layer
thickness, measured applying a different calibration factor due to the different
material’s RI, equal to 1.538 (Table 4.1): the emerged values are compatible with
the ones offered by SEM analyses (Table 5.3).

Table 5.3. Mean thickness values for the two points of analyses compared to the SEM cross
sections ones.

Point of Mean measure Mean measure St. Dev. SEM thickness
analysis (px) (Lm) (um) measure (um)
30 8.74 32.37 1.39 35-40
28 29.27 89.67 20.35 20-85
135-140

It is worth underlining that, due to the high thickness variability of the natural
resin layer, OCT measurements should be considered extremely valuable for the
system capability of acquiring over 100 b-scans in 1 mm x 7 mm area of analyses,
thus suggesting its feasibility for a completely non-invasive mapping of the
thickness variability on the material.

5.5.2 Reflectance spectroscopy measurements

Concerning RS measurements performed on the Egyptian blue areas, the
extremely variable presence of the natural resin layer underneath the Paraloid® B72
layer and the colour variability in thickness due to abrasions and technical features
such as relief details, represented a criticality in the correct evaluation of the
emerged values.

Despite this, an attempt, to be considered a preliminary measure in detecting
the original aged natural varnish, was made, to be further developed with referenced
models. RS measurements were acquired both with light sources in the Vis-NIR
(450-850 nm) and UV (395 nm) regions.
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First, RS measurements were carried out with the NIR broadband (450-850 nm)
source, showing clearly a distinction between mastic and non-mastic areas,
demonstrating the method's capability in layer differentiation (Figure 5.7).
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Figure 5.7. Plot showing a comparison of RS measurements acquired in specific point areas with
or without the mastic layer (direct observation discrimination). The first arrow (= 650-700 nm)
indicates a more pronounced dip between the two main peaks for the ‘non-mastic’ points of measure.
At the second arrow (= 900-1000 nm) the ‘mastic’ points of measure show a slightly higher intensity.

Mastic appears to cause spectral broadening in the valley between peaks, and
enhancement of the intensity in the longer wavelength, suggesting that the resin
might introduce additional fluorescent components. Differences, while subtle, are
consistent between the different measurements, suggesting they represent real
physical effects rather than measurement artifacts.

As a second step, RS measurements were carried out with the 395 nm excitation
source, also considering the mastic resin response to Fluorescence spectroscopy,
with fluorescence bands at around 425 nm when excited at 368 nm ([126], Figure
5.8).
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Figure 5.8. Average fluorescence of organic binders and natural varnishes (Nevin et al. 2009°).
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Observing the results of a sample of resin from the case study, the dominant
peak around 400 nm appears to be largely unrelated to the mastic itself, likely
showing the excitation light itself. Very low signals are visible but cannot be
considered sufficient to clearly distinguish specific spectral features for the resin
(Figure 5.9).
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Figure 5.9. Mastic RS measurement at 395 nm excitation.

In consideration of this, the 450-850 nm excitation source permits to highlight
some distinctive features, particularly the visible range characteristics and the
beginning of the NIR signatures. A possible improvement of the results might
involve measurements with excitation sources below 395 nm, with a system
equipped with appropriate optical excitation and emission filters as highlighted in
[126].

Finally, a tentative detection of calcium oxalates, typically present in extremely
aged and deteriorated materials, that might be distinguished from the underlying
varnish matrix, might entail a more comprehensive analysis. Extending detection
beyond 850 nm would capture additional diagnostic features that could highlight
the specificity of oxalate identification [127], [128].

5.5.3 Contribution of the analyses to the study of the find

An interesting feature appears to be detectable by means of OCT, even if only
a qualitative evaluation can be given: the orpiment particles observed in mixture
with the natural resin layer, documented with digital microscopy (Figure 5.3a), are
easily visible, and potentially measurable in all the b-scans of the n. 28 OCT volume
(Figure 5.10).
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Figure 5.10. OCT b-scan (n. 066) taken from the entire volume acquired for the n. 28 point of
analyses. The yellow arrows highlight particles in the natural varnish, likely corresponding to the
orpiment pigment.

Interestingly, this feature appears only in b-scans of the upper portion of the
coffin lid, thus suggesting an application of a differently composed resinous finish
on the body, to be considered possible evidence of reuse of the find.

Finally, as an attempt of integration of the OCT and RS measurements
performed on the case study, HSI was acquired on the entire surface, in the hope of
highlighting features emerged with the point analyses and any further interesting
feature related to the superficial layers investigated, possibly integrating the results
and gaining a false colour map showing the distribution of the mastic resin on the
surface.

For these measurements a MuSES-9HS HSI system by Spectricon, working in
400-1000 nm wavelength range with 5 nm precision steps and dedicated 365 nm
UV source, was available.

Better fitting these technical features for detecting painting materials such as
pigments, no significant and complementary information on the specific detection
of the superficial resin was obtained.

As a future perspective, given the obtained results, RS should be integrated with
other spectroscopic techniques working in different wavelength ranges, such as
reflection FTIR, Fluorescence and SWIR spectroscopy, to gain a specific spectral
fingerprint of the investigated resin. Combining the spectroscopy information with
HSI working in a wider wavelength would likely be more effective for mapping
purposes.
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Chapter 6

Conclusions

The primary objective of this PhD research has been the development and
validation of an analytical methodology to inform conservators about the chemical,
optical, and morphological effects of cleaning treatments, potentially in real-time.

OCT measurements were thoroughly evaluated as a non-invasive approach for
assessing material removal from painted surfaces. While the quantification of
transparent materials' thickness proved compatible with SEM analyses, OCT
measurements showed limitations in accuracy: the pixel-to-micron conversion
factor introduces a quantization limit, preventing measurement of changes smaller
than 1 pixel (i.e. 5.71 pm). Additionally, the accurate quantification of thickness
becomes unreliable below approximately (11.3+1.8) um, making lower values
potentially arbitrary.

Despite these limitations, OCT offers significant advantages for real-case
applications enabling completely non-invasive measurements that can be repeated
across the entire surface over time without any sampling requirements. This
represents a considerable benefit in terms of both practicality and cost-effectiveness
compared to invasive techniques.

Preliminary investigations demonstrate that combining OCT with RS could
potentially enhance measurement accuracy preliminarily to cleaning treatments and
during the materials removal, while simultaneously determining layer composition.
Future research should expand the dataset including different compositions, both
for coloured backgrounds and for transparent materials, to comprehensively
evaluate the technique's applicability to real case studies.

The integration of OCT with other spectroscopic techniques, currently under
investigation, may further boost the contribution given by RS only, providing
comprehensive information on spectral behaviours of a wider range of varnishes
and consolidants.
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A significant achievement of this research was the successful validation of OCT
for the roughness profile quantification, both superficial and sub-superficial one,
the latter an almost unsolved issue in the field.

Concerning the evaluation of OCT measurements’ accuracy, a custom
algorithm was developed to increase the available dataset and support statistical
verification. While OCT measurements showed some overestimation compared to
direct roughness measurements, the non-invasiveness of the method permits to
measure also extremely delicate surfaces without any risk of damage. Moreover,
the potential reconstruction of OCT volumes into 3D datasets opens possibilities
for standardizing roughness evaluation following the Areal Method.

Future work should implement three-dimensional surface texture analysis with
comprehensive areal information, which could significantly enhance the
assessment of treatment impacts on surface roughness.

The sub-superficial roughness profile quantification, carried out manually,
provided valuable non-invasive information about varnished painted surfaces
roughness, which are impossible to measure with direct measurements.

Statistical validation through T-testing confirmed the methodology's viability.

Looking ahead, an algorithm designed to detect sub-superficial roughness
profiles should be fine-tuned using the methodology proposed in this PhD research.
This would expand the dataset and make the analysis more practical for real
conservation processes by saving time and simplifying procedures.

The application of OCT measurements to evaluate cleaning treatments
demonstrated the technique's ability to quantify changes in sub-superficial
roughness profiles after the removal of materials.

Additionally, the spatial distribution of cyclo-penta-dimethyl-siloxane in
treated layers was qualitatively evaluated. Interestingly, it appeared to create an
effect like "optical clearing" in biomedical imaging, where matching refractive
indexes reduces scattering and increases imaging depth.

Plot profiles quantifying the difference in scattering before and after the solvent
application showed a general reduction in grey values, indicating both penetration
and diffusion of the solvent within the layer.

The filling of microporosities was particularly visible in lower portions of the
treated layer but contact angle testing confirmed a substantial reduction in material
reactivity despite no visible changes in the superficial portion were observed in
OCT scans.

Given the OCT system's resolution limitations in the micrometer range, further
systematic experimental activity should be designed and potentially integrated with
complementary techniques to fully characterize these phenomena.

The results achieved with OCT measurement extends beyond cleaning
treatment assessment: first, the validated OCT methodology for roughness profile
measurements potentially makes the monitoring of any change in the roughness
profile possible, thus permitting an objective evaluation of the safeness of other

88



conservation treatments, like, e.g., consolidation treatments of the painting
stratigraphy and of lining of painting on canvas.

Moreover, the capability of OCT in highlighting optical changes in treated
materials related to scattering properties could support the measurement of the
spatial distribution of consolidants in the treated paint layers.

Integration of OCT with spectroscopic techniques appears promising even if
the spectral contributions of components in complex multilayered or mixed systems
remains understudied.

Despite challenges such as varnish composition, thickness variations, and
underlying surface reflectance, promising results were obtained using reflectance
FT-IR spectroscopy and spectroscopy in the SWIR range [65]. Their integration
with HSI could potentially support mapping resin distribution even if overlapped
by different coatings, also trying to the detect calcium oxalates spectral features
typically present in aged materials.

Finally, artificial intelligence techniques demonstrated significant potential as
complementary tools that enhance traditional conservation approaches with
advanced analytical capabilities.

By combining the nuanced understanding of experienced conservators with the
computational power of Al systems, this integrated approach could establish new
standards for artwork preservation through thoughtful technological innovation.
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Appendix A

Detailed description of the preliminary screening set of mock-ups.

CATHEGORY MOCKUP DESCRIPTION MOCKUP
DESCRIPTION identification number
Gum Arabic (GA) 1
A Rabbit glue (RG) 2
Egg yolk (EY) 3
Transparent film forming Linseed Oil 4
materials Mastic resin (MR) 5
Dammar resin (DR) 6
Copal resin (CR) 7
Beeswax 8
B Acryl resin (Paraloid B72) 9
Polyvinylacetate (PVAc) 10
Modern conservation Chetonic resin 11
treatments materials Aldeidic resin (Laropal A81) 93
GA+Beeswax 12
C GA +P.B72 13
GA +PVAc 14
A + B overlapping GA +Chetonic 15
GA +RG 16
RG+ Beeswax 17
RG +P.B72 18
RG + PVAc 19
RG + Chetonic 20
RG + RG 21
EY+ Beeswax 22
EY + P.B72 23
EY +PVAc 24
EY +Chetonic 25
EY + RG 26
Oil + Beeswax 27
Oil+ P.B72 28
Oil + PVAc 29
Qil + Chetonic 30
Oil + RG 31
MR + Beeswax 32
MR + P.B72 33
MR + PVAc 34
MR + Chetonic 35
MR + RG 36
MR + Beeswax 37
MR + P.B72 38
MR + PVAc 39
MR + Chetonic 40
MR + RG 41
CR + Beeswax 42
CR +P.B72 43
CR +PVAc 44
CR + Chetonic 45
CR +RG 46
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GA +pigment (Raw Sienna) 47
D RG+pigment (Raw Sienna) 48

Paint layer (Binders + Eﬁ.{+p.igment (Raw S.ienna) 49
pigment) Oil+pigment (Raw Sienna) 50

MR+pigment (Raw Sienna) 51

L A8l+pigment (Raw Sienna) 52

GA +RS+ Beeswax 53

E GA +RS+ P.B72 54

GA +RS+ PVAc 55
D + A + B + D overlapped _GA +RS+Chetonic 56
combinations GA +RS+ GA +pigment (yellow 57

Ocher)

GA +RS+ RG+Pigment (Yellow 58

Ocher)

GA +RS+ 59

Oil+Pigment (Yellow Ocher)

GA +RS + EY+pigment 60

GA +RS + MR+pigment 61

(Yellow Ocher)

GA +RS + L AS8l+pigment 61

(Yellow Ocher)

RG+RS+ Beeswax 63

RG+RS + P.B72 64

RG+RS + PVAc 65

RG+RS + Chetonic 66

RG+RS + GA +pigment (yellow 67

Ocher)

RG+RS + RG+Pigment (Yellow 68

Ocher)

RG+RS + Oil+Pigment (Yellow 69

Ocher)

RG+RS +49 70

RG+RS + MR+pigment (Yellow 71

Ocher)

RG+RS + L AS8l+pigment 72

(Yellow Ocher)

EY+RS+ Beeswax 73

EY+RS +P B72 74

EY+RS + PVAc 75

EY+RS + Chetonic 76

EY+RS + GA +pigment (yellow 77

Ocher)

EY+RS + RG+Pigment (Yellow 78

Ocher)

EY+RS + Oil+Pigment (Yellow 79

Ocher)

EY+RS +49 80

EY+RS + MR+pigment (Yellow 81

Ocher)

EY+RS + L AS8l+pigment 82

(Yellow Ocher)

Oil+RS+ Beeswax 83

Qil+RS + P B72 84

Oil+RS + PVAc 85

Qil+RS + Chetonic 86

Oil+RS + GA +pigment (yellow 87

Ocher)

Oil+RS + RG+Pigment (Yellow 88

Ocher)
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Oil+RS + Oil+Pigment (Yellow 89
Ocher)
Oil+RS +49 90
Oil+RS + MR+pigment (Yellow 91
Ocher)
Oil+RS + L AS8l+pigment 92

(Yellow Ocher)
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Appendix B

CERTIFICATE OF INSPECTION

Direct measurements on R1 L area.

= Evaluation Profile L1
3

5,0
[mm]
Standard | 301997 M 7
Profile R Cut=0ff 0.8mm
s 2.5um Filter GALSS
Ra 6.684 um
Rz 41.139 um
Rp 15,825 uym
R 25,315 pm

Copyright (C) 2013 Mitutoyo Corporation
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30,0
20,0
10,0

0,0
-10,0
-20,0
-30,0
-40,0
-50,0

30,0
20,0
10,0

0,0
-10,0
-20,0
-30,0
-40,0
-50,0

Evaluation Profile L2

0,0

1,0 2,0 3,0 4,0 5,0
[mm]
Work Mame Sample Oprator Mitutoyo
Measuring Tool SurfTest Comment WVer2.00
Standard 1501997 N 7
Profile R Cut-Off 0.8mm
As 2.5um Filter GAUSS
Ra 7.115 um
Rz 39.948 ym
Rp 14.604 ym
Rw 25.344 um

Evaluation Profile L3

Copyright (C) 201 3 Mitutoyo Corporation

L,uu Py nte P ]ty S

|
Sl (R

A

0,0

106

1,0 2,0 3,0 4,0 5,0
[mm]
Work Name Sample Oprator Mitutoyo
Measuring Toal SurfTest Comment Ver2.00
Standard 1501997 N 7
Profile R Cut-Off 0.8mm

hS 2.5pum Filter GAUSS

Ra 8.308 pym

Rz 44,085 um

Rp 17.557 um

Ry 26,497 um

Copyright (T} 201 3 Mitutoyo Corporation



1S
30,0

Evaluation Profile L4

20,0 r

10,0 -
0.0 l"ll“"’k’u‘

l'i”.ln i U M‘ W L “ ,n,h |
TN AT /

-10,0
-20,0
-30,0
-40,0
0,0 1,0 2,0 3,0 4,0 5,0
[mm]
Work Name Sample Oprator Mitutoyo
Measuring Tool SurfTast Comment Viar2.00
Standard 1501997 N 7
Profile R Cut-Off 0.8mm
A3 2.5pm Fiter GAUSS
Ra 6.696 um
Rz 41.005 pm
Rp 16.081 pm
Ry 24.924 um
Copyright (C) 2013 Mitutoyo Corporation
g Evaluation Profile L5
360,0
40,0
20,0
0,0
-20,0
-40,0
-60,0
-80,0
-100,0 -
-120,0
-140,0
0,0 1,0 2,0 3,0 4,0 5,0
[mm]
Wiork Name Sample Oprator Mitutoyo
Measuring Toal SurfTest Comment Vir2.00
Standard 1301897 N 7
Profile R Cut-Off 0.8mm
A5 2.5pm Fiter GAUSS
Ra 7.989 um
Rz 54.512 ym
Rp 18.398 um
Rw 36.114 pym

Copyright (C) 2013 Mitlutayo Corporation
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Appendix C

thermoscientific
H1

Overview

Field of view: 1.30 mm
As: 2

23.61 nm

Ac: 282.84 um

Sa: 8.86 um
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Roughness Profiles

Profile 1 - Rz: 30.73 um - Py
Ra: 8.41 um "

oY |

na w470 FAEA jim

Profile 2 - Rz: 23.28 um - g
Ra: 4.89 pm

1,
g [V THEH pm

Profile 3 - Rz: 30.01 um - nm
Ra: 6.68 um

o ba}d 12968 um

Profile 4 - Rz: 28.62 um - o
Ra: 6.44 pm

42570

<1TRN0 4

HeEI2 I -
[k WS 12351 prm
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Profile 5 - Rz: 31.15 um -
Ra: 7.37 pm

o
ST Y

EE

“ETREEA

FLIZT
[EL)

Y 1288 E pm

Profile 6 - Rz: 50.18 um -
Ra: 9.51 pm

nim
5329

553
-2IhE3

BE&a 2
[i]

w43 12998 um

Profile 7 - Rz: 46.35 um -
Ra: 9.19 pm

rrm

5623429

AEAE4.14

3253

Zrsea |

-55602.2
[

k] 13956 uin
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H?2

Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 5.37 um
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Roughness profiles

Profile 1 - Rz: 40.57 ym - | b7
Ra: 5.75 pm e
7.2
59
fad
507 .
LRE 1.0 27 mem
Profile 2 - Rz: 26.69 pm - | "
Ra: 4.43 pm
T2
Iag
Fad
-EI'-?._I 3 5 =
Profile 3 - Rz: 22.47 ym - | #mn
Ra: 4.13 um 125
792
5.9
7.4 4
.7
0.0 2.1
Profile 4 - Rz: 17.21 ym - il
Ra: 3.40 pm
702
i)
-Hl‘";.'l it K5 R
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Profile 5 - Rz: 17.67 ym -
Ra: 3.20 pm

Profile 6 - Rz: 21.19 um -
Ra: 4.01 pm

Lt

T4

10 71 men

Profile 7 - Rz: 39.09 um -
Ra: 5.39 um

] 2 Taren
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Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 pm

Sa: 6.34 um
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Roughness Profiles

Profile 1 - Rz: 35.38 um -
'IH‘:'?:

um

Ra: 4.81 pm
AL
FRER
£y
500 ] py
04 ] 1 mm
Profile 2 - Rz: 30.64 pm - | "
Ra: 5.11 pm
1.5
LN
- L 21 ey
Profile 3 - Rz: 12.79 pm - | "
Ra: 2.98 pm
.
A1 8
E:rll-lq Fi 2 Lana
Profile 4 - Rz: 18.76 um - | "
Ra: 3.87 pm
4,5
-Tlrl;:r o 2 BT
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Profile 5 - Rz: 19.23 ym - | "
Ra: 3.72 pm

[t 1 z1mm

Profile 6 - Rz: 29.57 um - | ‘7.
Ra: 4.33 pm

:J. : 1II:| 27 mrm

Profile 7 - Rz: 28.58 ym - | ™
Ra: 3.90 pm

Profile 8 - Rz: 54.68 ym - |
Ra: 7.26 pm

LIESN

Mme |

B
(1]

I Zlmm

117




H4

Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 ym

Sa: 5.54 pym
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Roughness profiles

Profile 1 - Rz: 90.39 pm - X
Ra: 122.34 pm P
7258
152
3 ¥
0 1 i mm
Profile 2 - Rz: 59.36 ym - | um
Ra: 169.49 um o
5%
"1
s
§1.3. : 7
i 10 Z1rm
Profile 3 - Rz: 5829 pym - | j
Ra: 171.05 pm
Profile 4 - Rz: 64.54 ym - | ..o
Ra: 183.13 pm ™,
g

a1 rmm
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Profile 5 - Rz: 67.16 um - | 7
Ra: 205.00 pm Sk
1711
ez
413 =
aa 1.0 1 mm
Profile 6 - Rz: 58.18 ym - ol
Ra: 197.53 pym B
2255
171.H
162
6.3+ -
ILI¥ 1.0 Limm
Profile 7 - Rz: 45.18 um - | ™
Ra: 184.00 pm s
2253
Wi o
11632
1.3 T
an 1.0 Z1mm
Profile 8 - Rz: 37.56 ym - By
Ra: 143.25 um '
2259
1711
1162
6.3 '
a0 10 ZTmm

120




HS

Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 6.02 um
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Roughness profiles

Profile 1 - Rz: 4027 um - | ‘7,
Ra: 5.86 pm
e
&0
an LI mm
Profile 2 - Rz: 18.72 um - | s
Ra: 4.20 pm
Profile 3 - Rz: 18.02 um - | .0
Ra: 3.85 pm e
Profile 4 - Rz: 19.26 um - | =
Ra: 3.53 pm
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Profile 5 - Rz: 20.14 um - | "
Ra: 4.21 pm

AvE

-0

il 1o T ren
Profile 6 - Rz: 24.74 pm - _;-::.+
Ra: 4.11 pm |

4324

4574

Profile 7 - Rz: 37.75 pm - | ™
Ra: 5.08 um

Profile 8 - Rz: 49.65 pum - |+
Ra: 6.63 pm
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H6

Overview

.

- R

=
-

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 5.20 pum
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Roughness profiles

Profile 1 - Rz: 31.97 ym - | 1
Ra: 4.68 pm |

(W 2T

Profile 2 - Rz: 19.42pym - | ="
Ra: 3.58 um :

Profile 3 - Rz: 15.13 pm - | "™
Ra: 2.82 pm

&1.10

oo 10 21 min

Profile 4 - Rz: 22.94um - | ™
Ra: 3.83 pm

) : o
oo 10 21 mm
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Profile 5 - Rz: 24.32 ym -
Ra: 437 pm

i
574

41.04

11.7

21 mm

Profile 6 - Rz: 18.26 um -
Ra: 3.78 um

41,0+

118

R
JIRE

Profile 7 - Rz: 22.76 um -
Ra: 3.61 pm

jom
574

Profile 8 - Rz: 38.42 um -
Ra: 4.90 pm

a7l
o

57 4-

147

e i

27 mm
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H7

Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 ym

Sa: 5.06 um
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Roughness profiles

Profile 1 - Rz: 31.26 pm
-Ra: 5.12 pm

urm
551

164

1 21 mm

Profile 2 - Rz: 21.68 pm
-Ra: 4.18 pm

1]

nd

1.0 21 mm

Profile 3 - Rz: 18.46 ym
- Ra: 3.67 um

-

1.0 L7'mim

Profile 4 - Rz: 20.71 pm
- Ra: 3.60 pm

1.0

1.0 2.1 mn
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Profile 5 - Rz: 15.70 um - Ra:

2.89 um

um
47

E3 T

1L
(1t

Profile 6 - Rz: 16.25 um - Ra:

3.02 ym

pm
=1

a4

2l mm

Profile 7 - Rz: 22.17 um - Ra:

4.21 pm

2Tme

Profile 8 - Rz: 30.16 um - Ra:

3.82 um

i
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H8

Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 5.13 pm
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Roughness profiles

Profile 1 - Rz: 30.13 um - | }7
Ra: 4.00 pm |
20.3
oy 10 Z1mm
Profile 2 - Rz: 19.45 um - | 2%
Ra: 3.26 ym i
*-Hn r'n 21 e
Profile 3 - Rz: 21.79 um - | 57
Ra: 4.02 pm
IS
pece|
Profile 4 - Rz: 22.83 um - | /:%
Ra: 4.29 pm N
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Profile 5 - Rz: 18.34pym - | kT
Ra: 3.23 pm

12.8

7.2

0.0 1 L1 mm

Profile 6 - Rz: 15.71 pm - -
Ra: 2.81 um g

3LE

arzl o 21 mm
Profile 7 - Rz: 21.42 ym - | [}
Ra: 3.37 pm

255

r.al 1o 2
Profile 8 - Rz: 34.83 pym - i
Ra: 4.38 um

I3

19.8

.k .:IIII'- [N Ll
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Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 ym

Sa: 14.20 pm
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Roughness profiles

Profile 1 - Rz: 30.15 pm -
Ra: 7.23 pm

wn
aih

ZEO0mm

Profile 2 - Rz: 39.56 pum -
Ra: 8.49 pm

HH
EIRE

-88.4

0.0 1.0

Z0mmn

Profile 3 - Rz: 31.95 um -
Ra: 6.21 pm

i
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Profile 4 - Rz: 43.70 ym -
Ra: 7.39 pm

Z0mm
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Profile 5 - Rz: 43.52 ym -
Ra: 9.08 pm

-Rd.H

Hmn
Alhy,

1.4

Profile 6 - Rz: 39.97 ym -
Ra: 7.78 pm

0 mm

Profile 7 - Rz: 51.55 pm -
Ra: 9.46 pm

Lhmm

Profile 8 - Rz: 21.69 um -
Ra: 9.08 pm

it
244

RLE

(B} 1o

=l mm
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L2

Overview

Field of view: 2.10 mm

As: 223.61 nm

Ac: 282.84 pm
Sa: 8.42 pym
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Roughness profiles

Profile 1 - Rz: 14.93 ym - | ™
Ra: 4.72 pm i

a5 0 I

-19.% ’ .
el 1A L1

Profile 2 - Rz: 17.66 pm - :;'1
Ra: 3.48 um
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Profile 5 - Rz: 20.67 pm -
Ra: 4.53 pm

um
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Zimm

Profile 6 - Rz: 17.30 um -
Ra: 3.90 pm

pm
4.1
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25

Profile 7 - Rz: 22.72 ym -
Ra: 4.50 pm

43

Profile 8 - Rz: 23.46 ym -
Ra: 5.08 pm
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Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 5.53 um
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Roughness profiles

Profile 1 - Rz: 14.84 um -
Ra: 3.29 pm
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Profile 5 - Rz: 18.60 um -

Ra: 3.38 pm
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Overview

Field of view: 2.10 mm
As: 223.61 nm

Ac: 282.84 um

Sa: 5.36 um
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Roughness profiles

Profile 1 - Rz: 23.95 pm - -
Ra: 4.48 pm '
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Profile 5 - Rz: 17.47 pm -
Ra: 3.29 pm
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Appendix D

Detailed R7 sub-superficial roughness profile OCT manual measurements.
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Appendix E

Grey values specifications (Y) for the Plot Profiles in Paragraph 4.2.2
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