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Introduction

Wooden Panel Paintings (WPP) represent one of the most significant components of our
Cultural Heritage and are generally characterized by an high level of complexity due to their
constituent materials, to the construction and production techniques, the interaction with the
environment, and their history of conservation and ageing [1]. They were mainly spread over
a period of time between the 12th and 16th centuries, when wood represented the main support
for painting, later gradually replaced by canvas.

They present, schematically, a multi-layered structure [2] consisting of the wooden support,
usually made up of several boards, covered with paint layers; they are made up of preparatory
layers, consisting main of gesso and glue and sometimes canvas, and of tempera or oil pigments
and dyes, and often a varnish on top.

In most of them, there is a containment system for the wooden support, consisting of crossbars
or frames, or sometimes a combination of both [3], [4]; these devices have the two main
functions of (i) to control the distortions that a painted panel may present and (ii) to facilitate
its handling and transport.

As far as warping are concerned, we can affirm that their main cause is variations in the relative
humidity (RH) of the environment in which the work of art is immersed and that they can be
of a transitory or permanent nature ; it should be remembered that wood is a highly hygroscopic
material and therefore tends to exchange moisture with the surrounding environment in order
to equilibrate with it and that this exchange of moisture leads to changes in shape.
Deformations of a transitory nature are generally caused by fluctuations in humidity and
environmental temperature, which generates variations in the equilibrium moisture content of
the wood, which develops internal moisture gradients, exacerbated by the hygroscopic
asymmetry between the painted front and the bare back of the support. The transient
deformation tends to stabilize when the wood becomes completely balanced with the
surrounding environment. In practice, however, except in exceptional cases of climate-
conditioned showcases, there are always fluctuations, albeit small, of the environmental
thermo-hygrometric conditions, and the paintings are, therefore, constantly affected by
transient deformations that result in continuous variations in their cupping.

Permanent deformations can be divided into the following macro-categories:

1. The cutting of the boards and the resulting orientation of the annual rings. The cause is
due to the anisotropy [5] of the shrinkage and swelling of the wood, especially in relation to
the tangential and radial directions, the ratio of which is not negligible, approximately 2 [6].
This type of cupping remains even when the board is in perfect equilibrium with its
environment, is reversible and does not represent damage, but rather the physicall behavior of
a wooden board [7]; it does not occur in the case of radial cut boards.

2. Compression set. This is a permanent cupping [8] caused by repeated cycles of
environmental humidity [9], which induces tension-compression within the thickness of the
board, and is associated with a possible plasticization of the material [10]. In combination with
mechanosorption phenomena, i.e. the combination of load and variations in humidity at the
same time as viscoelastic deformations, they confer a non-recoverable and non-reversible
curvature, that invalidates the shape and enjoyability of the work.

3. Ageing of the wood. The loss of hemicellulose over time, particularly in the superficial
layers of the bare back of the wood [11], [12], causes a reduction in their hygroscopicity, which
translates into an additional fictitious moisture gradient at the deformation level

4. The mechanical asymmetry of the panel. The paint layers, present on one side only,
constitute an asymmetry of stiffness [13] for the board [14] and, with shrinkage/swelling



coefficients orders of magnitude lower than those of wood, also a general asymmetry in the
hygroscopic behavior of the whole panel painting.

Until the end of the 19th century, the preservation of the supports of paintings on boards was
entrusted to the sensitivity and expertise of cabinetmakers, whose skill, experience and
intuition sometimes allowed them to develop ingenious and effective solutions in particular
cases. In general, however, such solutions ran the risk of being imitated and slavishly
reproduced, sometimes in completely different contexts, often with very negative long-term
results.

Gradually, studies of construction techniques were separated from the description of restoration
interventions, although they remained closely intertwined [15].

At the same time, extensive and in depth studies were published on the hygro-mechanical
properties of the constituent materials of WPPs [16]-[20], the influence of environmental
variations on the conservation of works of art [21]-[23], and these studies have led to the
drafting of important guidelines and standards [24], [25].

More recently, in-depth studies have been carried out on physical-mathematical models [26] to
represent the complex deformation phenomena of WPP [27]-[31] and on laboratory tests on
copies and simplified models [32]-[34].

However, the above mentioned works have shown, on the one hand, the extreme complexity
of the hygro-mechanical and deformation behaviors of WPPs, and on the other hand the
extreme diversity from one case to another in terms of construction techniques, construction
and materials used [35]; this has highlighted the need for direct measurements in order to be
able to understand the dynamics of each individual work [36] and to support its conservation
[37].

It is preeisely in response to this need that this work aims to synthesize the state of the art of
the studies carried out to date in this field and to combine them with direct measurements in
order to assist conservators and restorers in assessing the actions to be taken for the correct
conservation of the artworks.

This work was carried out in collaboration with two world-leading organizations for the
conservation and restoration of works of art, the Opificio delle Pietre Dure in Florence and the
Louvre Museum in Paris, in both cases for the evaluation and characterization of original
paintings.

The Opificio delle Pietre Dure has for decades, and especially during the direction and guidance
of Dr. Marco Ciatti, adopted a far-sight multidisciplinary approach to restoration, in which the
technical component is always backed up by scientific support. This approach has resulted in
a collaboration that has led us together to question the profound nature and implications of
painting deformations in relation to environmental variations. It must be emphasized that the
nature of the OPD is not only that of a Restoration Laboratory but also that of a School; this
always implies the systematization of concepts and procedures into methods and has allowed
us to collaborate with great effectiveness in the application of scientific procedures and
advanced experimentation. This synchronization of intentions and thoughts made it possible
for the OPD to give us the opportunity to carry out an experiment on 6 original paintings, the
first documented case in literature of such large-scale experiment on original paintings.

It is indispensable to mention here some concepts explicitly expressed by Ciatti [38]-
[39] ,which assess the importance of the study of the materials of Cultural Heritage that, limited
to wood science and technology applied to WPP, we present in this study. Ciatti emphasizes
the importance of conceiving restoration not as a series of more or less refined technical
operations to be applied to the work to be treated but rather as a project that must be re-



formulated in each case of application according to the characteristics and requirements of the
individual work. The first part of this design must consist of research into the constituent
materials and the intangible meaning they carry within themselves; once this knowledge has
been acquired, it is possible to define the theoretical objectives and thus the priorities that will
guide of the entire operation, including the work on the wooden support. Following Ciatti, we
must also consider that the correct conservation of works of art has a strategic value for society,
but there is also an ethical duty to give an account of one's work, the reasons for restoration
work and its results in technical and scientific terms.

In the case of the Louvre Museum, its curators who are extremely sensitive to the scientific
approach to conservation, asked a team of experts in wood science and technology to study the
wooden support of the Mona Lisa, painted by Leonardo da Vinci, in close collaboration with
associate scientists, restorers and the curators themselves, in order to answer the following
practical conservation questions

1. Assessment of the display case specifications

2. Assessing the risk of propagation of a fracture in the painting

3. Suggestion of possible improvements in the painting's framing system

4. To improve the technological aspects of the method of monitoring the work.

Once again, the foresight of the Louvre's curators allowed, under their supervision and
responsibility, the implementation of a totally innovative non-invasive techniques for
inspecting and characterizing the work.

The emerging questions addressed to wood scientists were to devise a methodological approach
that would allow us to answer the basic problem needed to support both OPD and Louvre, i.e.
how to experimentally characterize a work in a non-invasive manner and then how to use this
characterization to extract useful information for the conservation of the work.

Obviously, from an experimental point of view, because each work is different from the other,
different methods are needed each time, tailored to the individual work; and these methods
must be designed to provide information that can then be effectively processed. It is clear that,
normally, material characterization takes place with destructive or highly stressful tests, often
standardized and produced under simplified standard conditions, neither of which are
acceptable or feasible here. The solution we have designed and introduced within this research
project was the use of extremely advanced numerical analysis and modelling techniques
coupled with correspondingly advanced experimental procedures and methods; the parallel and
equal dialogue between experiments and numerical simulations allowed us to approach the
problem in a comprehensive manner and to answer the questions of conservators and curators.
To use an allegory, we have decided to 'listen' to the needs and desires of works of art with a
mathematical 'ear' that will allow us, on the one hand, to understand them more deeply and, on
the other, to extend their scope and range of depth to a human ear. The present research should
therefore be seen not only as an exercise in numerical simulation techniques, but also as a
concrete attempt at dialogue between the experimental and numerical worlds.

This approach has led us to the need to carefully evaluate our working tools, especially with
regard to numerical analyses. In fact, being conservation of WPP a strategic issue [38]; this
requires us to use tools that are advanced, transparent, repeatable, inspectable, highly
documented and with a high level of industrial validation. The choice has been based on the
open source software Salome Meca, code aster [40], mfront [41] and openturns [42]; all of
them belong to a family of software developed in the French context of nuclear energy and
related to strategic works, and they respond to all the characteristics mentioned above, ensuring



transparency of the procedures and algorithms used, and complementing them with advanced
algorithms for resolving both performance and theoretical implementation of complex
mechanical phenomena, such as field projection, contacts, ad hoc written constitutive laws, etc.
It is necessary to highlight these aspects in relation to the following simulation modes whose
solution is neither simple nor obvious, both in terms of convergence and technical feasibility:
1. The construction of a model of a WPP generally implies the construction of a model of
extremely high dimensions - in the case of the Mona Lisa we have about two million degrees
of freedom-, friction in the panel-frame contact zones, material laws constructed ad hoc to
respect the cutting anatomy of the board.

2. A characterization procedure, such as the one we have designed, requires an
optimization algorithm that brings the numerical results to coincide with the experimental ones;
such procedures involve, invariably, a considerable amount of computation.

3. The Global, variance-based sensitivity analyses (i.e. Sobol method) we used require
thousands of computations to express results.

From a computational point of view, therefore, we can see from the outset that the demands
are extreme and therefore require appropriate advanced solutions.

In terms of the experimental tools used, a distinction shall be made between the case studies:
1. In the case of the Mona Lisa, the measuring instruments were all ad-hoc designed with
the dual purpose of continuously monitoring the behavior of the work closed in the
conservation case and simultaneously characterizing its behavior. These methods are therefore
generally valid for monitoring WPP, but need to be adapted and differently configured for other
specific cases.

2. The Deformometric Kit [43] which has already been used by our research group for
decades and has proven to be effective and reliable in many experiments [36], was used for the
characterisation of the frameworks granted by the OPD. With the specific knowledge of the
instrument and the dynamics of the phenomena it measures, this specific tool can enable a
standardisation of the method and the instrument.

Aware of an extraordinary complexity of the field of WPP research, this study aims to lay the
methodological and analytical foundations for the conservation of these objects, in relation to
some major "decision making" problems of curators and conservators, which we could
summarize in the sizing of the containment systems (design of the thickness of the crossbeams
for example) during restoration, and the evaluation and optimization of the microclimate for
conservation.

This doctoral thesis is organised in this introduction, followed by four journal papers
submitted to peer-reviewed journals and a final chapter of conclusions.

The main objective of the first work presented in this research is to use an employ an
experimental approach for the characterization of the current state of an iconic artwork, namely
the Mona Lisa. The main challenge posed in this investigation is the necessity to maintain the
non-intrusive nature of the analysis, which entails the use of sensors to facilitate dedicated
measurements and continuous monitoring. The ultimate objective of this research is to evaluate
the in situ hygro-mechanical responses of this singular object, which will be leveraged to
develop a comprehensive numerical model in subsequent chapters. Although earlier studies
have employed experimental devices to gather relevant data, this study employs more
sophisticated equipment to enhance the understanding of the artwork. Furthermore, the analysis
takes into account not only the present condition of the object but also its existing surroundings,
which necessitates a non-traditional mechanical characterization approach.

The second paper of this research delves into a comprehensive investigation of hygroscopic
testing performed on six distinct wooden panels. The primary goal of this phase of the study
was to arrive at a more general conclusions and guidelines. To achieve this objective, the study



employs numerical simulations, which enable a detailed examination of the panels' behaviors
with respect to their past designs and current state. Furthermore, to make well-informed
comparisons between the various cases, an innovative experimental testing procedure is
conducted. Moreover, developing the models to accurately capture the essential effects while
restricting the parameters to fit a minimum, essential set is a crucial aspect of this research.
This approach is necessary to enable the models to replicate the various effects significantly,
while also being relevant and informative. Furthermore, a critical aspect involves the
development of models that precisely capture the essential effects, while limiting the
parameters to a minimum, yet indispensable, set.

The third paper of this research delve into the inverse calibration of hygro-mechanical models,
which involves determining the model parameters based on the response of a specific object.
To achieve accurate and reliable results, advanced numerical tools for data analysis are
necessary. The proposed methodology, known as "learning from objects," is specifically
designed to address the unique challenges posed by studying one-of-a-kind objects. The result
is a non-invasive analytical method that allows for the characterization of the hygro-mechanical
behavior of paintings on wooden panels in a completely non-intrusive manner. The fourth paper
presents the practical case of the non-invasive characterization of the Mona Lisa and
demonstrates how the techniques previously discussed can be used to construct a descriptive
model of an artwork, allowing scientists, curators, and conservators to understand its
functioning, its response to external actions, and its state of conservation.
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Abstract

This paper describes an innovative method, and related equipment, developed by the authors to
monitor non-invasively historic panel paintings under museum display conditions. This method
permits in-depth knowledge about such artworks, allowing us to understand their reactions to climatic
variations, and provides objective data on which conservation decisions can be confidently based,
since the data are directly obtained from the individual artwork. Since 2004, following the invitation
from the Louvre Museum and the C2RMF (National Centre for Research and Restoration of French
Museums), the wooden panel on which Leonardo da Vinci painted his Mona Lisa has been studied
by an international research team of wood technologists and engineers, including researchers from
French and Italian universities and related scientific institutions (Montpellier, Clermont Auvergne,
Poitiers, Florence), to understand its mechanical, hygroscopic and shape characteristics and
behaviour, to evaluate its present state, and to provide suggestions for optimizing its conservation



conditions. Non-invasive methods and equipment were therefore devised and implemented to
measure (during the annual opening day of its display case) and automatically monitor (during the
time the display case remains closed) both the deformations that the panel undergoes (mainly
produced by the inevitable small climatic fluctuations within the case) and the constraining forces
acting on the panel itself. The method and the related equipment, improved over the years, are based
on miniature load cells and displacement transducers, whose outputs are automatically logged at
desired time intervals, typically ranging between 30 minutes for monitoring during the whole year,
and a few seconds for manual measurements, calibrations, and other selected events; the stored data
can be downloaded both through a cable connection and wirelessly, by means of a specially developed
connection apparatus. The panel is confined in a climate-controlled display case, which typically is
opened only for a few hours once a year. Additionally, close restrictions must be respected, including
absolute non-invasiveness, non-interference with the enjoyment of the artwork by the public, and
compliance with strict procedures for safe and secure conservation. The implementation of this
method has provided significant information about the actual behaviour of the panel during the whole
year. Comparing several annual force-deformation curves, their good linearity suggests that no
unacceptable stress or deformation has taken place in it, showing that the climatic conditions (air
temperature and relative humidity) maintained in the display case can be considered favourable to the
conservation of the artwork. Moreover, based on the collected data, reliable Finite Element Method
(FEM) models are being developed and calibrated, with the aim of describing the mechanical
behaviour of the panel and virtually evaluating the risk of damage (including the propagation of an
ancient crack) deriving from external conditions or actions to which it would be unthinkable to submit
the original historic artwork.

1. Introduction

The Mona Lisa was painted by Leonardo da Vinci during the period 1503-1514 on a poplar (Populus
alba L.) wooden board. Using wood as a support for paintings was a common practice between the
13™and 16 centuries [1, 2]; however, the hygroscopicity [3-5] and susceptibility to degradation [6]
of wood pose problems for conservators, as for all wood users. The study of any individual object
belonging to the cultural heritage presents complexities, including individual structure, making,
history, conservation conditions, constraints related to the conservation and security, restrictions on
access and manipulation, decisions related to the public display, and exposure to microclimatic
conditions. When the object is made of wood, the intrinsic variability of the material itself makes the
problem even more complex [7]. Panel paintings constitute a category of objects whose conservation
is particularly critical, since they are formed by wooden panels on which layers of various materials
are applied, featuring quite different chemical, mechanical and hygroscopic properties [8, 9].
Conservation of panel paintings includes maintaining integrity of both the wooden support and the
superposed layers, which must remain intimately connected while presenting potential problems of
compatibility [10]. When the surrounding environment undergoes any thermo-hygrometric variation,
panels painted on one face only, like the Mona Lisa, tend to exhibit typical distortions [11], better
discussed in Section 3.1. This tendency has often been worsened by the introduction of inappropriate
heating or air conditioning of the exhibition or storage rooms, as well as by the controversial
interventions such as thinning and cradling (parquetage) of panels [10]. In summary, today preventive
conservation mainly aims at maintaining the thermo-hygrometric conservation conditions stable,
while ensuring that mechanical constraints do not lead to damage of panels or paint layers in case of
excessive climatic variations. In addition, the presence of crossbeams opposing the increase of the
panel's cupping has a significant influence: while on the one hand it prevents the risk of progressively
increasing permanent deformations, on the other it generates additional mechanical stresses in the
wood [12]. If the stresses become excessive, they can put the artwork’s integrity at risk, regarding
both the panel (e.g. cracks, open joints, irreversible deformations) and the paint layers (e.g. flaking,
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cleavage or buckling) [3], [5], [10]. To ensure the best conservation, deformations due to inevitable
microclimate fluctuations should be prevented, but, at the same time, the forces counteracting the
deformations should be maintained at a safe level even in case of unusually high fluctuations. The
problems highlighted so far make it necessary to improve the knowledge of the artwork to be
conserved in relation to its deformation dynamics, i.e. how environmental variations influence the
state of the forces and deformations to which the panel painting is subjected over time. An appropriate
experimental approach therefore requires the continuous recording over time of deformations and
forces directly measured on the specific artwork, and of temperature and humidity readings of the
surrounding environment. To make a complete analysis, these records need to include the
deformations and forces sufficient to characterize the global behaviour of the artwork; and, obviously,
all must be carried out non-invasively.

Since 2004, the Mona Lisa’s wooden panel (hereinafter “the panel”) has been studied by an
international research team, including researchers from French and Italian universities and related
scientific institutions (Montpellier, Clermont Auvergne, Poitiers, Florence), which carried out several
experimental campaigns to understand the panel’s mechanical, hygroscopic and shape characteristics
and behaviour, to evaluate its present state, and provide related suggestions in order to optimize its
conservation. The following main questions were originally posed by the Louvre conservators in
2004, when the team started its activities: (a) evaluating climatic specifications for the new display
case (on April 6, 2005 the Mona Lisa was moved from its previous location in the Salle Rose, to its
current location in the Salle des Etats), (b) assessing the risk of propagation of the ancient crack
affecting the panel, (¢) suggesting possible improvements to the framing conditions of the panel, and
(d) improving the technological aspects of the monitoring procedure. To provide answers to these
questions, the artwork was studied (i) by direct observation and measurements (once a year, during
the few hours available on the occasion of the so called “Journée Joconde”, when it is removed from
its climate-controlled display case), (ii) by automatically monitoring continuously the panel’s
behaviour while in the display case, using a special ad-hoc equipment, and (iii) by developing
numerical models simulating the historic artwork's reactions to actual or potential hygro-mechanical
stresses. This paper (i) focuses on the experimental approaches, and (ii) discusses the most significant
results obtained.

2. Aims

This paper describes an innovative method whose aim is to apply modern scientific techniques to the
conservation of historic panel paintings, based on non-invasive testing and continuous monitoring of
the artworks in museum display conditions. This method, applied in the last 18 years on the Mona
Lisa, provides an in-depth knowledge of the artwork, of its construction features, and of its
mechanical and hygroscopic behaviour. To obtain such knowledge, thorough monitoring techniques
were developed and improved over time, recording simultaneously the forces to which the panel is
subjected and its state of deformation. Such data can provide real time information on the panel’s
condition, measure its response to environmental variations, and thus contribute substantially to
optimize its conservation; data from monitoring can be used for advanced analyses, including the
development and calibration of digital numerical models, allowing a reliable simulation of the panel’s
behaviour under many environmental conditions, for optimisation of its framing constraints, for
preventive conservation, and for the exploration of risk scenarios. The possibility of adapting such
methods to other artworks is also briefly discussed.
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3. Materials and Methods

The design of an artwork’s monitoring system cannot disregard its technological and mechanical
features. Panel paintings differ one from another in many respects, including wood species, size and
shape, manufacturing and painting technique, environmental and conservation history. Constraints
and monitoring methods must therefore be examined case by case with extreme care. Below, a short
summary of the measurement and monitoring methods chosen for the Mona Lisa is outlined; further
details are then provided in the following sections.

Fig. 1 (a,b) — (a) Exploded view and metric survey by the restorers D. Jaunard and P. Mandron in 2004, later modified by
J. Gril, showing the various elements which made up the Mona Lisa assembly before 2005. (1) Panel, with both the crack
and the butterflies shown. (2) Auxiliary frame (chdssis-cadre) made of L-section battens, with the four 25 x 28 mm?
crossbeams before they were replaced (in 2005 and again in 2013 and 2021), only the top and bottom ones forcing against
the panel (see Section 3.2). (3) Sculpted and gilded frame (cadre), fully visible from the front, that also exerts some
mechanical influences on the panel (see Section 3.3). (b) Close view of the three elements in 2019: (F) Frame, (AF)
Auxiliary frame, (P) panel.

12



Fig. 2 (a,b,c) — Equipment for measuring and monitoring forces, in use from 2013 to 2021. (a) Overall view of the back
of the assembled system. (L1-L2-L7-L8) Locations of the load cells. (K) Aluminium case housing the deflection
transducers and the electronic equipment. In the foreground, two of the four metal brackets that secure the auxiliary frame
in the gilded frame are clearly visible. (b) View of an end of an overturned crossbeam, and of the swivelling Delrin®
presser. (c) Partial longitudinal cross-section of a crossbeam at the level of the load cell. (1) Wooden crossbeam (maple
wood). (2) Holes for the passage of the strings. (3) Support embedded in the crossbeam. (4) Steel grub screw. (5) Miniature
load cell. (6) Contact pin of the load cell. (7) String. (8) Presser. (9) Panel. (10) Batten of the auxiliary frame.

The Mona Lisa is painted on a thin (~13 mm) wooden plank (“the panel”). When left free the panel
is presently quite distorted (cupping and bowing) (the reasons for this are briefly outlined in other
parts of this paper). To prevent distortions from increasing in time, the panel is maintained flatter than
it would be if left free, by compressing it between the auxiliary frame and the crossbeams fixed to
this frame with screws (see Fig. 1a and Section 3.2). The auxiliary frame, with the panel inside, is
fixed inside the gilded external frame by means of metal brackets (which are not shown in Fig. 1a;
two of the four metal brackets are clearly visible in Fig. 2a). A technological analysis of the panel’s
structure and assembly is presented in Sections 3.1 to 3.3.

When the surrounding climatic conditions change, the panel’s shape tends to change as well, however
the top and bottom crossbeams tend to prevent any deformation at its top and bottom edges; therefore,
the reaction forces and the related internal stresses and strains are also constantly changing. Both to
monitor the current state of the panel and to formulate and calibrate a numerical model, an accurate
continuous monitoring (i.e., automatic measuring and recording) of the forces acting between
crossbeams and panel, and of the panel’s deformations, has been implemented (see Sections 3.4-3.7).
The data provided by such monitoring proved to be particularly useful for the analysis of the hygro-
mechanical behaviour of the panel during its normal display conditions. Additionally, several
physical and mechanical measurements on the panel were directly carried out by the authors and by
other members of the international team when the conditioned display case was opened (see e.g. [11],
[13-15]). This typically takes place on the so-called Journée Joconde, when the Mona Lisa is
subjected to routine checks, observations and measurements by art historians, conservators, and
researchers belonging to various disciplines.

3.1 The panel

The panel is a flat-sawn (i.e. subtangential) rectangular board of Poplar wood (Populus alba L.), 794
x 534 x13 mm?, doubly curved (i.e. both transversally and longitudinally) with convexity towards the
painted face, which is the “external” one (i.e. the face away from the original log’s pith).
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The crack. An ancient crack, about 110 mm long, runs through the panel’s thickness from the top
edge of the panel down to the Mona Lisa’s forehead. The crack length runs along the direction of the
wood grain, and its plane is parallel to the local radial direction of wood, so it is inclined by about
34° to the painted surface of the panel; two wooden “butterflies” had been inlaid, possibly during the
19th century, into the panel’s thickness to prevent any longitudinal propagation of the crack, one of
them now missing and being replaced by a glued canvas strip [16, 17].

Near the tip of the crack the craquelure in the paint layers is organized according to a particular
pattern, indicating that the crack formed during the first decades of existence of the artwork, and did
not advance further [16].

A reasonable hypothesis regarding the formation of the crack could be the following. The presence
of a barb of paint and ground running along some parts of the edge of the painted surface testifies that
the ground layer was applied when the panel was already inserted into a grooved frame [17]. Such
frame was intended to keep it flat despite the important variations in moisture content (MC) caused
by the application of the ground layer, and to the unavoidable subsequent environmental fluctuations
[16, 17]. It is well known that when a panel painting is subjected to strong variations in moisture
content (e.g. during the application of the preparation layers, or during subsequent drying, or in any
case following significant climatic changes) it can develop a strong tendency to cupping. If this
cupping tendency is prevented by external constraints such as the grooved frame mentioned above,
stress states may develop in the wood such as to produce (in a short or long time) transversal bending
breakage, which typically occurs along longitudinal radial surfaces, which are structurally weaker.
This mechanism could have caused (perhaps some years after the panel was prepared and painted)
the formation of the crack, the opening of which would also have modified the shape of the panel and
reduced the magnitude of the internal stresses present in it.

The double curvature, which can be considered typical of a thin panel painted on only one face and
blocked along its four sides, resulted in a central deflection of about 11 mm. It was presumably caused
by the many MC variations and gradients, producing complex phenomena that can be globally
recalled with the term "compression set" [5], [18], combined with the tendency to warp caused by
the orientation of the growth rings and of the direction of the wood grain, and with the distortions
produced by the formation of the crack. However, a thorough discussion about the localisation and
orientation of the wooden panel inside the log from which it was obtained falls outside the scope of
this paper and is presented elsewhere [19, 20]

Since its making, the panel underwent only few modifications [17], including: (i) the inlay, possibly
during the 19" century, of the two “butterflies”, (ii) a light surfacing of the back-face, and (iii) a small
width reduction affecting only lateral unpainted parts.

3.2 The restraining system: auxiliary frame and crossbeams

The auxiliary frame is made of oak wood (Quercus sp.) battens, whose L-shaped cross section
measures 25 x 32 mm? (Fig. 1a). It shows limited stiffness, both flexural and torsional, as compared
to those of the panel [21] and of the gilded frame (Section 3.3). It performs important mechanical
functions, outlined below. Its rabbet (feuillure) is the surface on which the panel rests, and on which
the contact forces acting on the front face of the panel are distributed [13]. Together with the
crossbeams screwed against its vertical battens it constitutes the system of constraints, which
maintains the panel slightly forced in a stable shape and prevents its curvature from gradually
increasing over time.

In 2005, the four crossbeams shown in Fig. 1 (25 x 28 mm? in cross-section) were replaced with
crossbeams only 15 mm thick, to fit into the extremely narrow space left available in the new location.
Due to the double curvature and convexity of the panel the two middle crossbeams do not touch it
and merely serve to stiffen the auxiliary frame. On the contrary, the top and bottom crossbeams (both
the old and the new ones) force against the panel, and maintain it flatter than it would be otherwise.
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In 2005, the new top and bottom crossbeams were made 50 mm wide to provide room for the insertion
of load cells measuring the contact forces. They were replaced again in 2013, when new load cells
were installed, and in 2021 (70 mm wide), when load-limiting devices were installed [20]. Old and
new crossbeams were made of maple wood (Acer sp.); all the new ones were carefully manufactured
at the University of Florence, from bars obtained by splitting air-seasoned boards, to ensure the
direction and regularity of the grain. To manufacture the crossbeams, the above-mentioned bars were
then brought to size by planing, and finally shaped by milling. In 2013, the machined bars were
sterilised by keeping them for about 6 hours in the oven at 60°C. In 2021, to minimize the risk of
deformations of the long and quite thin bars resulting from processing, the sterilisation was carried
out by keeping the machined wood bars in a freezer at -18°C for seven days [6]. After sterilisation,
the crossbeams were brush treated with a permethrin-based insecticide to prevent future insect attacks
— a treatment that loses its effectiveness over time and should be repeated when necessary. Most of
the auxiliary frame is invisible to the public when the Mona Lisa is exhibited; only the thin lateral
faces of its rabbets are barely visible, mostly along the vertical battens, where they are separated from
the front surface of the panel by a small gap, whose thickness is variable due to the irregular shape of
the panel’s surface (see Fig. 1b).

3.3 The gilded frame

The sculpted and gilded external frame, fully visible to the public (see Fig. 1b), is made up of wooden
elements with a much larger cross-section than the auxiliary frame and is therefore much stiffer. It
houses and supports the auxiliary frame, and the aluminium profiles fixed on its rear face, invisible
to the public, that support and keep the Mona Lisa in its display position. When the auxiliary frame
housing the panel is placed in the gilded frame and pressed against its rabbets by means of tightly
screwed metal brackets, the auxiliary frame being significantly less stiff [21] can only yield and adapt
to the surface of the rabbets of the stiffer gilded frame. Thus, for several years the accurate force and
deformation adjustments obtained by the authors by means of the monitoring system were changed
in an unpredictable way when the panel and the auxiliary frame were placed back in the gilded frame,
and then in its display case. Finally, during a 2019 opening day, an accurate analysis of the gilded
frame’s rim surfaces was carried out with pressure sensitive Prescale® film, following a procedure
like the one implemented by Goli et al. in 2013 [13]. The analysis allowed detecting some significant
irregularities on the frame’s rabbet, such as some nail’s heads slightly protruding from the wooden
surface. Their negative effect was promptly eliminated in a totally non-invasive way, by applying on
the rabbets (namely in correspondence of the metal brackets) appropriately thin wood spacers, to
obtain a regular although discontinuous supporting surface for the auxiliary frame. This precaution
avoids unwanted changes in the forces applied to the panel when the auxiliary frame in which the
panel is inserted is placed back in the gilded frame.

3.4 The measurement of the forces

The forces exerted by the rabbet of the auxiliary frame on the front face of the panel are balanced by
the forces exerted by the crossbeams on the back face, through the four load cells located in L1-L2-
L7-L8 (Fig. 2a). In other words, the system formed by the panel, the crossbeams and the auxiliary
frame is closed with regards to the contact forces, so that the four load cells are measuring all the
significant forces acting on the artwork during the monitoring. Of course, the panel is also subjected
to gravity. Therefore, depending on how it is oriented (i.e. vertically in the normal display position,
or horizontally as sometimes happens during certain adjustments, measurements or manual tests)
gravity can modify the forces measured by the load cells, because of the influence of the panel’s
weight. Additionally, friction forces can build up on the contact areas between panel and auxiliary
frame, both on the panel’s face and on its edges. Several tests have been performed to account for
these effects, which however do not seem to significantly affect the monitoring results; therefore,
they are not discussed here. The equipment described below was designed, repeatedly improved, and
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implemented to effectively, safely and non-invasively measure and monitor such forces both under
normal display conditions and for manual measurements carried out during the yearly openings of
the display case. Until 2013 only the forces exerted on locations L1 and L2 (Fig. 2a) were monitored
throughout the year by means of only two load cells inserted in the top crossbeam [11] . Starting from
2013, an improved and still now working force monitoring equipment was installed, based on four
miniature load cells (P286.C-S-A/100N, 0-100 N, accuracy 0.5 %; diameter 16 mm, height
approximately 6 mm, capacity 100 N; made on purpose by Deltatech, Italy) integrated in the top and
bottom crossbeams (Fig. 2b). The load cells are of the strain gage type and are equipped with external
miniature supplying-conditioning electronics providing analog outputs, hence their resolution is
virtually infinite; however, the Pace-Sci® logger to which they are connected (see Section 3.7) can
discriminate a variation of 2.4 102 N.

In 2021, when new load-limiting devices were installed, the load cells and their electronic equipment
remained the same, but their mechanical assembly was modified [20].

Here the mechanical assembly which was in use from 2013 until 2021 is described in detail (Fig. 2a).
Top and bottom crossbeams were equipped with four miniaturized load cells at the four contact
locations L1-L.2-L.7-L8. Each load cell was fitted in a swivelling presser pushing against the back of
the panel. A grub screw (hexagonal hollow, cup end, M6x5 mm, inserted in a threaded support
embedded in the wooden crossbeam) accommodated the load cell’s contact element (a cylindrical pin
with a diameter of 1.25 mm) in its cup-shaped end; therefore the load cell was free to oscillate around
its contact element (a virtual spherical hinge with its centre at the cup-shaped end of the grub screw),
allowing the presser to swivel and adapt to the local inclination of the panel in the contact area. This
arrangement also allowed the adjustment of the position of each presser, and hence of the force acting
on it, by operating the corresponding grub screw.

Both the support and the presser were made of Delrin®, a plastic material chosen to ensure frictionless
and chemically inert contact between the load cell and the back face of the panel.

To facilitate the assembly and disassembly of the crossbeams while the presser was not pushing
against the panel, the presser itself was held in position by means of thin sliding strings, which
allowed it to assume the inclination of the panel’s surface.

The equipment described above was also used during the manual measurements as a loading device
for the acquisition of data concerning the mechanical characteristics of the panel. Displacements can
be imposed at each load cell independently, by rotating the grub screw controlling its approach
towards the panel; to adjust with the greatest possible accuracy such displacement, detachable devices
(nicknamed Jocondometers) equipped with large goniometers were specifically developed so that the
rotation of the screw (and hence its axial displacement) could be controlled accurately and repeatably,
with a resolution of = 0.01 mm. Fig. 3 shows one of such devices. During the measurement each
device was firmly fixed against the crossbeam by a couple of tie-rods not shown in the drawing; by
turning the knob, connected to the handle of a hexagonal key, one could accurately and repeatably
control the rotation (and hence the axial displacement) of the grub screw, thus controlling the
advancement or backing of the load cell towards the panel, and hence modifying the force acting on
it. The large protractor allowed a resolution of 3.6° (sexagesimal degrees) corresponding to the axial
displacement of 0.01 mm of the grub screw. A linear graduation on the lateral ruler indicated the
number of entire rotations of the grub screw (1 turn = 1 mm). A soft preloaded coil spring ensured
the contact between key and screw whichever way the panel was oriented, without affecting the
measured load. In this way it became possible to impose on the panel very accurate displacements in
conditions of absolute safety and to measure the force variations by means of the already mentioned
load cells. Thus, well linear load-displacement curves, reported in Section 4, were obtained for each
measurement location (L1-L2-L7-L8).
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Fig. 3(a,b) — Picture (a), and schematic drawing (b), of one of the four identical removable devices (nicknamed
Jocondometers), developed to identify the force-displacement relationships. (1) Presser and load cell. (2) Crossbeam,
sectioned longitudinally. (3) Coil spring. (4) Lateral ruler. (5) Knob. (6) Protractor. (7) Hexagonal key. (8) Grub screw.
(9) Panel. (10) Batten of the auxiliary frame.

3.5 The measurement of the deflections

The auxiliary frame and the crossbeams touch and constrain the panel only near its top and bottom
edges; additionally, the panel touches the left vertical batten near its upper end [13]. Otherwise, owing
to its longitudinal permanent curvature, the panel’s central part does not come in contact with either
the crossbeams or the auxiliary frame, and hence is free to move and deform, both transversally
(cupping) and longitudinally (bowing). To measure both such deflections three displacement
potentiometric transducers (SLS095 by Penny&Giles, stroke 10 mm, independent linearity +0.5 %)
were installed on the aluminium case fixed on the auxiliary frame (see Fig. 2a). Each transducer
measures the deflection through a mechanical system already described in [11], touching the panel’s
back with a spherical feeler (each contact force amounts to about 1 N, small enough to avoid
damaging the wood surface). The contact points of the three feelers are located on the panel’s
horizontal midline, one at each extreme and one at its centre; the corresponding deflections are thus
measured with respect to the rear plane of the auxiliary frame (Fig. 4). Such geometry allows
monitoring and computing separately both cupping f. and bowing f; as follows:

fe=Ff—[(fi+13)/2)] (D
fo=0U1+f3)/2 (2

Note. Due to the limited space available behind the Mona Lisa, the transducers are positioned parallel
to the panel, instead of perpendicular to it. For each of them a twofold pivoting lever system transfers
to the cursor the deflection measured by the feeler, which ideally should be perpendicular to the rear
plane of the auxiliary frame. Due to this arrangement, the feeler’s spherical end moves along a circular
rather than a linear path, which causes minor systematic geometric errors. However, given the small
entity of the deflection variations (which at most are of the order of 0.5 mm), such non-linearity errors
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can be neglected, as well as the error produced by the fact that the slight lateral translation of the
feeler causes the contact points to move transversally along the back of the panel, which is locally
sloping due to its cupping distortion. The system was considered a good compromise to solve the
space issue, despite the presence of the above-mentioned geometric errors which were well known to
the authors since the beginning of the work; and which were also partly automatically compensated
by the calibration of the system, performed with depth templates in correspondence with its actual
working positions.

Fig. 4 — Schematic diagram (in cross-section) of the principle and of the equipment for monitoring the panel’s deflections
and cupping at mid-height. (CC) Batten of the auxiliary frame. (AC) Aluminium case (slightly shorter than the width of
the auxiliary frame). (P) Panel. (B) “Barb” of the ground and paint layers (see Section 3.1 and Fig. 1b). (f1,2,f3)
Deflections of the panel. (fb) Panel bowing. (fc) Panel cupping. (T1,T2,T3) Transducers (drawing just outlined: for clarity
and simplicity, the actual kinematics of the transducers (see [11] have been omitted).

3.6 The measurement of climate inside the display case

The relative humidity (RH) in the display case is monitored and controlled by a dedicated air
conditioning system, while air temperature (T) is determined by that of the room where the artwork
is exhibited (the Salle des Etats); both systems are managed by the museum’s technical department.
To thoroughly monitor and analyse the panel’s mechanical behaviour and the main factors that
determine it, climatic data had to be directly available to the international team, in a format and a
timing allowing them to be used in connection with those describing the panel’s forces and
deformations. Therefore, data on air T and RH near the panel were also collected by ad hoc sensors
and recorded by the same data-logger as the other data, all such equipment being placed in the
aluminium case (see Section 3.7). Additionally, a self-powered data logger (HOBO U12- 013 by
Onset, accuracy +£0.35 °C and £2.5 %) placed inside the display case measured and recorded
independently the T and RH, and was used as a further data source in synchronism with the climate,
force and displacement data logged by the main monitoring unit.

3.7 Data collection, storage and wireless transmission

Since 2005, the authors developed an instrumented aluminium case, fixed on the auxiliary frame at
mid-height, facing but not touching the back face of the panel, with the function of housing,
protecting, and shielding both the deflection transducers and the electronics (including the power
supply batteries) of the monitoring equipment. This case was re-designed and replaced several times,
according to the evolution of the instrumentation. The latest version (see Fig. 2a) houses (a) the three
displacement transducers that monitor the deflection of the panel, (b) the sensors measuring T and
RH in close proximity to the panel, (c) the electronic equipment of the load cells, (d) the data logger,
and (e) the equipment for wireless data transmission.
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Initially, the monitoring of the panel’s hygro-mechanical response to climate fluctuations was limited
by the memory size of the data loggers (two HOBO® U12-006 featuring 4 external channels each).
In 2006, a new data-logger was adopted, and a new connection apparatus was implemented, as
described below. The current data-logger used (XR5-SE by PACE Scientific, 8 external channels +
1 internal monitoring the temperature, 12-bit AD converter, accuracy +0.35 % F.S.) reads the RH
sensor, the three displacement transducers, and the four load cells, and stores the readings at the
desired time intervals (typically, every 30 minutes throughout the year, when the display case is
closed, and at shorter intervals - down to 2 seconds - during manual measurements or other tests).
The data can be downloaded — depending on the situation — through a cable connection or wirelessly,
by means of the connection apparatus. Such apparatus, named LAB-MoB, of which no equivalent
equipment was commercially available at that time, was expressly developed and patented [22]. It is
based on a Bluetooth RS232 antenna, interfaced to the data logger using a standard serial
communication protocol without proprietary communication modifications. Thanks to such device,
not only a logging system with greater capacity was used, but it became also possible to interact with
it (including data downloading and modifying at will the sample rate) while staying a few meters
away, without opening the display case. To ensure data confidentiality, the Bluetooth access is
secured by a password. To keep energy requirements reduced, a super-low consumption (<90pA)
switch controlled by a remote transmitter, which allows to turn on the connection only when needed.
This further possibility also improves the security, preventing any unauthorized connection to the
data-logging system, since without the remote transmitter it is impossible to discover the connection
ID in the room.

4. Results and discussion

4.1 The climatic conditions

The data obtained from the continuous monitoring provide significant information about the forces
and deformations to which the panel is subjected, and about their variations, caused mainly by the
inevitable, albeit small, fluctuations of the climatic parameters, namely of the RH. As an example,
the fluctuations monitored for one whole year can be observed in Fig. 5, and possibly derive from
external (i.e. of the Salle des Etats hall) temperature fluctuations and from the normal functioning of
the conditioning plant. The results presented here refer to only one year of monitoring. However, as
the climatic conditions within the display case are fairly stable year-to-year, they can be considered
representative of the last 18 years. On the other hand, the rare anomalous deviations, commented on
below, are probably attributable to occasional openings of the display case.

Fig. 5 — Graphs of temperature T (on the left, light grey curve) and relative humidity RH (on the right, dark grey curve)
against time, monitored for a period of 12 months (21/11/2017-20/11/2018) in the display case close to the panel’s back
face, recorded every 30 minutes.
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The analysis of the frequencies for both T and RH (see Fig. 6) confirmed the stability of climate
conditions inside the display case.

Fig. 6 — Frequency distributions of temperature and relative humidity (RH), with average values of 23 °C (std. dev. + 1
°C) and 53 % (std. dev. + 0.7 %) respectively, during the period shown in Fig. 5.

4.2 The mechanical behaviour of the panel

The forces monitored by the four load cells and the deflections measured by the three displacement
transducers are shown in Fig. 7 as total force and cupping deflection curves. The yearlong data testify
the good quality and reliability of the measurement system, which allows monitoring without
interference with the visitor’s experience, or the need to access the artwork. For all the monitored
years, the same trend is shown by the total force and cupping deflection curves, which represent the
hygro-mechanical response of the Mona Lisa’s panel (constantly constrained between the auxiliary
frame and the crossbeams) under the action of the T and RH variations in the display case.

Fig. 7 — Examples of total force (grey line) and cupping deflection (black line) data resulting from the year-long
monitoring of the panel’s response to the hygrothermal fluctuations in the display case shown in Fig. 5. Cupping deflection
(fc in Fig. 4) and total force (sum of forces measured in locations L1-L2-L7-L8, see Fig. 2a) are plotted against time for
the same period. Note. The highest peaks of force (90,7 N) and deflection (5.7 mm) occurring on 19/04/2018 are partially
superimposed.

A thorough analysis of the climate conditions inside the display case, and of the resulting panel’s
response, is beyond the scope of this paper and will possibly be published in a near future.

The minor climatic fluctuations occurring constantly throughout the year are reflected in similar
minor fluctuations in the rather constant force and deflection values. A two-dimensional numerical
simulation of the effects of such fluctuations was published in [23].
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The three following unusual changes of climatic conditions occurred in the year presented. Two
climatic spikes occurred on 19/04/2018 and 21/06/2018, and are reflected in two force and deflection
spikes, well noticeable although small in absolute value. A longer lasting climatic perturbation
occurred on 02/02 to 05/02/2018; a brief examination of the data collected, and the graphs shown
here can provide the following simple indications: (i) both the force and deflection variations are
quite small in absolute values, (ii) the panel’s response starts approximately 4 hours after the onset of
the climatic disturbance, and (iii) the panel takes about 6 days after the end of the disturbance, to
reach its 'steady state' conditions again.

The mechanical behaviour of the wooden panel can also be represented by means of the force-
deflection graphs plotted in Fig. 8, where for each year the point clouds are well fitted by linear trend
lines (R? consistently > 0.75); the slight deviations from linearity are probably due to friction, visco-
elastic phenomena, hysteresis, and mechano-sorption. In addition, the fact that such fitted lines, which
can be interpreted as representing a sort of rigidity of the system, remain parallel to each other over
the years, suggests that no irreversible processes have occurred in the panel, and that hence the present
climatic conditions can be considered favourable to its conservation. Small changes from year-to-
year result from slightly different loading conditions, possibly caused by different adjustments of the
load cells after disassembly and reassembly of the system at each opening day.

Fig. 8 — Force-deflection graphs plotted for years 2015 to 2018. In the large graph, the data of all years have been presented
showing their substantial similarity despite their partial overlapping. The smaller separate graphs enable seeing full data
ranges of individual years.

In addition to the yearlong mechanical behaviour shown by the panel while exhibited inside the
display case, the results from the punctual test regarding its apparent stiffness (intended as a local
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ratio between applied force and measured displacement) are presented below. The experimental data
(see Section 3.4) were organised in force-displacement curves (see Fig. 9) showing a linear
relationship between the displacement imposed on a load cell and the corresponding increase in the
load measured by it. The slope of each curve represents the apparent stiffness of the various parts of
the panel, as “seen” from the various loading points L1-L2-L7-L8; in fact, the experimental data show
a significantly different slope for each of the four locations (see Table 1). These differences can be
attributed to many factors, including wood variability, asymmetry of contacts between panel and
auxiliary frame, and the presence of the crack, which certainly influences the mechanical response of
the panel.

Fig. 9 Force-displacement graphs plotted for each of the four locations (L1-L2-L7-L8); R? values larger than 0.95 confirm
that the tests were carried out in the elastic range.

Table 1 — Apparent stiffness values of the panel (i.e. force increments produced by 1 mm displacement of the
corresponding load cell) in locations L1-L2-L7-L8, derived from the trendline equations shown in Fig. 9.

Location Force increment per 1 mm displacement
[N]
L1 34
L2 21
L7 26
L8 32
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It is not the focus of this paper to show comprehensively the results of the monitoring described here;
therefore, the above results, derived from elementary graphing and calculations, are reported just by
way of example. However, the authors are planning to publish in a near future a further paper, dealing
with the mechanical behaviour and the FE-modelling of the Mona Lisa panel [24].

5. Conclusions

This paper describes in detail the methods and the equipment developed for continuous monitoring
of the mechanical and deformative state of a panel painting under museum display conditions; in our
case the panel of the Mona Lisa exhibited at the Louvre Museum. This monitoring proved its
effectiveness in allowing a more in-depth knowledge of the artwork and of its behaviour, and in
providing the data needed for calibrating reliable digital models able to describe accurately the
individual panel’s response to environmental fluctuations, or to the application of forces and other
external actions. Such methods and equipment were developed and improved over time, based on a
thorough evaluation of (a) the objectives of the whole project, (b) the constraints constituted by the
fact that the research work concerned a famous and delicate historic artwork constantly exhibited to
the public, and (c) an accurate technological analysis of the painted panel and of its assembly. After
eighteen years of work, it can be concluded that the methods and equipment described in this paper
do work correctly and provide reliable results, obtained in a non-invasive way and respecting all the
safety and functionality constraints deriving from the artwork’s permanent on display status.

A similar approach can be adopted for other panel paintings, to obtain similar results. However,
appropriate methods and equipment obviously need to be conceived and adapted to each individual
artwork, considering its specific peculiarities and constraints. As for the parameters describing the
material properties and the behaviour of wooden artworks, to be used in numerical models and
simulations, the author’s experience — both on historic panel paintings and on mock-models —
indicates that the variability is extremely high, and that using numbers found in the literature provides
unreliable, if not completely wrong results.

Some examples of the data collected are also reported in this paper, together with intermediate results
deriving from basic processing, such as (a) the force-deformation relationships derived from direct
manual tests, (b) the climatic, force and deflection data monitored throughout the whole year, and (c)
the force-deflection graphs plotted for years 2015 to 2018, suggesting that the present climatic
conditions maintained in the display case can be considered favourable to the panel’s conservation.
The forces acting on the panel have been monitored in the current constraint conditions and can now
be adjusted as required by the conservation needs. The contact conditions between the auxiliary frame
and the external gilded frame have been identified and adjusted to prevent the onset of uncontrollable
deformations and forces at the time of reassembly.
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Abstract

Wooden panel paintings are among the most important historical and artistic artworks from the
Middle Ages and the Renaissance period. Currently, they represent a challenge for conservators and
scientists who face complex issues related to their conservation. Panel paintings can be considered
multilayer objects, that for brevity can be considered to consist of a wooden support and various paint
layers. The wooden support is known to be hygroscopic and is continuously seeking hygroscopic
equilibrium with the humidity of the environment, thus it tends to deform. Based on various
hygroscopic tests carried out on 6 real panel paintings chosen by expert restorers to represent different
periods and construction techniques, this paper describes the deformation tendencies of the selected
panel paintings. Among possible variables, three most important variables were identified: a) tree
ring orientation of the wooden support, b) stiffness and c) emissivity of the paint layers. The internal
equilibrium of the forces, governed by the moisture gradients across the thickness of the wood,
changes drastically according to the varying characterisation of these factors. To observe their
individual contributions, the 6 panel paintings underwent various humidity cycles, were completely
free to deform and were always in complete safety. To characterise the stiffness and emissivity of the
paint layers, the 6 panel paintings underwent a few humidity cycles with the front face totally
waterproofed; thus, the moisture exchange was forced from the back only, and one of the three
variables was eliminated. A complex system emerges where the tree ring orientation of the wooden
support, the stiffness and emissivity of the paint layers are strongly coupled and determine the
deformation modes of the panel paintings. A numerical analysis was conducted to classify the various
general deformation modes of panel paintings and the specific classification of the 6 real panel
paintings analysed experimentally. The complexity of the interaction of the variables studied suggests
that experimental procedures must be conducted in preparation for numerical analyses of real panel
paintings.

Keywords: Wooden panel paintings, conservation, experimental tests, numerical modelling,
panel painting deformation tendencies, paint layer emissivity, paint layer stiffness.
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1. Introduction

Wooden panel paintings (WPPs) are some of the most valuable cultural heritage artworks. In recent
decades, WPP preservation has been the object of several scientific studies [ 1-5], that have attempted
to solve critical questions such as those concerning their interaction with conservation environments.

WPPs have a multilayered structure schematically represented by wooden supports, often made of
different boards covered on one side with paint layers (occasionally, the back of the panel was covered
by a light coat, historically used to balance the moisture entering from both sides of the panel), and
typically equipped on its back with a restraining system. The paint layers are constituted by a ground
layer, mainly glue and gesso, sometimes canvas, pigments or dyes included in tempera or oil binders,
and often by a varnish layer on top [6,7]. The structural characteristics of WPPs, together with their
construction techniques, have changed over time. In Italy, the period between the 12" and the first
half of the 15" century was characterised by a wide production of large polyptychs and painted
crosses. In this period, the ground layers were solid and strong, including the presence of canvas with
a still-valid structural function, when the canvas covered the frame. Later, from the second half of the
15" century, characterised by altarpieces, the ground layers were lighter and thinner [8].

According to Cennini [9], the preparation of the panel began with several coats of animal glue to
saturate the porosity of the wood. Several layers of ground, usually made of gesso and animal glue,
were subsequently laid down. It is known that the ground layers may have different compositions —
glass, kaolin, calcium carbonate, among others, were identified [10] — being in any case the thicker
layer, measuring from 250 pm up to 1800 um [11] without canvas. Canvas could be applied below
ground layers to cushion the impact of the moisture-induced movements of the wood on the paint
film. The presence of the canvas was discontinuous over time, becoming less common in the late 15
century. On top of the paint layers, the thinner varnish layer strongly contributes to defining the
emissivity [12] of the artwork, because it is the most superficial layer and was made of low-
hygroscopic materials, such mastic, and other natural resins in the past or resins such as aliphatic,
acrylic and urea-aldehyde, among others, in the case of modern restoration resins [13-17]. By
contrast, the other layers of the WPP structure are made of hygroscopic materials [1-3], primarily
wood and ground layers, which may expand or shrink according to their own properties under climatic
variations. Henceforth, for brevity, all these layers will be referred to collectively as the paint layers.

Due to this complex structure, the mechanical and hygroscopic properties of the constitutive materials
are quite different; in the case of climatic variations, the shrinking/swelling tendencies contribute to
generating inner stresses between the wooden support, the paint layers and at their interface [1,2].
Moreover, when not properly dimensioned, the interaction between the wooden boards and the
restraining system can worsen the conservation conditions of the artworks [8] producing damage both
on the paint layers [1], [8] and on the wooden support [1,2,3,8], and/or irreversible deformations that
determine the typical cupping that can be observed in many panel paintings [8].

Typically, deformations of panel paintings are induced by the variation of the Relative Humidity of
the air (RH), and they can be either permanent or transitory [1,18]. In addition, the mechanisms
responsible for their origin have not yet been conclusively established, and some of those considered
to be the most relevant most likely occur at the same time to determine the deformational behaviour
of the paintings, as this paper attempts to demonstrate. For clarity, the most important causes are
reported below according to deformation typology.

a) Permanent deformation:
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- tree ring orientation: it is well-known that wood is an anisotropic material for which shrinkage
and swelling are twice as high along the tangential direction compared to the radial direction [19].
Such behaviour causes a typical cupping of the tangential boards that also remains at the equilibrium
state;

- compression set: namely, the permanent deformation remaining after removal of a force. This is
caused by repeated RH cycles that induce internal tension-compression stresses in the wooden
support. When the RH varies, a change in the moisture content (MC) occurs, first in the most
superficial layers of the exposed back of the boards that consequently produce dimensional changes.
However, the inner wood layers that are not yet involved in such a process, do not yet shrink or swell,
with the consequent internal stresses within the wood thickness causing permanent cupping of the
panel [18,20]. It is possible that a first manifestation of such a mechanism occurs with the preparation
of the wooden support when a large amount of water is introduced in the panel by means of animal
glue and gesso [21];

- wood ageing: with time, wood loses hemicelluloses from the back surface of the wooden panel
towards the inner layers, with a progressive reduction in the hygroscopicity of the surface layer
compared to the inner layers [22,23]. This mechanism can produce a 'moisture gradient' across the
wood panel that over time can contribute to its permanent deformation;

- panel's mechanical asymmetry: the back of the panel has the mechanical properties typical of the
wooden species, whereas the front has mechanical properties heavily influenced by those of the paint
layers (ground, paints, and varnish). In fact, wood and paint layers show different hygromechanical
properties [14,15], with ground layers stiffer than wood in its transverse directions, and the paint
layers due to their complexity and despite their small thickness can significantly affect the
deformational behaviour of the whole panel. Their mechanical contribution to the permanent
deformation must be taken into account [1,21,24];

b) Transient deformation:

In addition to permanent deformations, transient deformation can also occur as a consequence of
RH variations. These variations arise from the hygroscopic asymmetry between the two faces of the
panel painting, the bare wood on the back and the painted face on the front. This transient state is
characterised by the onset of asymmetric moisture gradients across the panel thickness, that may
produce a typical deformation known as flying wood [25,26]. A note: [25] uses the term flying wood
to describe the deformations of wooden boards with an asymmetric hygroscopicity with large
mechanosorption effects; in the panel paintings conservation, the same term flying wood describe
deformations where the mechanosorption effects can be considered negligible, and this is the meaning
of the term used in this paper;

Within this theoretical framework, this paper presents the results from an experimental campaign
carried out on six historic panel paintings. The WPPs, dated from the 15" to 16" century, were
subjected to several cycles of controlled RH variations that were compatible with RH fluctuations
already sustained by paintings (determined according to EN15757:2010 [27]) in the restoration
environment, without any damage visible when analysed by restorers, and their actual time history of
deflection was monitored. The experimental tests allowed us to establish the main mechanisms
causing the deformations in the panel paintings, together with their specific contribution. In addition,
a numerical model was developed and was able to interpret such behaviour and highlight the
complexity of the phenomenon acting through the interaction of these mechanisms.
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The aim of the research is to understand the deformation dynamics in a population of WPPs chosen
by experienced restorers as representative of both different techniques and construction typologies
relevant to the Italian school in the periods between the 15" and 16 centuries and to establish the
existence of various deformation modes within the examined structural typologies.

The hygroscopic behaviour of wood is well described in the literature; however, the deformation
tendencies of panel paintings are more complex because they are also influenced by the interaction
of the hygromechanical behaviour of the wooden support with the hygromechanical behaviour of the
paint layers that may have a moisture barrier and mechanical stiffening behaviour. For the
experimental validation, the present study assumes that the main variables influencing the actual
deformation dynamics of WPPs are a) the stiffness of the wood and the paint layers, b) the moisture
diffusion of wood and emissivity of wood and paint layers, and c) the tree ring orientation of the
wooden panel. Thus, a numerical model was developed (a) to classify the hygromechanical behaviour
of the panel paintings and (b) to explore how the complex interaction among these three variables
affects such behaviour.

2. Materials and methods

2.1 Panel paintings and monitoring equipment

Six panel paintings were chosen for testing. Table 1 shows images (front and back) of the investigated
paintings, along with the name, dimensions, age and painting technique specifications. They are
labelled by "WPP' followed by a progressive number, as follows: WPP1 corresponds to ‘Madonna
with Child’, WPP2 to ‘Saint Lodovico and Saint Giuliano’, WPP3 to ‘Dominican Saint’, WPP4 to
‘Madonna with Child, Saint John and monk’, WPPS5 corresponds to ‘Crucifixion with Madonna and
Saint John’, and WPP6 to ‘Madonna with Child’. These WPPs, whose wooden support is made of
poplar wood (Populus alba L.), were chosen according to OPD (Opificio delle Pietre Dure, restoration
laboratory in Florence, Italy) art conservators’ observations; they are considered representative of
historical changes (see Section 1) during a time span between the 15" and 16" century for
construction features, ground layer and painting/artistic technique, or conservation conditions.
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Table 1 Description of the six paintings and their dimensions, period, and materials.

Painting

Dimensions

Age

Materials and artistic technique

Madonna con Bambino
Madonna with Child

530x900x14 mm

15th century

Wood species: Poplar

Number of boards and orientation:
two vertical tangential (around 4 cm
from the pith), respectively 275 mm e
255 mm wide

Preparation and painting technique:
thick gesso and animal glue
preparation with the use of canvas;
egg tempera paints.

S. Lodovico € S. Giuliano
Saint Lodovico and Saint Giuliano

67x1310x33 mm

15th century

Wood species: Poplar

Number of boards and orientation:
three vertical radial boards (around 2
cm from the pith), respectively 170
mm, 380 mm, and 145 mm.
Preparation and painting technique:
thick gesso and animal glue
preparation with the use of canvas;
egg tempera paints.

Santa Domenicana
Dominican Saint

700x1370x25
mm

15th century

Wood species: Poplar

Number of boards and orientation:
four vertical boards; the first looking
from the back is tangential (5 cm from
the pith) and 18,5cm wide; the other
three are radial (around 2 cm from the
pith) and respectively 165 mm, 13,0
cm e 220 mm wide

Preparation and painting technique:
thick gesso and animal glue
preparation with canvas; tempera
paints and gold leaf.

Previous conservation treatment:
application of a waterproof coating
(60% bee wax, 30% paraffine, 10%
colophon) on the back face

Madonna con Bambino, S. Giovannino
e Monaco
Madonna with Child, Saint John and
monk

645x775%x23 mm

16th century

Wood species: Poplar

Number of boards and orientation:
two vertical tangential boards, 210
mm and 435 mm wide

Preparation and painting technique:
thick gesso and animal glue
preparation; thick oil paints.

Crocifissione con Madonna e S.
Giovanni apostolo
Crucifixion with Madonna and Saint
John

655x855x30 mm

16th century

Wood species: Poplar

Number of boards and orientation:
two vertical tangential (around 5 cm
from the pith) poplar wood boards,
295 mm and 360 mm wide
Preparation and painting technique:
thin gesso and animal glue
preparation; rose primer; thin oil
paints.
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e Wood species: Poplar

Madonna conABambino e Number of boards and orientation:
Madonna with Child three vertical boards; the first looking
from the back is radial and 225 mm
6 650x890x28 mm | 16th century wide; the other two are tangential

(around 6 cm from the pith) and 320
and 105 cm wide respectively

e  Preparation and painting technique:
thin gesso and animal glue
preparation; thin oil paints.

Each panel painting was equipped with a Deformometric Kit (DK) to measure the deformation
behaviour, the panel shrinking and swelling and, by means of data processing and trigonometrical
calculations, the variations in cupping angle (¢, °) and maximum deflection (dmax, mm) induced by
climatic fluctuations [28]. The DKs geometric parameters are presented in Table 2. All sensors were
connected to a Pace Scientific XR5-SE data logger (accuracy + 0.25%) that powered the instruments
and logged the data every 15 min. The collected data were elaborated through a customised data code.

Table 2: Schematic diagram of the most relevant geometrical parameters of the DK. The convention concerning positive
(front face convex) and negative (front face concave) values of the cupping angle is also shown.Key to symbols; e: distance
between the axes of the two columns, where they intersect the back face of panel (variable in time); m: distance between the centres of
the ball joints of the two transducers on the same column (constant, determined by construction); r: radius of curvature of the base lines
(variable in time); z: distance between the centre of the ball joint of the lower transducer, and the back face of the panel, along the axis
of the column (constant, determined by construction) [28].

Geometry of the DKs

Painting e [mm] z [mm]
WPP1 174.35 113.35 11.55
WPP2 170.61 114.27 12.175
WPP3 173.19 92.8 14.67
WPP4 167.6 92.8 14.6
WPP5 173.28 113.25 11.85
WPP6 166.83 92.7 14.6
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To obtain a controlled and stable environment, an RH-controlled box (120 x 180 x 200 cm, 4.32 m?
volume total) was constructed using a wooden frame and thermoinsulated panels. The temperature
(T) was not controlled and depended on the controlled ambient conditions of the OPD Lab, and the
small variations were mitigated by the insulated panels. RH was controlled using a Preservatech
miniOne humidity generator. Ventilation was guaranteed by 6 fans together with the typical
functioning of the humidity machine. The temperature and the relative humidity inside the box were
measured by an Onset Hobo U12-013 (accuracy + 0.35 °C and + 2.5%) and logged every 15 min. A
remote-control system was also implemented; two CEAM LoRa-C Smart digital sensors were
installed in the experimentation area, one inside the box and one outside, and connected to T/RH
probes (accuracy +2% and 0.5 °C), with a sampling interval of 15 minutes. The data were
continuously collected through the CEAM CWS software, an integrated platform for supervision,
monitoring and shared management based on the web-cloud-IoT technology.

2.2 Preparatory conditions of panel paintings and RH cycles

Since the aim of the research is to observe the deformational behaviour of the WPPs, the artworks
were tested free from their restraining systems. The restraining system was removed to measure the
complete deformation of each panel painting, otherwise such deformation is contained by the restraint
system. This allowed (a) comparison of the experimental results and (b) exclusion of nonlinear
behaviour, such as monolateral contacts and friction, among others, that would not have allowed a
clear comprehension of the measurements. Thus, the complete free deformation was observed and
measured. WPP2 had a painted frame glued on the front face that could not be removed. However, it
did not affect the tests, because the frame is considered to be a structural feature of the artwork, typical
of a precise historical period and useful for characterisation of such objects. Inside the box, a rack
was prepared to house the WPPs in a vertical position, the contact areas at the bottom were covered
by stripes of PTFE to minimise the friction, and on the top, a fork covered by foam was fastened on
the rack to keep the panel vertical. Prior to the tests, the panel paintings were kept inside the box at
52% RH for 20 days to reach the equilibrium state to avoid moisture gradients.

Together with the restorers and conservators, the climatic range was set between 50 and 65% RH for
the objects’ safety and to be representative of their typical conservation conditions. The RH%
variations were determined by applying the standard EN 15757:2010 [27] and the concept of
historical climate that it introduces. Thus, the conservation climatic conditions were analysed, and
the maximum variation of 10% RH% in the range between 50-65% was considered safe, in agreement
with conservators.

Seven tests were carried out, three in the adsorption mode and four in the desorption mode. The
climatic conditions of the tests are described in Figure 1 and in Table 3.
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Figure 1 Relative humidity (RH) cycles for all of the tests performed. The labels indicate the tests, and waterproofing/no
waterproofing is reported. In addition, the temperature (T) was reported.

Table 3 Average values of RH and T for each cycle, calculated starting within 3 hours from the RH change applied
till the next change and their standard deviations.

Test name Average ARH Sd RH Average T SdT
[7o] [%] [°C] [°C]
ADS 1 52-61 +0.2 25.5 +1.0
Not waterproofed
ADS 2 51-60 +0.1 20.7 +1.1
Not waterproofed
ADS 3 53-60 +0.1 20.6 +0.4
waterproofed
- 62-52 +0.4 25.4 +0.5
Not waterproofed
DES 2
Not waterproofed 61-56 +0.2 24.8 +1.1
DES 3
Not waterproofed 56-51 +0.3 23.5 +1.0
DES 4 60-53 +0.3 20.7 +0.5
waterproofed

The procedure of the tests (hereafter called ADS#/DES#) consisted of equilibrating the panel
paintings to a specific RH value and then changing the settings on the humidity generator to produce
the desired ARH (the complete cycles of RH variations imposed are reported in Figure 1). The new
equilibrium condition was considered to be reached when the deformation became flat and stable.
During each test, the derivative of the deflection curves was determined repeatedly. Once the
derivative is calculated to be zero for at least 6 h, the WPP was considered to be equilibrated to the
new RH conditions.
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Two of the RH cycles imposed on the paintings, namely, DES4 and ADS3, were performed with
waterproof protection applied on the painted face. This is done to evaluate the hygroscopic behaviour
of the WPPs when the influence of the emissivity of the front face is nullified and one of the three
variables assumed by the study is excluded. Prior to applying the aluminium foil, the four edges of
the panel paintings were prepared with Japanese paper glued on the four edges with animal glue, on
which the foil was fastened. The choice to protect the edges of the wooden panel by placing Japanese
paper made the operation safe and reversible. Then, the painted face was covered by aluminium foil
and sealed by silicone tape on Japanese paper. The aluminium foil is impervious to water vapour [29]
and much less stiff than wood, with a much lower thickness than that of the wooden supports. In
addition, the aluminium foil was chosen to be larger than the artworks to avoid tensions on the painted
face.

Since the analysed RH cycles vary in different quantities, the data are normalised to the 5% RH
variation; that is, the deflection was scaled to a 5% variation in RH. The normalisation is based on
the assumptions that the isotherm was explored within its linear part from 51 to 62% RH, where the
behaviour is completely reversible, and the plastic phenomena excluded. The viscoelasticity was
considered to be a linear phenomenon as well. In addition, to enable comparison of the results for the
six WPPs, the data are normalised for the span of the DKs. For both cases, the data were divided by
a constant (the initial span of the specific DK or the RH variation) and multiplied by a) 5 to normalise
for the RH, which is the minimum hygroscopic variation (Figure 1) imposed on the WPPs, and b)
300 to normalise for the span, which is the width arbitrarily chosen for the modelling to avoid edge
effects because an average width of 400 mm was arbitrarily chosen (see Section 2.3).

2.3 Numerical Modelling

The numerical modelling is applied to assess, through a sensitivity study, the influence and the mutual
interactions of the identified dimensioning variables (layers stiffness, moisture diffusion and
emissivity, anatomical cut) in determining the deformation of the painted board. It is important to
emphasise that the aim of this numerical model is to create an interpretative method to improve the
understanding of the experimental results and in particular of the relationships between certain
variables in the theoretical physical model.

For the simulation of moisture diffusion in wood, a simplified approach consisting of an isotropic
version of Fick's theory that merges the multiple diffusion mechanisms in wood into a single
mechanism [30] was used.

Following [31], the moisture flow is described by
9m = —Po D -Vm, (1)

where pg is the wood density in dry conditions, m,. is the moisture content, and D is the tensor of
the diffusion coefficients that in our case has the following form:

D,
D,
D,

D= (2)

where Dy is a value of isotropic moisture diffusion. This approach was already applied by [32,33]
and particularly by [34]. Furthermore, it is theoretically supported by [35,36], because at room
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temperature, vapour movement makes only a small contribution to the total transfer movements.
This is because bound water movement through the cross walls between cells is two or three times
slower than movement across the cell cavity and therefore controls the overall transport rate.
Furthermore, [37-39] evidence in the tests carried out using a vacuum sorption balance shows that
there are no appreciable differences in the rate of absorption for the specimens in the tangential
direction or in the longitudinal direction. Finally, the time-dependent form of Fick’s law is

om.
at

=V-(D-Vm) 3)

Assuming it exists, the isotherm of the paint layers is unknown and presumably it varies strongly
among the artworks. Similar to [40], we applied the following boundary condition to model its
emissivity:

qc

g = K- (mc,air - mc,sur) (4)

where m_ 4, is the wood equilibrium moisture content corresponding to the air humidity, m s, is
the moisture content of the wood surface immediately below the ground calculated by the solver, and
K is the global effective emissivity of the paint layers. This corresponds to the assumption of perfect
adherence between the ground preparation and wood.

First-order hexahedral finite elements were used for the hygroscopic analysis, while second-order
hexahedral finite elements were used for the mechanical model.

The applied mechanical model is homogeneous orthotropic linear elastic [41] in cylindrical
coordinates with the centre in the pith and considers shrinkage/swelling in cylindrical coordinates.
The ground layers were modelled using two-dimensional elements, in accordance with the Kirchhoft-
Love theory, that share their nodes with the corresponding nodes of the wood surface. The geometry
and discretisation were carried out with the open-source software Salome-Meca developed by EDF
(Electricité de France), the simulations with the open-source solver code_aster [42], and the handling
of cylindrical coordinates in the solution of the computational model with the open-source software
Mfront [43].

The geometric model is made of 9 boards typologies of 400x30 mm, where each board has the same
side (front, the right in Figure 2) covered by paint layers and the opposite one (back, the left in Figure
2) free to exchange moisture with the environment. Boards 1-4 represent the common cut for the
construction of the WPPs [8], board 5 is a radial cut, and boards 6-9 represent the WPPs 'painted
backwards' (a panel painting with paint layers on the 'opposite' face than the most common cases
found in conservation literature). The selected WPPs (Table 1) are associated with the model boards
as follows: WPPs 2 and 3 are associated with virtual boards 4 and 5, and WPPs 1, 4, 5 and 6 are
associated with virtual board 4. The thickness of the paint layers was chosen as 0.5 mm as an
approximate average value among those found in [11]. The boards have a uniform thickness along
the longitudinal direction of the wood, with no diffusion phenomenon allowed in this direction; they
are also isostatically free to deform. However, the influence of D or thickness is not decisive for the
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classification of deformation tendencies because their different values manifest the same typological
characteristics.

Figure 2 The geometric model consists of 9 boards typologies virtually obtained by a flat sawn tree trunk. Their
dimensions are specified in the drawing. The black area on each board represents the front with the paint layers

The material properties used for poplar wood reported in Table 4 are based on [40, 44].

Table 4 Mechanical and physical properties of Poplar wood used.

Young moduli E1=10060 MPa Er=641MPa Er=306 MPa
Shear Moduli Gr1=200MPa Gr.=640MPa ELr=860 MPa
Shrinkage 01=0.39% or=1.92% or=3.45%

Diffusion Do-1.52 10™* mm?s™

Through the numerical model, the deflection of the central span, measuring 300 mm (see Section 2.2)
of each of the 9 boards, is extracted and plotted over time, drawing a point every 24 hours for 60 days.

For these simulations, the following simplifications have been applied:
1) all materials are homogeneous, and their characteristics are not moisture-dependent;

2) all materials behave purely elastically, and phenomena such as viscoelasticity, mechanosorption
and plasticity are not taken into account;

3) the diffusion along the radial and tangential directions is considered to be the same to reduce the
number of significant variables, because for now it is not possible to quantify them experimentally;

4) the water vapour resistance of bare wood on the back of painted boards is neglected as it is not
known a priori, considering that various products were often applied on the back of the artworks to
stabilise its deformational behaviour, in addition to the natural ageing phenomenon of the exposed
back;

5) at the initial equilibrium conditions, the whole body does not present stresses and strains, and it is
planar in the initial conditions;

6) Since, due to their physical structure, paint layers have much lower shrinkage and swelling
coefficients [14] than wood in transverse directions, the effect of mechanical hygroexpansion is
neglected in the mechanical modelling of paint layers.
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A -1% step variation in the equilibrium moisture content (EMC) is used in the modelling.

To understand the mechanical interaction of the paint layers stiffness with their emissivity, a
sensitivity study was carried out by varying their stiffness values, with constant hygromechanical
parameters of the wood (Table 4). The sensitivity study is presented in Table 5, where the 50
simulated cases are reported. The table is divided into 5 blocks, each representing a specific rigidity
of the pictorial layers, starting from pictorial layers hypothetically with zero rigidity arriving to the
maximum, which for this work is considered 10* MPa, representing the maximum stiffness value
identified in [45]. For each block, the pictorial layer emissivity imposed is also reported.

Table 5 The sensitivity study, with indication of paint layers rigidity and, emissivity for the 50 cases analysed.

Model Paint Paint Layers Model Paint Layers Paint

id Layers Emissivity Rigidity Layers
Rigidity —_— [MPa] Emissivity
[MPa] [mm-s']

1 no rigidity ~ bare wood 26 5000 1.00E-05

2 no rigidity  1.00E-04 27 5000 7.50E-06

3 no rigidity ~ 7.50E-05 28 5000 5.00E-06

4 no rigidity ~ 5.00E-05 29 5000 2.50E-06

5 no rigidity ~ 2.50E-05 30 5000 insulated

6 no rigidity ~ 1.00E-05

7 no rigidity ~ 7.50E-06

8 no rigidity ~ 5.00E-06

9 no rigidity ~ 2.50E-06

10 no rigidity ~ insulated

11 2500 bare wood

12 2500 1.00E-04

13 2500 7.50E-05

14 2500 5.00E-05

15 2500 2.50E-05

16 2500 1.00E-05

17 2500 7.50E-06

18 2500 5.00E-06

19 2500 2.50E-06

20 2500 insulated

21 5000 bare wood
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22 5000 1.00E-04

23 5000 7.50E-05

24 5000 5.00E-05

25 5000 2.50E-05
3. Results

The experimental results relevant to the RH cycles applied to the six WPPs are presented in graphs
and tables in this section. Here, the deformation behaviour and the quantitative results of the
experimental tests are presented separately from the sensitivity study carried out by numerical
modelling.

3.1 Deformational behaviour and quantitative results

The graphs reported in Figure 3 show the evolution of the deflection d [mm] between the two columns
of the DKs over time in the group of monitored WPPs. The deflection is calculated as the distance
between the midpoint of the (imaginary) line constructed between the bases of the DK columns and
its projection normal to the back surface of the painting; therefore, the deflection is calculated in the
central 300 mm of the 400 mm virtual table.

Figure 3 The hygroscopic deformation behaviour of the 6 pane