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The aspect that the authors want to emphasize in the present paper is that numerical modelling tools are 
also being used in order to enrich experimental investigations, thus allowing to reach deeper information 
levels. 

1. The Digital-Twin and its meaning
The general problem that arises in the modelling of a panel painting is the need to correctly understand
its hygro-mechanical characteristics and structure and based on that give information to the
conservators, always keeping the artwork undamaged; which makes mandatory the use of non-
invasive technologies for their characterization. At the same time, the uniqueness of the artworks (inter
alia due to the variability of wood, the interaction between the elements composing the system, the
conservation history including restoration works executed in the past), makes it difficult to apply
literature parameters in the definition of a predictive numerical model. In any case, understanding the
stresses and strains acting on the actual art piece is of great interest for its conservation and for the
study of potentially dangerous conditions.  For these reasons the systematic series of non-invasive
experimental observations made on the Mona Lisa panel aimed towards, and made it possible, to
develop a numerical model totally calibrated on the artwork itself.
The model was calibrated by means of the following non-destructive measurements [4]:
- the shape of the panel was derived from optical surveys and reconstructed in a numerical three-
dimensional model;
- the boundary conditions, i.e. contact zones and pressures between the panel and the framing
components surrounding it, have been detected using ad hoc developed techniques, and then have been
transferred within the three-dimensional model;
- through visual anatomical observations and results from X-ray investigations, the local principal
directions of the wood at each point of the panel have been reconstructed, and this made it possible to
construct a model consistent with the anatomy and the stiffness of the actual wooden board;
- from the load cells readings, it was possible, through an optimization process, to calculate the actual
stiffness characteristics of the wooden panel (including the contribution of the preparation and pictorial
layers).
In-depth studies are available in the literature that examine the fundamental aspects of the above
methods [5,6,7,8].
The present paper focuses on the study of contact areas in various configurations, necessary for the
correct modelling of the panel, and on analytical techniques to compare the results of two numerical
analyses representing two different mechanical conditions.

2. Material s and Methods

2.1. Experimental campaigns on contact areas 

Two experimental campaigns were conducted to investigate the areas of contact between the panel and 
the châssis-cadre. In the first one (performed in 2012) the panel was directly in contact with the wood 
of the châssis-cadre [9]. In the second one (performed in 2016), the effects of the interposition of a 
closed cell polymer foam (Plastazote©) between the wood of the panel and the châssis-cadre were 
investigated [data still unpublished]. 
In order to identify and evaluate the contact zones, in both cases a pressure sensitive film (LLLW 
Ultra Super Low Pressure, two-sheet film, Fujifilm Prescale®) was used to perform some totally non-
invasive tests: strips of the film were placed on the rebate surface of the châssis-cadre, and the panel 
was carefully inserted and pressed during the prescribed short time (few seconds), reproducing the 
actual assembly situation, and then disassembled. Red patches appear on the film at the contact areas, 
and the level of pressure is indicated by the density of the colour (Figure 3).  
The restraining forces are applied by the crossbeams on the back the panel, near its four corners, in order 
to partially contain its tendency to cup; four miniature load cells continuously measure these forces, and 
the data are fed into a continuous recording system [2]: this arrangement makes it possible to have 
available both the contact profiles and the four forces balancing the contact forces, in other words to 
have under control the whole system of the boundary conditions and the forces acting on the panel. 
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Figure 4. Tetrahedral mesh of the contact 
configuration of the 2012 campaign (Model A) 

Figure 5. Tetrahedral mesh of the contact 
configuration of the 2016 campaign (Model B) 

Two numerical models have therefore been created: 
-Model A, based on the 2012 Prescale campaign consisting of a second order tetrahedral mesh of 368125
volume elements;
-Model B, based on the 2016 Prescale campaign consisting of a second order tetrahedral mesh of 430833
volume elements.
The FEM solution has been realized with the open source solver, code_aster [10], developed by EDF,
for both cases in orthotropic linear elasticity with the mechanical characteristics of the wood, derived
from [11], and the pressure data derived from the Prescale tests.
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Figure 6. Model A: results in terms of 
displacements in the direction perpendicular to the 
panel [mm] 

Figure 7. Model A: results in terms of stresses 
perpendicular to the grain in the plane of the panel 
(horizontal direction or x direction) at the level of 
the preparation layers [MPa] 

Figure 8. Model B: results in terms of 
displacements in the direction perpendicular to the 
panel [mm] 

Figure 9. Model B: results in terms of stresses 
perpendicular to the grain in the plane of the panel 
(horizontal direction or x direction) at the level of 
the preparation layers [MPa] 

3. Analysis of results and further processing
The analyses, whose results are shown in Figures 6-9, indicate that in both cases the stresses are in a
safe range, considering the stresses in the wood are definitely smaller than the failure stresses reported
in the literature (2.8÷5.14 MPa, bending) [12]; however, further investigations are necessary to
understand the differences between the two solutions, i.e. to compare two results based on two different
mechanical models.
These two models are not directly comparable because the sum of the reactions applied by the load cells
in z direction (normal to the panel) for each model are different:
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Figure 11. Difference between the displacements 
perpendicular to the plane of the panel; such 
difference is obtained by subtracting point-by-point 
the displacements provided by model B from those 
provided by model A [mm] 

Figure 12. Difference between the stresses 
perpendicular to the grain, in the plane of the panel 
(horizontal stresses); such difference is obtained by 
subtracting point-by-point the stresses provided by 
model B from those provided by model A at the level 
of the preparation layers [MPa] 

In Figures 11 and 12 the red-coloured zones show where and how much the displacement/stress provided 
by model A (without Plastazote) is greater than the one provided by model B (with Plastazote); the 
reverse is true for blue-coloured zones. In particular, Figure 11 shows that (possibly due to the increase 
in the contact area) the presence of Plastazote leads to a decrease of the displacements (perpendicular to 
the plane of the panel) in the upper part of the panel, where the fissure is located; while the opposite 
behaviour (displacements increase) occurs in the lower part, where no fissures are present. Figure 12 in 
turn shows that due to the presence of Plastazote the stresses (perpendicular to the grain, in the plane of 
the panel in the wood situated in the contact zone with the preparation layers ) tend to increase very 
slightly (one order of magnitude lower than the stresses of Figure 7, model A) throughout the whole 
panel, except in the following very restricted areas, identified by very small red spots, where instead the 
stresses decrease: (i) in the upper part of the panel, along the edge of the rebate of the châssis-cadre, 
where the contact pressures between  châssis-cadre and panel are larger (see Figures 7 and 9) and where 
some very small aligned red spots appear; (ii) at the tip of the fissure, where one very small red spot 
appears; and (iii) on the edge of the lower rebate of the châssis-cadre, where one small red spot appears. 
As far as stresses are concerned, the above results suggest that the two configurations (i.e. without and 
with Plastazote) can be considered equivalent, except for the tip of the fissure, and for the small contact 
areas along the upper and lower rebates of the châssis-cadre, near which the barbe extends (barbe is the 
French term for the preparation and colour crest located along the contact angle between a no longer 
existing frame and the panel surface, formed when the work was painted [13]): here the presence of 
Plastazote produces a local decrease of the stresses in the wood. It should however be emphasized that 
these areas must be considered particularly significant for the integrity of both the panel and the pictorial 
layers. 
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