
Article

Not peer-reviewed version

Quantitative Evaluation of

Deformation and Wood Mass

Alterations due to Relative

Humidity Fluctuations: A

preliminary study on spruce

samples

Jessica Auber--Le Saux , Vivi Tornari , Xueshi Bai , Nicolas Wilkie-Chancellier , Michalis Andrianakis ,

Vincent Detalle 

*

Posted Date: 13 November 2023

doi: 10.20944/preprints202311.0731.v1

Keywords: wood; relative humidity; climate impact for conservation; holographic interferometry; NDT; digital

speckle pattern interferometry; cultural heritage

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1150269
https://sciprofiles.com/profile/458432
https://sciprofiles.com/profile/1429594
https://sciprofiles.com/profile/1385852
https://sciprofiles.com/profile/749763
https://sciprofiles.com/profile/2685271


 

Article 
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Abstract: The understanding of structural alteration mechanisms due to relative humidity impact on organic 
supports of paintings is of crucial significance for the preventive conservation strategies in order to ensure the 
long-term preservation of important cultural identity artworks. The effort in this paper is to simulate Museum 
realistic relative humidity condition in a climate chamber while monitoring the structural responses through a 
quantitative interferometric method allowing the quantitative correlation between the physical values of 
deformation and mass alteration relevant to relative humidity fluctuations. 

Keywords: wood; relative humidity; climate impact for conservation; holographic interferometry; NDT; digital 
speckle pattern interferometry; cultural heritage 
 

1. Introduction 

Artworks are subjected to structural changes from environmental alterations due to relative 
humidity (RH) fluctuations. These variations, usually, have a short-term transition in hourly rate, but 
they may accumulate and cause long-term impact on structural condition of the artworks. So, they in 
turn are causing conservation problems especially due to the difference of the artworks painting 
technique (pigments, binding material) and its support (wall, wood, canvas etc) where the alterations 
mainly occur to. Concerning paintings, the wood as a support appeared before canvas, and a lot of 
famous paintings were made on wood (The Mona Lisa from Leonardo da Vinci, The Virgin and Child 
with Saint John the Baptist (La Belle Jardinière) from Raphael). 

Wood is an organic material with hydrophilic properties, meaning that wood support is 
sensitive to RH changes. The reaction of wood to climate changes depends on the wood’s anatomical 
direction (i.e. axial, radial, and tangential), dimensions and species. For example, an oak panel with 
a radial cut will be less altered by the environment changes than a pin panel with tangential cut with 
the same environmental conditions. This statement does not take into account the history of the 
wooden panel such as worm galleries or structural problems, for example nodes. 

There are common understandings on wood mechanisms which have been thoroughly studied 
by wood experts and material scientists. They agree that RH increasing induce an increase of 
moisture exchanges between wood objects and its environment. These exchanges are causing more 
movement of the wood, creating more opportunity for defects to appear in the wood. The defects 
created during continuous processes of RH variations have almost not been experimentally verified. 
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Signs of early failure have never been experimentally detected or proven by a contactless 
method, especially in materials as complex as wooden panels. It implies a difference in reactions 
between wood alone and those objects of art. The behaviour of the object will depend on the wood 
species, thickness, age and history and the nature of the layers, (the panel has varnish, etc.). 
Nonetheless, experiments on wood have been conducted to detect early cracks using acoustic 
emission [1,2]. The acoustic sensors are usually in contact with the artworks to have a better signal 
and the information given by those sensors are pointwise. A method contactless and taking the data 
of the surface is presented here. Unfortunately, as for now, there is no tool available to preservative 
curators in order to help them foreseen deterioration progresses and prevent damages at an early 
irreversible state. A sensor is needed to detect damage already existing in a piece of art, monitor their 
evolution and detect new damage. To properly keep track of the changes in that artwork, the sensor 
needs to continuously monitor artworks or periodically (every day or every week). It will correlate 
the damaging effects of deformation in the effort of artworks to equilibrate with their surrounding 
environments. 

In the early 1990s [3,4], it has been experimentally shown that the surface of an object has a fast 
reaction to any changes in its surrounding environment. The displacement of its surface depended 
on the RH variations. These conclusions were given with holographic interferometry measured by 
pulsed and continuous lasers. If the surface reaction is fast and instantaneous and the structural 
impact in spatial terms is of the order of few microns/min, it is a confirmation of the constant effort 
of the structure to find equilibrium. Questions are yet to be answered: How much the constant effort 
needed to maintain equilibrium affects the structural condition of the object and how much the 
deleterious degree can be in the structural integrity. In order to resolve the main long-term questions 
in this presented preliminary research project, we propose to use the technique of continuous wave 
phase shifting holographic interferometry and present the results from experiments on two selected 
sample, which is the first study under museum realistic conditions. 

2. Methods 

2.1. State-of-the-art methods 

For more than 70 years, optical techniques have been developed, especially the ones using laser 
more recently. For the last decades, a number of research groups have studied variations of RH and 
temperature impacts on different materials, for example wood in the field of Cultural Heritage. To 
achieve this work, number of sensors were developed to monitor the impacts. Those sensors were 
only meant to be used by scientist on a specific object rather than an institution on its entire collection.  

Brewer and Forno [5] used Moiré fringes, mechanical interference of light by superimposing a 
network of lines, to evaluate the behaviour of cradled panel paintings. Research on panel deformation 
with Bragg gratings started earlier than 1995 by Dr Nich Umney from V&A [6]till Falciai [7] used a 
fibre Bragg grating (FBG) sensor glued reversibly to a panel in order to measure the effects of relative 
humidity changes. The principle of this sensor is to use periodic perturbation of the core of a 
monomode optical fibre to measure strain and temperature modulation with a very high resolution 
(1 pm=  ̴1µstrain) and a sampling frequency of 50 Hz but the continuous monitoring is limited to 
near-to-planar surfaces and to the displacement that is derived from two interferometric images. 
Bratasz [8] used a triangulation displacement with a laser diode to monitor a wooden altarpiece 
during two years to conclude on the use of heating in the Church of Santa Maria Maddalena in Rocca 
Pietore, Italy [9]. This device projects a beam of light reflected by the object of interest on a 
photosensitive element, the distance between sensor and object is given by the place of the reflected 
spot on the detector. The disadvantage of this technique is that it is point-wise: it detects movement 
of one or multiple points for multiple photodetectors instead of a full field to record instantaneously 
infinite number of points. Although the frequency of this sensor is 20 kHz, its resolution is 2µm and 
the maximum measured displacements are 1mm. Lately, Oh and al [10]tested a new method to 
measure moisture content of wood, using the THz domain on samples. This method is also a point-
wise technique. The reflection mode with 30° incidence angle was used, the pixel size and the speed 
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of image stage were 1mm and 20 mm/s, respectively. The Table 1 resumes the apparition date and 
the sensitivity of all these techniques. 

Table 1. Techniques used in conservation of wood for cultural heritage.[11–13]. 

Technique Apparition date Sensitivity 

Moiré fringes 1954  µm accurancy 

Fibre Bragg grating 1978 Less than 100 nm 

Triangulation displacement sensor 1980s µm accurancy 

THz domain 1980s Less than 100 ps 

In this context, one must identify forward elements leading to failure of the wooden support. To 
that purpose, deformation of wood must be monitored taking into account all specific parameters 
related to its specie or its extraction [11]. To follow the elements' structural changes point by point 
reflection or contact techniques are unreliable since all surface points react simultaneously to any RH 
change and the non-destructive recording of all surface points at once is better recommended to study 
this reaction of the surface as a whole.  

2.2. DHSPI method 

We carry out another non-destructive (ND) technique which allows an accuracy surface analyse. 
Indeed, Digital Holographic Speckle Pattern interferometry (DHSPI) is a remotely operated and 
contactless, direct full-field surface periodic monitoring method. This ND testing technique is used 
for a long time for engineering purposes. It is based on the physical principles of Holographic 
Interferometry and has been developed to a prototype portable system by the “Foundation for 
Research and Technology Hellas” of the “Institute of Electronic Structure and Laser“(IESL/FORTH, 
Laboratory of Holography lead by Dr. Vivi Tornari [12], . It was used in-situ on different materials. 
This system can measure the whole surface deformation simultaneously from interference fringes by 
real time recording of this surface during RH changes. With the method it is also possible to have 
quantitative information of interference fringe pattern visible images of quite large panels without 
interaction with surface or structure and high sensitivity, the sensitivity of this technique is here 266 
nm, the half laser wavelength used, (λ/2) of 532 nm.  

3. Sample studies  

3.1. Wood species and its relationship with the environment 

In general, works of arts and paintings show various defects caused by changing their 
environment climate conditions, accidents, improper handling, or other interventions. With regard 
to damage caused by altered or changing indoor climate conditions, museums all over the world try 
to regulate the climate conditions in the vicinity of their artworks [13]. For cost reasons and according 
to technical possibilities, the climate control varies from regulation of the number of visitors, opening 
and closing the windows to installed air conditioning units with air RH and temperature (T) 
regulators. Best results are achieved with showcases, but these are expensive and not all objects can 
be stored in this way (such as large statues). Most works of art are not stored or displayed under 
controlled conditions. Therefore, climate control remains an adequate solution. 

On top of that, nowadays the climate change develops more violent phenomena with high 
variations of T and humidity leading to mean increases of those physical values. In this context, in 
the field of Cultural Heritage, preventive conservation is now striving to develop new tools and 
sensors to warn of signs of failure in order to preserve art objects and monuments from the impact of 
climatic variations [13]. Knowing these signs of failure can lead to new preventive strategies. In order 
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to develop those new sensors, elements composing the objects need to be understood in the context 
of their affected reaction due to environmental changes. 

The objects this research focuses on are wooden panels. In order to reduce the possible painting 
techniques as well as the wood species, the wooden panels of interest are from 15th and 16th centuries. 
To understand wooden panels’ behaviour, at first samples needed to be made. To begin the 
fabrication of those samples, the first step was to define species are representative of the wooden 
panels of the concerned centuries. To begin, the examined samples were determined according to the 
results of DHSPI on wooden samples. 

The material research on samples using direct holographic interferometry monitoring 
implementing pulse laser in climate chamber began in 1995 [3] for fast and abrupt RH changes and 
continuous wave lasers for small and smooth RH changes[3,14]. 

Over previous study [14], it was experimentally shown that the rate of RH changes is an 
important factor for the reaction of materials and that there is a large difference of impact of RH 
change depending on the object nature: organic or inorganic. In more recent experimental research 
of Tornari et al. with holographic interferometry was experimentally shown that the on line real time 
potential of the technique to differentiate the RH impact on different materials and composites is very 
promising for material research in Museum environment [14–16], Tornari and al examined wood 
species samples hardwood and softwood with recent representative materials being pine (Pinus 
sylvestris) and oak (Quercus ssp) in different cuts. The shrinkage percentage of Pinus sylvestris for 
radial cut is 5.2% for tangential cut is 8.3% and the ratio tangential/radial 1.6, respectively [17]. The 
comparison of mean-equilibrium time for these wood samples confirmed experimentally the 
importance of the wood specie and cut. It showed that a pine sample will take a longer time than an 
oak one of the same sizes to fine its equilibrium and a sample with a tangential cut will find its 
equilibrium later than a sample with a radial cut. Oak and pine are very different species, they are 
softwood and hardwood respectively, they have shrinkage percentages and ratio tangential/radial 
different too. There dissimilarities can be explained by specific gravity or density. Dr Hoadley [18] 
defines specific gravity as the ratio of wood density over a standard substance density (in wood case 
water). Relative density, a physical quantity of weight per unit, defines the strength of wood, surface 
hardness, resistance to tool action and might help predict wood characteristics (hardness). In the 
previous study [14], the pine samples had a density of 0.30-0.45 g/cm3 and oak samples one of 0.45-
0.65 g/cm3, meaning that their specific gravity was 0.39-0.55 and about 0.65 for oak [19]. These known 
values will help plan the reaction of other specie depending on their specific gravity. If this physical 
quantity is closer to pine than oak, the sample might react more as pine than oak. 

3.2. Wooden panels used in art history 

After the study of previous works, the selection of samples was done by processing different 
databases containing wooden panels. Two completely different databases were found. The first 
belongs to the laboratory Centre de Recherche et de Restauration des Musées de France (C2RMF) and 
the second is an online base, Web Art Gallery, freely accessible. The processing was done 
automatically with Python by selecting only wooden panels. Then, classifications of the panels by 
date, by wood and by place of origin, defined on the database as schools, were made. The results can 
be given as bar charts or csv files containing tables with percentages describing the rate of wood in 
each school, the rate of school in each wood, the percentage of a certain school with a chosen wood 
over the entire data. These results have permitted to choose the wood of the samples used in the 
experiment described on this paper and in the future experiments. 

Different use of the C2RMF database were made. The first one consisted on taking all available 
panels of the database and analysing them as previously described. The second application was to 
select only panels belonging to the Louvre Museum. The choice to select only panels from this 
museum was made because it is a large and old museum with lot of wooden panels. It is located near 
the C2RMF and have surely used a lot of the laboratory services. 

Figure 1 represents wood species used by painting schools during the 15th and 16th centuries 
from all panels available on Web Art Gallery database. The bars represent the number of panels for 
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each wood specie in the focused centuries. The colours represent the place of origin of the panels. 
Two bar charts were plotted for scale purposes. The upper graph represents the identified species 
used the most in the 15th and 16th centuries with the specie called “wood” which represent the panel 
with an unidentified specie. The other graph represents the marginal species. 

 
Figure 1. Wood species used by painting schools, Web Art Gallery database. 

Tables 2 and 3 resume the main wood species and the countries of main painting schools of 
Figure 1 respectively. Table 4 shows that we do not know the specie of most of the Italian, German, 
Netherlandish or French panels but almost half of Flemish panels of this database have identified 
wood species. This leads to the conclusion that in this period Flemish oak panels are the most popular 
panels. 

Table 2. Main wood species of Figure 1. 

Wood specie Number of artworks Percentage 

Wood 2226 66.98% 

Poplar 131 3.93% 

Oak 658 19.74% 

Pine 44 1.32% 

Table 3. Main painting schools of Figure 1. 

Painting school Number of artworks Percentage 

Italian 1351 40.52% 

Flemish 957 28.7% 

French 43 1.29% 

German 597 17.91% 

Netherlandish 219 6.57% 
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Table 4. Main wood species with their painting school from Figure 1. 

Wood 

species 
School 

Number of 

artworks 
Percentage 

Wood 

panels 

Italian schools 1215 
36.44% of entire data - 89.93% of Italian - 54.41% of 

wood 

Flemish schools 482 
14.46% of entire data - 50.37% of Flemish - 21.59% of 

wood 

French schools 31 0.93% of entire data - 72.09% of French - 1.39% of wood 

German schools 253 
7.59% of entire data - 42.38% of German - 11.33% of 

wood 

Netherlandish schools 141 
4.23% of entire data - 64.38% of Netherlandish - 6.31% 

of wood 

Poplar 

panels 
Italian schools 114 3.42% of entire data - 8.44% of Italian - 87.02% of poplar 

Oak 

panels 

Flemish schools 474 
14.22% of entire data - 49.53% of Flemish - 72.04% of 

oak 

French schools 9 0.27% of entire data - 20.93% of French - 1.37% of oak 

German schools 76 2.28% of entire data - 12.73% of German - 11.55% of oak 

Netherlandish schools 78 
2.34% of entire data - 35.62% of Netherlandish - 11.85% 

of oak 

Pine 

panels 
German schools 28 0.84% of entire data - 4.69% of German - 63.64% of pine 

 
The reactions due to RH variations are linked in a part to the wood specie of the object. The fact 

that a majority of the wooden panels have not had their wood specie identified can make 
interpretations of images given by the DHSPI more difficult. Knowing this, only the wooden panels 
whose wood specie are known are kept for further investigations 

The set of data base on C2RMF database from 1400 to 1600 contains 662 panels (Table 5). Italian 
poplar wood panels are the most common kind of panels with more than 52% of the panels. Almost 
92% of poplar panels are Italian and more than 95% of Italian panels are made with poplar. Dutch 
oak panels are very few, but Flemish oak panels are almost 19% of the panels of the database in this 
configuration. French painters weren’t always using oak for their panels but apparently most of the 
Flemish panels gone through the laboratory were made with oak. 

Table 5. Main wood species with their painting school from C2RMF database with only known 
species containing 662 panels. 

 Oak panels: 35.65% Poplar panels: 54.68% 

Dutch panels: 2.87% 
2.42% of entire data 
84.21% of Dutch panels 
6.78% of oak panels 

0.15% of entire data 
5.26% of Dutch panels 
0.28% of poplar panels 

Flemish panels: 19.03% 
18.58% of entire data 
97.62% of Flemish panels 
52.12% of oak panels 

0.15% of entire data 
0.79% of Flemish panels 
0.28% of poplar panels 
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French panels: 13.9% 
9.97% of entire data 
71.74% of French panels 
27.97% of oak panels 

0.91% of entire data 
6.52% of French panels 
1.66% of poplar panels 

German panels: 3.17% 
2.42% of entire data 
76.19% of German panels 
6.78% of oak panels 

0.3% of entire data 
9.52% of German panels 
0.55% of poplar panels 

Italian panels: 57.1% 
0.91% of entire data 
1.59% of Italian panels 
2.54% of oak panels 

52.42% of entire data 
91.8% of Italian panels 
95.86% of poplar panels 

 
Table 6 shows the number of panels by wood specie and country of origin for the C2RMF 

database with only Louvre panels. The museum had a lot of Italian poplar panels analysed and as 
previously almost all Italian panels are made with poplar and most of the poplar panels are Italian. 
Their second popular specie is oak. As the previous set of data, Louvre has a majority of Flemish 
panels made with oak. From those two sets of data, we can see that oak was most used in Northwest 
regions of Europe, this not seemed to be the case in French painters who apparently used poplar too. 

Table 6. Main wood species with their painting school from C2RMF database, Louvre data with only 
known species containing 400 panels. 

 Oak panels: 27.5% Poplar panels: 61.75% 

Dutch panels: 3% 
2.5% of entire data 
83.33% of Dutch panels 
9.09% of oak panels 

0.5% of entire data 
16.67% of Dutch panels 
0.81% of poplar panels 

Flemish panels: 16.25% 
15.75% of entire data 
96.92% of Flemish panels 
57.27% of oak panels 

0.5% of entire data 
3.08% of Flemish panels 
0.81% of poplar panels 

French panels: 7% 
4.25% of entire data 
60.71% of French panels 
15.45% of oak panels 

0.75% of entire data 
10.71% of French panels 
1.21% of poplar panels 

German panels: 6.25% 
3.5% of entire data 
56.0% of German panels 
12.73% of oak panels 

 

Italian panels: 64.25% 
0.5% of entire data 
0.78% of Italian panels 
1.82% of oak panels 

60.0% of entire data 
93.39% of Italian panels 
97.17% of poplar panels 

 
We resumed Web Art Gallery database in the same way as C2RMF database in Table 7. It 

presents 1100 wooden panels painted with identified wood species that were found for these two 
centuries. French panels here are completely irrelevant, on the contrary German panels are more 
represented. The comparison was made with the previous results on the C2RMF database. The same 
conclusion about Flemish panels, that they favour oak as another wood specie for panels can be 
drawn. From this database, it seems that identified pine panels come from Germany. Netherlandish 
panels were almost non-existent in the first database but here it is the third more represented painting 
school, opposing to the Dutch panels. 
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Table 7. Main wood species with their painting school from Web Art Gallery database with only 
known species containing 1100 panels. 

 Oak panels: 59.82% Pine panels: 4% Poplar panels: 11;91% 

Flemish panels: 
43.18% 

43.09% of entire data 
99.79% of Flemish 

72.04% of oak panels 

  

French panels: 
1.09% 

0.82% of entire data 
75.0% of French 

1.37% of oak panels 

  

German panels: 
31.18% 

6.91% of entire data 
22.16% of German 

11.55% of oak panels 

2.55% of entire data 
8.16% of German 

63.64% of pine 

1.18% of entire data 
3.79% of German 
9.92% of poplar 

Italian panels: 
12.36% 

1.0% of entire data 
8.09% of Italian panels 

1.67% of oak panels 

0.09% of entire data 
0.74% of Italian 
2.27% of pine 

10.36% of entire data 
83.82% of Italian 
87.02% of poplar 

Netherlandish 
panels: 7.09% 

7.09% of entire data 
100.0% of Netherlandish 

11.85% of oak panels 

  

 
From these studies, we can conclude that oak and poplar are the main species of hardwood used 

to make painting panels during the 15th and 16th centuries. The main specie of softwood seems to be 
pine. The country of origin is important to determine for example the primer coat to put on the wood, 
or the size of the growth rings of the wood. Italian school applied gesso made with calcium sulphate 
that is why gesso is commonly applied on poplar. A second kind of pier layer made with calcium 
carbonate can be found on the North of the Alps. Therefore, it is usual to find this layer on oak. And 
since pine seems to be mostly from German schools, the same layer as oak seems applied as primer 
coat. 

3.3. Characteristics of selected samples 

In order to define entirely the samples, Catherine Lavier, a wood specialist responsible for 
dendrochronology, wood identification and conservation, working inside the laboratory for more 
than 20 years [20], was consulted. The entire definition of those samples goes through the right 
thickness and the right cut which depend on the wood specie or the origin (growth rings). The wood 
species presented to her were the one found in the previous section, so the more representative of 
wooden panels. The aim of this exchange was to define the right cut for each specie and different 
thicknesses that are representative of wooden panels found in museums. 

The wood specialist has explained based on her own experience that poplar and oak panel where 
indeed famous species used in panels, nevertheless some artists preferred softwood species for their 
wooden panels. She added that poplar had usually growth rings about 1 cm per year because they 
came from Italy [18]. By contrast, oak panels where from North European countries [18] in that way 
the growth rings are less than a millimetre per year. Softwoods are more from Germany or Austria 
so it seems that the growth rings on the pine panels are about 2 or 3mm per year. 

The thicknesses of the panels are not standardised, it depends on the type of wood and also on 
the century when the panel was created [18]. The thickness of poplar panels is between 3 cm and 4.5 
cm. The oak panels were more refined, the resulting thickness is between 0.8 cm and 3 cm. 
Thicknesses under these values can be found because they are given not taking into account some 
unfortunate events as thinned operations or two-sided panels cut in half. It means that the panels 
observed in museums are sometimes thinner because of the changes made on them. 

The museums are trying to minimise with a minimum of effort and resources RH and T 
variations of their entire building since wood varies with RH variations and other materials cannot 
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be harm by a stable environment. That is why some museums have a RH and T control in their rooms. 
In order to check if the control is working and the variations are not too high, sensors are installed in 
places of the museums. These sensors record data of RH and T. For the purpose of better 
understanding the reactions between RH changes and wood movements, use of a museum data of 
three rooms containing artworks with sensors in order to follow some of the variations is decided.  

The collected data allow to establish representative cycles of artworks usual environments. Once 
these cycles were defined, they were replicated in a climate chamber. The experiments lead to a 
progression on understanding wood movements depending on its specie, its thickness and the RH 
and T variations. In this article, results will be discussed comparing the behaviour of two samples 
under the same variations, with the same wood specie, the same cut but different thickness. 

These samples were made with spruce (Picea abies), with tangential cut. The shrinkage 
percentage of this specie for radial cut is 3.9%, for tangential cut is 8.2%, and the ration 
tangential/radial is 2.1 [17]. Some characteristics of the two samples are shown in Table 8. 

Table 8. Samples characteristics. 

Sample 

number 
Wood 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Growth 

rings 

Specific 

gravity 

44  Spruce 100 100 50 39 0.41 

51  Spruce 100.5 99.7 19.5 22 0.4 

4. Experimental studies and discussions 

4.1. Experimental set-up 

The measurements were done with the DHSPI system. It is a portable system composed on two 
parts: the optical head and the control unit. The control unit include a central unit, the laser power 
supply and a RH and T sensor to monitor the room RH and T at each measurement. A portable 
computer is needed too. The head of the system is mapped in Figure 2. 

 

Figure 2. Schematic of DHSPI head. M: mirror; PZT M: piezoelectric mirror; BS: beam splitter; L: lens; 
VA: variable attenuator. 

The light source is frequency-doubled Nd:YAG laser with a maximal power of 300mW and a 
coherence length of 30m. It is splitted (Beam splitter: BS) in an object beam with 80% of the laser 
power illuminating a large part of the object thanks to a convex mirror. The other 20% of the laser 
beam correspond to the reference beam. The latter goes through a piezoelectric (PZT) mirror. Then, 
the two beams are recombined by another beam splitter and focused on a CCD sensor with 1600x1200 
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pixels. This head is closed to avoid any dust, the only moving element is the lens focalising the object 
image on the camera to allow focusing under optimised conditions. The PZT mirror is precise at some 
nm in order to capture five images at each time, with a step of �/2. This is a phase-shift measurement. 

The DHSPI is set to face a sample that is placed on a scale, shown in Figure 3. The sample and 
the scale are put in a custom-made climate chamber. It is an airtight construction with two spaces 
under the main floor which receives the trays of saturated salts solutions to change the RH inside the 
chamber. To decrease the RH of the chamber, trays of lithium chloride saturated solution were used 
and to increase the chamber’s RH trays of water vapour are used in the place of salt containers. Those 
liquids were chosen in order to have relatively slow variations. 

The sample is mounted on a digital scale with 0.001 g resolution to measure the weight changes 
during RH changes. This scale is linked to the DHSPI computer, its acquisition time is customizable 
and the current acquisition can be followed during the full experimental duration through software 
developed by the FORTH. An RH/T logger, display, acquire and log the RH and temperature of the 
chamber. The time between two images acquisitions is adjustable in order to acquire sufficient 
number of fringes in every image capture. 

 
Figure 3. Opened homemade climate chamber for DHSPI monitoring. 

4.2. Experimental procedure 

The simulated variations to reproduce on the climate chamber were decided according to a 
museum RH and T data of three different rooms that are represented in Figure 4. To stay in a 
recommended museums condition, the variations of RH must be inferior to 5% per day in order to 
keep the objects safe. 

The first room contains famous artworks, both wooden panels and canvas. The variations in this 
room can be quite large. Figure 4a is a plot of T and RH of this room during a month in 2012. The 
temperature maximum difference is 3.3°C for more than a month. The maximum variation on a day 
is 2.1°C. The RH value is very low, 25%, at one point and stays low for four days. The worst RH 
variation during of this period is 21.5%. The set-point temperature is 19°C±1°C, RH is supposed to be 
greater than 40%. 
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Figure 4. a) Relative humidity vs time and temperature vs time between October 16th 2012 and 
November 11th 2012 for the first room of the museum. b) Relative humidity vs time and temperature 
vs time between September 28th 2018 and August 20th 2019 for the second room of the museum. c) 
Relative humidity vs time and temperature vs time between November 7th 2019 and January 28th 2020 
for the third room of the museum. Triangles down represents maximums and tringles up represents 
minimums. 
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Figure 4b represents the data of a second room, with Decorative Arts objects. Temperature is 
programmed to be in winter 19°C±1°C and in summer 25°C±1°C, but RH is not controlled. The 
temperature is often higher than the setpoint temperature but in winter it can be really below this 
value, as the minimum is 15.07°C. During summer, it can be higher than 25°C, even reach 28.64°C. 
Compared to the first room values, here the worst temperature during a day is 3.3°C, this value is the 
same as the variation happening over a month on the first room. High variations around the year can 
be seen for RH, but one can suppose these variations are due to the lack of control of T and RH in this 
room. The worst of the RH variations is 28.6% in 24 hours, a very huge variation for a museum that 
can endanger the artworks. 

Recently a new sensor was installed in a third room containing wooden panels to measure the 
temperature supposedly at 19°C±2°C. The available data plotted in Figure 4c are from the installation 
date to the date when the museum’s conservation Department provided it. The temperature is 
around more 20.5°C than 19°C. The worst variation is 4.5°C. The RH variations are between 70% and 
36%, the worst variation on this range is 27.8%. 

With these three graphs we only have the museum’s rooms extremums, 75% is the maximum of 
all available data coming from the measurements in the second room and 25% is the minimum of all 
available data coming from the measures in the first room. As the climate chamber is a homemade 
one, the data can’t be directly loaded in the chamber. That is why the rates per hour of each room 
have been calculated, in order to find the maximum and minimum rates available in the rooms. These 
values will determine if the measurements obtained during our experiments are usual in a museum 
environment, are rarely measured or never measured under normal museum’s conditions. 

The number of repetition of rates per hour available in the three rooms have been plotted in 
Figure 5. It gives the more frequent rates on those rooms. The values plotted here are calculated by 
taking a value and all that are measured during an hour after it, then by searching for the two 
extremums in this hour, next by subtracting those two values this gives the RH per hour plotted. 

 

Figure 5. RH rates per hour available for museum’s rooms data. 

Positive values of RH rates per hour represent RH increasing and are called here swelling value 
because wood gain water so its moisture content increases during that process. Therefore, the 
negative values are the decrease of RH and named shrinking values because wood loses water so 
moisture content decreases. The third type of value is the RH variations that are nulls, therefore it is 
called zeros. 

Figure 5 shows that the maximum RH decrease (minimum shrinking value) is higher than the 
maximum Rh increase (maximum swelling value). Maximum of the rates per hour have an absolute 
value of 2%. It means that increase and decrease of RH are quite slow and that despite a lack of control 
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in one room, the museum seems to have found a way to keep RH relatively stable. At least more than 
700 relative humidity do not vary during an hour, it means the RH in those cases is stable at least 
during one hour. By comparing the number of null values and the others, the conclusion is that the 
museum has more variations of RH, even if they are very low, than stable values. 

In order to take into account the rates per hour numbers, the experiments are planned as follows: 
shrinking from 75% to 25%, taking into account the maximum and the minimum of the three rooms, 
followed by a swelling until 75%. The shrinking variations are reached by using trays with saturated 
solution of lithium chloride: when the RH in the climate chamber is equal to 75%, a tray is put in the 
chamber, a second one is added 3 hours and 30 minutes later. Then 17 hours and 28 minutes later a 
third tray is added to reach 25%, the minimum found with the museum’s data. As the rate per hour 
seems to be null, we go to the swelling variations after 1 hour and 40 minutes. The swelling part is 
achieved by putting different trays of water in the climate chamber. First, a glass round tray with 150 
mL of water replaces the trays of lithium chloride, than a larger tray replace this one and the 
experiment is stopped the next day. These experiments ran for 2 days: one day to decrease the RH is 
the chamber and almost the other one to increase it. During that time, the temperature is kept around 
20.7°C by using the air conditioning in the laboratory.  

4.3. Experimental results and discussions 

During the experiment, the temperature with room air conditioning on is arranged between 
20.57°C and 20.95°C, so it is considered as constant. Hence, the samples variations of surface and 
mass measured are due to the RH variations only. In regards to the protocol, 25% of RH was never 
reached. The lowest RH point with this protocol depends on the experimental initial conditions. The 
initial condition of the chamber for the sample n°51 was a RH stabilised 82% but for the sample n°44, 
the RH was raised quickly to 75%. This second initial condition allowed the chamber to have a RH at 
27%, otherwise it has only been to 29%. Hence, the experiments on n°44 started at 75% RH and the 
one on n°51 started at 80% RH. 

To validate our experiments, the RH rates per hour need to be compared to the data retrieved in 
the museum’s rooms. The RH rate per hour were calculated as previously and were plotted in Figure 
6. This graph shows that the majority of RH rates per hour obtained during the experiments can be 
found on museum conditions. In that case, the process used here can be validated. 

 
Figure 6. RH rates per hour measured during experiments on sample n°44 and sample n°51. 

 

-27.5 -10 -7.5 2.5 5 7.5 10 - -2.5 0 
Relative humidity per 
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Figure 7 shows the RH of the chamber in percentage versus time with the sample mass in grams 
versus time of sample n°44 and on n°51. One purpose for the comparison of these two curves is to 
correlate RH behaviour with the sample mass behaviour. One other aim of this graphs is to define 
the delay between the mass minimum and the RH minimum, because it has been shown by studies 
of wooden samples submitted to RH variations [13–15] that sample mass variation follows the RH 
climate chamber variation with a delay written ∆� = ������� − ��������� . To easily show that, 
triangles have been drawn on the graphs. They show an extremum of the curves, the triangles up are 
minimums and the ones down are maximums.  

Figure 7a represents the RH and mass values versus time of sample n°44, the mass curve does 
not follow the RH curve in the beginning. This behaviour is explained because the sample was put in 
the climate chamber right before the experiment start. The room where the sample was stored had a 
RH value around 44% and the sample was in equilibrium in this environment. The sample did not 
remain enough time at a stable 75 % of RH in the climate chamber to not increase its moisture content 
during the beginning of the experiment. After this mass increase, the mass decreases and follow RH 
variations even if it is with a delay. At the end of the curve, the RH is stable. In spite of that, the mass 
of the sample is still increasing, so the sample is not in equilibrium with its environment. From this, 
one can conclude that the sample will not be in equilibrium before 5 hours and 11 minutes, time 
between the two maximums 

Figure 7b represents RH and mass values of versus time sample n°51, the mass curve follows 
the RH curve during all the experiment. The problem that happened with the sample n°44 in the 
beginning did not occur because the sample remained enough time in the climate chamber in an 
environment with stable RH before the experiment start to be in equilibrium with its surrounding 
environment. The experiment ended before the sample find equilibrium with its surrounding 
environment. 

Since the scale is the same on the two graphs, we can see that the delay between the minimum 
of the RH curve and the one of the mass curve is longer in the case of sample n°44. For sample n°51, ∆� = 72 ���. For sample n°44, ∆� = 100 ���. Since the only significant difference between the two 
samples is their thickness, it is clear that the delay depends on the thickness of the wood. Sample n°44 
has a thickness of 50mm (Table 8) and sample n°44 of 19.5mm: the thicker is the wooden object, the 
longer will be the delay. 
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Figure 7. a) represents the values for sample n°44, the mass does not follow the RH in the beginning 
because the sample did not remain enough time in the climate chamber in an environment with stable 
RH before the start of the experiment to be in equilibrium. The mass is going up before going down 
since RH was increasing before the start of the experiment. The experiment ended before the sample 
find equilibrium with its surrounding environment. Triangles down represents maximums and 
tringles up represents minimums. 

Since the mass of an artwork can’t be easily taken if it can be, another method needs to be used 
to define wood changes during RH variations. In that respect measure of a surface variations of the 
sample during the experiment were carried out. The purpose is to understand the sample’s surface 
reactions due to variations of its surrounding RH with the help of the sample mass variations. 

The measurements were made with the DHSPI system. This device acquires a set of five images 
every five minutes in our experiments. The system recorded these images and displayed the results 
of their superposition-an interferogram. Examples of those interference patterns are given in Figures 
8a and 9a. They represent the surface displacement of sample n°44 and sample n°51 respectively. 
They are the superposition between the surface at 3 hours and 5 minutes and the surface at 3 hours 
and 10 minutes. Figures 8b and 9b are the interferograms after denoising by an optimum process 
created by FORTH software. Figures 7c and 8b are the unwrapped phase of the interferogram based 
on the denoised pictures. Figures 7d and 8d are the 3d representations of the surface of the sample 
n°44 and the sample n°51, respectively. 

 

a) 

b) 
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Figure 8. Sample n°44 interference figure during shrink process. a) Row data b) after denoising. c) 
Unwrapped phase of the denoised image d) 3d map of the displacement of the sample n°44 surface. 

Figure 8 shows the surface of sample n°44. The phase maps, wrapped and unwrapped show that 
the sample n°44 has a default on the upper left at the beginning of the experiment. This default is 
visible because the image has two different interference patterns. This default is caused by the 
presence of a sticky paper on this surface and not at all because the wooden sample has a weakness. 
The 3D map shows that the surface is submitted to a displacement of 1.2 µm in five minutes. 
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Figure 9. Sample n°51 interference figure during shrink process. a) Row data b) after processing c) 
Unwrapped phase of the denoised image d) 3d map of the displacement of the sample n°51 surface. 

Figure 9 represents the surface of sample n°51. On the interference pattern after processing, one 
can only see a single interference pattern, so the sample seems to have no defaults at the beginning 
of this experiment. The unwrapped phase is noisy, because of the noisy interferogram. Since the 3D 
map comes from this unwrapped image, this is not very reliable but it gives an order of magnitude 
which gives a displacement of 0.9 µm of the surface in five minutes. 

To understand the surface reactions, the denoised images are used to calculate the number of 
fringes which leads to the surface displacement by  ∆� = � ��       (1) 

where Δz is the displacement of the surface, λ is the wavelength of the laser (here 532 nm), N is 
the fringes number of the interference figure.  

In order to compare the RH of the climate chamber, the mass of the sample and its surface 
displacement all those values are divided by Δt in hour. This gives a RH per hour, a mass per hour 
that are called here rates per hour and for the surface displacement a new quantity is given: the rate 
of displacement (RoD) [15] ��� =  ∆�∆� = ��/���        (2) 

where Δz is the displacement of the surface taking place during Δt which is the difference 
between the acquisitions of two images in hours. 

Figure 10 represents the rates per hour of RH versus time, the mass rates per hour versus time 
and RoD in µm/g versus time of samples n°44 and n°51. The minimums of each curve are shown by 
triangles with a head up and the maximums with triangles in the down direction. The RoD curves 
follows the mass rates per hour curves that follows with a delay the RH rates curves. If the variations 

a b

c
d
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of RH are fast, the RoD will be higher due to an increasing N, caused by a surface displacement 
between two images quite large, created by a high moisture variation in the sample. The number of 
fringes N being always a positive value. It means that when a minimum of mass rate is achieved, a 
maximum of RoD is reached at the same time, same for a mass rate maximum. 

 

Figure 10. a) Sample n°44 rates per hour of RH (%/h) vs time, mass rate per hour (g/h) vs time and 
RoD vs time. b) Sample n°51 rates per hour of RH (%/h) vs time, mass rates per hour (g/h) vs time and 
RoD vs time. Triangles down represents maximums and tringles up represents minimums. 

Figure 10a represents the rates per hour of RH and mass versus time, and RoD versus time of 
the sample n°44. As seen previously on Figure 7a, the mass curve does not follow the RH curve at the 
beginning of the experiment. The RoD increases when mass and RH rates values are going further 
from the zero rates, it decreases when the rates are going nearer to the zeros rate value. The minimum 
mass rate corresponds to a maximum of ROD. The maximum of RoD is closer to the mass maximum 
rate than the RH maximum rate. As seen in Figure 7a, the RH variations are null at the end of the 
experiments on sample n°44. Despite that, the mass is still variating even if it is less fast. During this 
part of the experiment, the RoD is still varying. It means that the surface of the sample is moving with 
a change of mass exclusively. This case does not interest us because the RH in a museum will rarely 
be stable for so long. On the other end, it shows that the mass changes influence the RoD values, so 
the surface changes. 
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Figure 10b represents the rates per hour of RH and mass versus time, and RoD versus time of 
the sample n°51. The RoD increases when mass and RH rates values are going further from the zero 
rates, it decreases when the rates are going nearer to the zeros rate value. The maximum mass rate 
corresponds to the maximum of ROD. 

From the observations of the curves, it can be concluded that the mass variations have a higher 
impact on the surface changes. The scale of RoD of the sample n°51 has a maximum and a minimum 
higher than the scale of RoD of sample n°44. Since the sample n°51 is thinner than the sample n°44, 
it means that the displacement of the surface is more important for a thinner wood object. 

5. Conclusions 

In this study, a design of wooden samples has been realised. This samples represents panels of 
the 15th and 16th centuries. They also take into account the previous samples used with the DHSPI 
system in the custom-made climate chamber of the FORTH. The study of two databases of wooden 
panels shows that a large number of those wooden panels has its wood specie / species not identified 
by either history of art or scientific method (dendrochronology). The most identified wood of those 
databases is made of either oak or poplar. More productive places in that period were Flanders using 
usually oak and Italy preferring poplar. The more common softwood specie was pine and was used 
in Germany. Oak panels were usually cut into a radial way, contrary to poplar ones which were 
tangential. Panels are usually thicker if there are made in poplar and thinner if it is oak. 

The second step of this study was to determine a cycle of RH variations to reproduce in a climate 
chamber to observe the surface changes depending on the RH variations. As the study is focused on 
museum conditions, RH and T data from a museum were used for the cycle determination. From that 
a process was designed in order to reach the maximum and the minimum values obtained in the 
museum without exceed the maximum rates per hour of the three rooms. 

Regarding to the experiments, the first conclusion is that the initial conditions with the proposed 
protocol have a real impact on the minimum RH value that can be reached and the mass behaviour. 
It might be more interesting to stabilise the sample before beginning the experiments, especially to 
have mass variations that follows all along the experiment the RH variations. 

To correlate DHSPI measurements of the surface and RH variations, a direct method was used 
to measure the samples changes. This method was the use of a scale to measure weight changes of 
the wooden samples. Mass evolutions follows RH variations with a delay. That delay is related to the 
sample thickness: it is shorter if the thickness is thinner. The mass rate variations follow also the RH 
rate variation with a delay. We can conclude that mass gain or losses are due to moisture variations 
in the panel, leading to its deformation. This process follows RH changes and it is visible by the 
number of fringes given by a DHSPI interferograms which are related to the surface deformation of 
the panel. This deformation is measured every 5 minutes and the interferograms represents the 
surface deformation during this time difference. Because of the delay response of the material system, 
the study of the fringes number seems not to be accurate enough to monitor these mass variations 
when the RH variations are sudden. 
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