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ABSTRACT  

A non-invasive and non-contact optical method for tracking overall and local deformations of canvas painting is 
presented. The technique was tested on a model painting on canvas with inhomogeneities introduced by infilling gaps, 
mending tears, and applying patches on the reverse of the canvas. The deformation of the sample was induced by 
changes of relative humidity. The feasibility of 3D Digital Image Correlation technique for evaluation of conservation 
methods is discussed. 

Keywords: strain distribution testing, structural conservation-restoration of canvas, optical methods, artwork, easel 
painting 
 

1. INTRODUCTION 
Canvas paintings are complex, multilayer structures composed of hygroscopic materials of different properties and thus 
they are sensitive to cyclic changes of relative humidity in their surroundings.1-6 The components of a painting: canvas 
support, glue size, ground, oil paint and varnish react differently and cause inner stress to the structure. Therefore, during 
storage in unstable environment significant distortions of the picture plane but also cracking or cleavage can appear. In 
case of any discontinuities in the whole structure or in separate strata, these effects become more complicated and 
pronounced. These local discontinuities may be inherent to the painting technique or caused by a damage. Crackles, 
interlayer delamination, cuts, tears, gaps fall into the latter category, as well as improper repairs and patches which may 
introduce harmful stress concentrations into the structure.  

Therefore when developing new conservation materials for local treatments such as consolidation, tear mending or gap filling, 
it is important to evaluate their compatibility to the original structures. Features like hygrostability and mechanical properties in 
changing climatic conditions are particularly important in such an assessment since the repairs should restore the continuity of 
the layers as completely as possible and should react the same way as the original structure in any condition. 

The problem is significant when restored paintings are exhibited in museums, especially those placed in historical 
buildings. In such cases the strict requirements for climate control are in practice difficult to be fulfilled. Moreover, the 
recent attempt to reconsider and loosen the requirements for climate control in museums7, 8 demands extended research 
into the actual sensitivity of different types of artworks and artefacts to environmental changes. For this purpose suitable 
measuring and monitoring systems need to be developed and applied.  

Experiments reported in this paper concentrated on assessment of feasibility of the three dimensional Digital Image 
Correlation method9 (3D DIC) for materials studies focused on developing new methods for structural conservation of 
canvas paintings. Specifically, the application of the technique for measurements of local deformations of canvas 
painting models will be introduced. The perspectives for future works enabling the method to be applied for examination 
of real artworks in museum environment will be presented in conclusions.  
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2. METHODOLOGY 
Paintings on canvas are objects relatively flexible and considerably sensitive to deformations. To reveal discontinuities 
or inhomogeneities in the structure of a painting or to assess the compatibility of primary and added materials a method 
capable of tracking of local displacements against a background of significant overall surface deformation is required. 
Hence, such a method should combine a large field of view with a sub-millimetre resolution and accuracy in three 
dimensions. In case of painting canvases mounted on traditional wooden stretchers, out-of-plane deformation happens to 
be considerably high and can influence readings of the strain observed in plane.10 Therefore, it is essential to use a 
method capable of recording in-plane and out-of-plane displacements simultaneously within a reasonably wide range of 
displacements.  

Most of the methods used for structural damage measurements in the conservation of the art works such as use of strain 
gauges or optical fibre sensors, holographic and electronic speckle pattern 2D interferometry (ESPI), photoelastic stress 
analysis, photogrammetry, thermography, ultrasonic and X-ray imaging do not satisfy these main requirements.11 Only in 
the recent account by Debashis and Young12 the simultaneous 3D interferometry in reported. Similarly, Optical 
Coherence Tomography (OCT) may be used for precise 3D tracking of the canvas deformation but it is point-wise only 
in a present version.10, 13  

On the contrary, the 3D DIC seems to meet these requirements well and provides some extra features like scalable field-
of-view (FOV), flexibility with data acquisition frequency, relatively cheap hardware configuration.9 The Digital Image 
Correlation is now widely used in the field of experimental mechanics, material engineering and monitoring of 
engineering structures.14, 15 Recently it has been successfully applied in the field of conservation of art for strain 
monitoring in historic tapestries.16, 17 The authors demonstrated the feasibility of the DIC method for non-contact full-
field quantitative analysis of three-dimensional displacement and in-plain strains in large textiles. Moreover, the method 
has been used for a long-term monitoring of textile deformations caused by fluctuations of climatic conditions in 
museum environment. 

3. EXPERIMENTAL 

3.1 Digital Image Correlation 

The two-dimensional DIC (2D DIC) measurement procedure is very simple and it requires to capture a series of images 
of a tested object before and after a load (or during loading). The surface of the object however, must have a natural 
random texture or it has to be covered by a random (speckle) pattern before the measurements start. One of images of the 
series is chosen as a reference image for all consequent analyses. All images are divided into small rectangular regions 
(subsets) consisting of N × N pixels. Dimensions of the subsets are dependent on the quality of the random pattern on the 
measured object. They can vary from 7 × 7 pixels (conventionally) to 70 × 70 pixels and even more. The DIC algorithm 
is then tracking the position of each subset from the reference image in all other images of the series. Corresponding 
subsets are matched by finding the maximum of the normalized cross-correlation function coefficient. For each subset 
in-plane displacement vectors (U and V) are then calculated. Sub-pixel accuracy is achieved by sophisticated 
interpolation methods. The output data is provided as a set of displacement maps, which can be consequently used for 
strain calculation.  

In 3D DIC used in the presented experiment, for each state of an object two images are registered simultaneously by two 
cameras viewing the object from slightly different directions (Fig. 1a). The DIC method combined with stereovision 
methods18 provides the maps of out-of-plane and in-plane displacements of and within an object which have occurred 
between acquisitions of images.9 The 3D DIC measurement procedure is presented in figure 1b.  

For the 3D DIC setup (Fig. 2a) two AVT Stingray 2MPx (1624x1232 pixels) cameras equipped with 8mm Schneider 
Kreuznach lenses have been used. The setup was stiffly mounted on the same optical table as specimen, thus its mechanical 
stability relative to the specimen could be assumed. The FOV was 0.4 m x 0.3 m and the estimated accuracy was 0.02 mm. 
In order to ensure sufficient lighting conditions, the 650W halogen lamp was additionally used. The measurements were 
hindered because of the reflexes on the front glass of the climate chamber. Reflexes were eliminated by optimizing the 
direction of illumination and black masking tape. Two cameras were capturing images simultaneously every 20 seconds. 
Total time of a single test was approximately 2.5 h. Analysis were carried out with the commercial software VIC-3D.  
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Figure 1. Three-dimensional Digital Image Correlation; a: set-up; b: data processing flow chart 

3.2 Model sample 

A model painting on canvas 40 cm wide and 30 cm high was used as the object under examination. In order to diminish 
the number of factors that could influence and complicate interpretation of the results of experiment, the sample was 
made of uniform, commercially primed fine plain weave canvas stretched over a keyed wooden stretcher with weft in the 
vertical direction. To create discontinuities in its structure four sets of regular circular gaps of various sizes ranging from 
4 to 12 mm of diameter were made symmetrically through the stencil in all the four corners of the model according to the 
prepared template (Fig. 2a). Additionally two L-shaped cuts were made in the central part of the model. Each of the sets 
of gaps was filled in with traditional and experimental inserts, different in respect of structure, mechanical properties and 
sensitivity to climatic changes and thus the match to the surrounding original structure of the canvas painting (Fig. 2b). 
To allow image correlation a random speckle pattern was sprayed onto the face of the sample with a black ink (Fig. 3c). 

 
Figure 2. Model painting on canvas repaired with various methods; a: template showing positions of discontinuities 

introduced to the canvas and used further as a reference for analysis of the data extracted from DIC records; b: 
reverse with inserts and patches; c: face of the painting with a random pattern 

 

As an example of detailed analysis presented in Results section a cut butt-joined with dispersive adhesive (Osakryl + 
Winacet DP 50 in ratio 1:1 by weight) was chosen. An emulsive gesso (based on chalk, carboxymethylcellulose, 
polyvinyl alcohol, with plasticizers: Venetian turpentine and dammar in oil of turpentine) was used for infilling the 
ground. The repair was partially reinforced from the reverse with a rectangular piece of a flax tissue adhered with 3% 
carboxymethylcellulose (lap join). 

camera 1 

camera 1 
camera 2

a b camera 2 
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3.3 Climate control chamber 

The sample was subjected to environmental stress caused by rapid changes of relative humidity in a custom designed 
airtight climate chamber. The chamber was connected with large diameter air ducts to a simple external set-up to control 
relative humidity level in the range from 30% to 75% RH. The parameters of temperature and RH inside the chamber 
were monitored and recorded with a HygroClip® S sensor from Rotronic (Switzerland). 

4. RESULTS 
During the experiment DIC data were collected every 20 seconds together with the relative humidity (RH) and 
temperature values. After processing, the displacement maps were correlated with humidity data and combined into 
video animations for convenient inspection. In Fig. 3 examples of such maps are given for 55 min of experiment, when 
the relative humidity reached its maximum value of 73 %. It is worthwhile to note that the in-plane displacement (U, V) 
are one order of magnitude lower than the displacement observed out of plane. 

 
 

Figure 3.  Relative displacement maps: U – in x direction, V – in y direction, W – in z direction at 73% RH. Displacements 
are colour-coded, separately for each map. White lines indicate position of a cross-section over the discontinuity 
(arrow) analysed in details in Figs 4 and 5  
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Such images are very useful for qualitative inspection and observation of overall deformations. The behaviour 
observed in the figure 3 is typical for canvas paintings mounted over a quite stiff traditional wooden stretcher. The 
changes in the dimensions of canvas induced by variations of relative humidity result in immediate changes in stress 
and are observed as bulging and waving of the surface out of plane. As one can see from the figure, in-plane 
deformations (U, V) are different in warp (x - horizontal) and weft (y - vertical) directions. At the maximum of 
humidity, canvas displacements along warp treads are directed towards the centre of the picture. The behaviour in 
weft direction is more complicated: at the perimeters of the canvas movements are generally outward whereas in the 
centre two zones of strain in opposite directions are present. The out-of-plane (W) overall deformations are much 
more pronounced. Additionally, the local effects caused by discontinuities introduced to the structure of canvas are 
visible on U, V, W displacement maps in the form of regular displacements different in colour from the surrounding 
background (upper right and lower right corner of the sample). However, for their quantitative analysis another 
approach to data presentation suits better. In Fig. 4 displacements at points along a chosen line (marked as a white 
segment in Fig. 3.) located across the centre of a vertical cut butt-joined with synthetic adhesive are presented as a 
function of time. Such imaging of the data shows development of a very characteristic deformation in the area of the 
repair.  

 
Figure 4. Relative displacements at points along a white line in Fig. 3 (y = 171 mm) shown as a function of time. 

Corresponding changes in relative humidity are given for reference. Horizontal and vertical black lines indicate 
locations of cross-sections presented at Fig. 5 and 6 respectively. 
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Images in Figure 4 comprise more global information whereas figures 5 and 6 may be used for more precise, quantitative 
evaluation. In Fig. 5 displacements along the white line in Fig. 3 are shown for the chosen moments of time, while in 
Fig. 6 displacements in one point (x = 243 mm, y = 171 mm) together with the concurrent relative humidity are shown as 
a function of time for a whole duration of the experiment. 

 
Figure 5.  Relative displacements at y = 171 mm shown for chosen moments in time after the beginning of the experiment 

(t = 44.3 min at RH = 70%, t = 65.5 min at RH = 50%, t= 90.5 min at RH = 36%).  

 
From the Figure 4 one can read that distinct out-of-plane displacements (W) occur immediately with a variation of 
climatic conditions while in-plane deformations (U, V) are registered later (after c. 20 min.). It is worth to point out the 
effect of hysteresis: painting doesn’t return to its original state when humidity comes back to its initial value. On the 
background of overall deformation of the canvas painting, the local behaviour of the surface in vicinity if the 
discontinuity can be analysed. The increase of humidity causes the elevation of the edges of a cut (located at x = 243 
mm) and then the process of disconnection of the join starts at t ≈ 20 min (at RH = 63%). On the map of out-of-plane 
displacements (W) a crack appears distinctly. At the same time, as it is clearly visible on the map of U displacements (x 
direction), slow opening of the crack begins. The canvas on the left side of the crack crimps towards the centre of the 
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painting whilst the on the right seems to be still. When the humidity reaches its maximum of 73 % RH, the displacement 
of the edges of the crack develops in both directions. Then, during drying, deformation of the right side toward the edge 
of the painting dominates and rises constantly until the end of experiment. Concurrently the edges of the crack deform 
out of plane and bend backwards. The amplitudes of overall displacements during all the experiment can be read from 
the colour scale in Fig. 4 and directly from Figs 5 and 6. 

Specifically, from the Fig. 6 it is evident that any rapid change of relative humidity (t = 3, 14, 57 min.) causes an 
immediate out-of-plane reaction of the painting. It is also possible to define precisely the moment of failure of the glue-
join (t = 17 min) as the point of reverse of the direction of out-of-plane deformation.  

 
Figure 6. Displacements at a chosen point (x= 243 mm, y = 171 mm) as a function of time together with the relative humidity 

in the climate chamber. 

 

5. CONCLUSIONS 
Feasibility studies on 3D DIC method proved its suitability for canvas paintings measurements. The method is capable of 
detecting deformations: their location, range and shape and also their development in time. The results are unambiguous 
and their interpretation is straightforward. The registration of deformation is automatic, and made with at a high rate over 
a long period of time. Therefore this method may used for monitoring of processes with time resolution of single 
seconds. With the described technique it is possible to track quantitatively overall deformations of the whole canvas as 
well as local strains caused, in our case, by discontinuities introduced deliberately to the structure of canvas.  

However, further research and readjustments of the set-up need to be undertaken in order to decrease uncertainties of the 
received data. Specifically, cameras with bigger resolution need to be used and consequently more precise calibration 
needs to be performed. It is expected that such improvement would extend a selection of detectable discontinuities in 
painting structure (e.g. cleavages, delaminations, crackles) and also would permit examination of larger variety of canvas 
supports with different hygrostability. In the presented experiment a random pattern was applied on the face of the 
sample. Such approach is possible in the case of materials studies since it is invasive although reversible. The usage of 
the DIC for examination of real artworks demands further studies that will specify certain features of the surface of the 
painting that may be sufficient as a random pattern for correlation. Consequently the parameters of the experimental set-
up and data analysis must be adjusted. It is expected that some painting techniques or irregular texture of canvas visible 
from under the paint layer can appear to provide a pattern sufficient enough to carry out experiments on real artworks.  
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