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Abstract

Wrinkling is to be avoided in the restoration of works on canvas. In the worst

cases, it may lead to paint cracking. Visual rendering of the paint may also

change because of such mechanism. It is proposed to measure wrinkling under

various conditions of contrast and loading via isogeometric stereocorrelation.

This method allows low contrasted paints to be analyzed in addition to very

large deformations that occur in punch tests on canvas.

Keywords: Climatic chamber, Optical technique, Punch test, Restoration,

Wrinkling

1. Introduction

The restoration and transport of works on canvas requires their mechanical

behavior to be understood as best as possible to avoid any damage. Further,

in many cases, canvasses are not stress-free and thus very sensitive to the en-

vironment (e.g., relative humidity (Berger and Russel, 1994; Malowany et al.,5

2014)) in which they are stored and exhibited (e.g., museums, places of gather-

ing). Being part of the cultural heritage, these works are handled with special

care and the understanding of their deformations during these stages is very

important. Over the last decades, non-destructive and possibly non-contacting
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techniques have been proposed to help the restoration of various works (James10

et al., 1983; Dulieu-Barton et al., 2005; Ambrosini et al., 2008; Mudge et al.; Re-

mondino et al., 2011; Gavrilov et al., 2014; Sfarra et al., 2014). Among various

optical techniques that are utilized to monitor the 3D shape and deformation

of canvasses, stereocorrelation is easy-to-implement and will be used herein.

One critical issue associated with stereocorrelation is to have su�cient image15

contrast to enable the registration to succeed (Khennouf et al., 2010; Dureisseix

et al., 2011). If natural contrast is not su�cient, ad hoc procedures may be

considered, for instance, by projecting a random pattern in addition to the

negative image of the original surface (Dureisseix et al., 2011). This method

allows 3D shapes to be measured. However, it does not enable 3D surface20

motions to be evaluated. An alternative route consists of working on model

canvas paintings (Malowany et al., 2014) for which random speckle patterns (i.e.,

à la Roy Lichtenstein) are deposited onto the observed surfaces as classically

performed in mechanical engineering (Sutton, 2013). 3D shapes and surface

displacements can then be measured via stereocorrelation (also referred to as25

3D digital image correlation or StereoDIC (Sutton et al., 2009)).

The aim of the present work is to use global approaches to stereocorrela-

tion (Beaubier et al., 2014; Dufour et al., 2015a; Dubreuil et al., 2016), which

consist of measuring 3D shapes and surface displacements when registrations

are performed over the whole surface of interest and not locally as in the afore-30

mentioned approaches (Khennouf et al., 2010; Dureisseix et al., 2011; Malowany

et al., 2014). Consequently, if some contrasted zones exist, the shape and dis-

placement interpolations will allow the sought information to be assessed ev-

erywhere. Further, since wrinkling is monitored, the use of higher order dis-

placement interpolations (e.g., provided by non uniform rational B-splines or35

NURBS (Piegl and Tiller, 1997)) is desirable. To prove the feasibility of iso-

geometric stereocorrelation, two test cases are analyzed. First, the e�ect of

relative humidity variations will be studied for model canvas paintings and the

Descent of the Cross, which was recently restored and attributed to the Swiss

painter Sebastian Düring (1671-1723) (Grau, 2014). For the actual work, the40
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raw painted face will be analyzed (i.e., no speckle pattern was applied). Second,

a punch test on modern canvas will be studied. This test is very challenging

since very large out-of-plane motions occur. A new enrichment strategy will be

implemented in the NURBS framework used herein to measure 3D shapes and

their motions.45

The outline of the paper is as follows. The main principles of isogeometric

stereocorrelation are introduced in Section 2. Section 3 deals with the analysis

of canvasses under di�erent relative humidity levels. The �rst part is devoted

to the study of two model canvas paintings with di�erent tensioning systems to

minimize wrinkling. The second part then applies the best tensioning system to50

the restoration of the Descent of the Cross. Last, Section 4 is devoted to a punch

test on canvas nailed on its frame. It required the NURBS-based kinematic

basis to be gradually enriched to properly measure the complex deformation

with numerous wrinkles.

2. Isogeometric stereocorrelation55

Isogeometric stereocorrelation is a global approach based upon the gray level

conservation between multiple images of the same object (Dufour et al., 2015b).

The stereo-rig, which is usually composed of 2 cameras, �rst needs to be cali-

brated (Sutton et al., 2009). This calibration procedure can be performed using

di�erent methods, namely, with a planar calibration target (Lucas and Kanade,60

1981; Faugeras and Toscani, 1987; Weng et al., 1992; Zhang, 2000; Salvi et al.,

2002) or with the object of interest itself (Faugeras et al., 1992; Fusiello, 2000;

Beaubier et al., 2014). In the present case two di�erent strategies will be fol-

lowed. First, the easel onto which painted works will be put will serve as cal-

ibration target. Second, an open book target will also be considered (Besnard65

et al., 2010) in the punch test. The reason for choosing such calibration targets

is related to the fact that only one pair of pictures will be used during this step.
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2.1. Surface model

In global stereocorrelation, there are two ways of de�ning the surface of in-

terest. First low order shape functions may be considered (e.g., meshes made70

of triangular (Dubreuil et al., 2016) or quadrilateral (Dufour et al., 2014) ele-

ments). Second higher order interpolations may be considered (e.g., Bézier or

NURBS patches (Beaubier et al., 2014; Dufour et al., 2015a)). Since wrinkling

requires higher order interpolations of the measured displacement �elds, the

technique used herein is isogeometric stereocorrelation, namely, the surface of75

interest is described by NURBS patches.

The three-dimensional shapeX = (X,Y, Z) of an external surface is written

as X(ξ), where ξ = (u, v) de�ne the parametric space, conventionally spanning

the elementary square [0, 1]2. What is assumed to be known is the virtual (or

nominal) shape of the object of interest. A NURBS patch is de�ned by its order,

a network of control points with associated weights, and its knot vector (Piegl

and Tiller, 1997). The surfaceX(u, v) = (X,Y, Z) is expressed in the parametric

space (u, v) as

X(u, v) =

m∑
i=0

n∑
j=0

Bij(u, v)Pij (1)

where the blending functions are de�ned as

Bij(u, v) =
Ni,p(u)Nj,q(v)ωij∑m

i=0

∑n
j=0Ni,p(u)Nj,q(v)ωij

(2)

with

∀u ∈ [0, 1], Ni,0(u) =

1 when ui ≤ u ≤ ui+1

0 otherwise

(3)

and

Ni,p(u) =
u− ui

ui+p − ui
Ni,p−1(u) +

ui+p+1 − u
ui+p+1 − ui+1

Ni+1,p−1(u) , (4)

where Ni,p are mixing functions, Pij the coordinates of control points of the

surface, ωij the corresponding weights, (m+1)× (n+1) the number of control

points and (p, q) the degrees of the surface.
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2.2. Calibration and 3D shape measurements80

This �rst part of a stereocorrelation analysis consists of a two-step procedure.

First the camera parameters are estimated (i.e., the projection matrices that

link any 3D point to its 2D coordinates in the camera plane). Second the

observed shape is measured according to its mathematical description (Beaubier

et al., 2014).85

The calibration procedure consists in determining the elements of the pro-

jection matrices. Stereomatching is written as the minimization of the sum

of squared di�erences with respect to the elements of the projection matri-

ces (Beaubier et al., 2014)

η2tot([M
c1 ], [Mc2 ]) =

∑
ROI

(f c1(ξ, [Mc1 ])− f c2(ξ, [Mc2 ]))
2

(5)

where [Mci ] denotes the projection matrix of the i-th camera, and f ci the

image of the reference con�guration shot by the i-th camera. A Gauss-Newton

algorithm is used to perform the nonlinear least squares minimization.

Once the projection matrices are known, the mathematical model of the

observed surface is updated by moving the control points. Stereomatching is

performed again by minimizing the sum of squared di�erences

η2tot({P }) =
∑
ROI

(f c1(ξ, {P })− f c2(ξ, {P }))2 (6)

with respect to the control point positions, which are all gathered in the column

vector {P }. A Gauss-Newton algorithm is used again to perform the nonlinear90

least squares minimization.

2.3. 3D displacement measurement

When the observed 3D shape has been determined, displacement measure-

ments are performed to evaluate the surface deformation during various ex-

periments on model canvas paintings (see Sections 3 and 4), or for monitoring95

purposes of a work restoration (see Section 3.5). In the following, the kinematic

5



basis is also NURBS-based, namely, the displacement of any point of the sur-

face is obtained by moving the control points, which will deform the surface

according to the chosen parameterization.

The stereocorrelation functional becomes (Dufour et al., 2015b)

η2({dP }) =
2∑

i=1

∑
ROI

(gci(ξ, {P + dP })− f ci(ξ, {P + dP }))2 (7)

and is minimized via Gauss-Newton scheme with respect to the parameterization100

of the displacement �eld {dP } of the control points for each considered time. gci

denotes the image of the deformed con�guration shot by the i-th camera. The

interested reader will �nd additional details on such isogeometric approaches

in (Beaubier et al., 2014; Dufour et al., 2015a,b).

3. Restoration of the Descent of the Cross105

The �rst case study is associated with the restoration of the Descent of the

Cross (Saint-Maurice basilica, Switzerland, see Figure 1) for which the tension-

ing system had to be studied (Grau, 2014). Its size is 56.3 × 75.3 cm. Due

to signi�cant humidity variations in the basilica, the canvas tension varied and

may lead to wrinkles that are detrimental to the visual quality of the work and110

its aging. Two tensioning systems have been investigated on mockups (i.e.,

model canvas paintings) that were submitted to humidity variations. The 3D

shapes and motions were measured via isogeometric stereocorrelation. Once the

system was implemented on the Descent of the Cross painting, its 3D shape and

motions were also monitored via isogeometric stereocorrelation to validate the115

chosen technical solution.
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Figure 1: Front (top) and back (bottom) faces of the Descent of the Cross prior to (left) and

after (right) restoration. The size of the work is 56.3× 75.3 cm

3.1. Conservation conditions

Exhibition of paintings on canvas often means dealing with rather severe

environmental conditions. In the present case, the painting undergoes humidity

and temperature variations over various seasons since the temperature is con-120

trolled by the central heating system of the basilica. The change of relative

humidity and temperature is shown in Figure 2 when the thermohygrometer

(KlimaLogg Pror, standard relative humidity resolution: 1 %, standard tem-
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perature resolution: 0.1 °C) was located exactly where the work is exhibited.

The recorded data spanned from September 7, 2013 to October 13, 2014. For125

the analyzed 401 days the relative humidity varied between 77 % and 30 %

(with a mean level of 58 %). Meanwhile the mean temperature was equal to

18.7 °C (with a standard deviation of 1.6 °C). The spikes in the reported data

correspond to instants of time when the heating system was turned o� and on.

From these data it is concluded that the main parameter to be investigated130

is the relative humidity. The latter is critical for works on canvas (Malowany

et al., 2014) and wood (Vici et al., 2006).

Figure 2: Change of relative humidity and temperature inside the Saint-Maurice basilica from

September 7, 2013 to October 13, 2014. The dashed vertical lines correspond to transitions

from even to odd months

Repeated changes of relative humidity (and temperature variations) induce

a gradual relaxation of the original tension of the canvas (Berger and Russel,

1994). The latter no longer provides good support for the painted layer that135

deforms signi�cantly. Being only loosely maintained the canvas and pictorial

layer may start wrinkling, which eventually may initiate paint cracking (Berger

and Russel, 1994). The severe conservation conditions reported in Figure 2 have

consequences on the visual rendering of the painted work but more importantly

they induce damage that may jeopardize its conservation. These degradation140
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phenomena were observed on the surface of the Descent of the Cross (Figure 3).

Figure 3: Damage induced by canvas wrinkling of the Descent of the Cross prior to its

restoration

3.2. Tensioning systems

In order to avoid such phenomena to happen, two restoration routes con-

sist of either adding interactive strainers or backing boards (Roche, 1993, 2003).

The former uses springs that compensate for canvas motions. The latter consists145

of adding an element made of synthetic materials on the back of the strainer

to create stable climatic conditions between the back of the work and the pro-

tection. In the present case, the choice of the tensioning system is driven by

the strainer conservation and the location of the work in the basilica. In par-

ticular, the strainer being mounted on a wood trim so that its back is not in150

direct contact with the stone wall. Consequently, adding a backing wall was not

considered. To limit the dimensional variations of canvas, one of the questions

to be answered is whether the tensioning system can be mounted directly on

the original strainer. Consequently, two di�erent systems were evaluated.

Identical pinewood strainers were built with �xed-angles and with all edges155

chamfered. The strainers were 28.2 × 37.6 cm in size, with 3.7 cm wide and

2.8 cm thick beams. Each canvas support was cut from linen (320 g/m2), which

had been wetted and stretched three times on a large loom. The canvasses
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were then sized with rabbit skin glue (10 %), primed with one layer of red

ochre in linseed oil. Both size and ground were applied with a large brush.160

The samples were left to dry for three months before being stretched onto the

strainers using two di�erent attachment con�gurations. One series of paintings

had a strip lining made of mono�lament polyester fabric (18 g/m2). The strainer

pro�les were lined with Te�on and paintings were stapled on the back face with

4-cm separation between two attachments (Figure 4(a)). Another series was165

stapled on the side of the strainer with the same staple separation as the other

series (Figure 4(b)). Both systems were man-made at room temperature (i.e.,

≈ 22 °C) and dry conditions (i.e., 35 % relative humidity). After about one

hour they were put in the climatic chamber.

(a) System no. 1 (b) System no. 2

Figure 4: Studied tensioning systems

3.3. Climatic chamber170

In order to study the previous tensioning systems, a home-made climatic

chamber has been set up, where the humidity is varied along the day, with a

quasi constant temperature of 22 °C (Figure 5(a)). It had a total volume of

2 × 2 × 3 m3 to allow two model canvas paintings to be tested and monitored

at the same time. Model canvas paintings were covered with a random pattern175

(Figure 5(b)) and were observed using two stereocorrelation systems, each con-

sisting of 2 Canon EOS 70D cameras with 50-mm objective lenses (Figure 5(c)).
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(a) (b) (c)

Figure 5: (a) Climatic chamber. (b) Model canvas painting. (c) Stereo systems

The calibration of the stereo-rigs was performed using the structure of the

easel as the calibration target in order to have a 3D information, which was

not available from the canvas alone (i.e., quasi planar surface). Since out of180

plane displacements were expected to remain small, the di�erent heights probed

thanks to the easel were su�cient. The initial shape of each canvas was measured

starting from a simple planar model. Figure 6 shows an example of the initial

surface model and the measured shape for one of the studied canvasses. In

order to measure the real shape, cubic splines (i.e., 4 control points along each185

direction) are used, thereby leading to 4× 4× 3 degrees of freedom. This choice

is due to the fact that only small deviations from plane geometry are suspected

thanks to the tensioning system.

(a) (b)

Figure 6: Initial (a) and measured (b) 3D shape of one of the studied canvasses. The blue dots

depict the control points of the NURBS patch for the initial shape measurement. Dimensions

are expressed in cm
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Each experiment lasted 21 h and was divided into 3 humidi�cation cycles

(Figure 7). The relative humidity was raised by spraying water droplets with190

two ultrasound Mist Makerr systems. A Proliner DH 10 dehumidi�er was

chosen to dry up the chamber. Each cycle consisted of:

� 20-minute humidi�cation during which water was sprayed and a fan was

on to homogenize the relative humidity level in the chamber,

� 100-minute of air circulation with the fan,195

� 4-hour dehumidi�cation during which the dehumidi�er and fan are on,

� 1-h air circulation with the fan.

Figure 7: Relative humidity cycles for the two model canvas paintings

To monitor the relative humidity in the climatic chamber, the same thermo-

hygrometer as for the basilica measurements was used, and was located in the

center of the climatic chamber.200

3.4. Analysis of two tensioning systems

By analyzing two sets of picture pairs acquired before any humidity variation

the measurement resolution is estimated. In order to measure 3D displacements

induced by wrinkles (i.e., leading to complex shapes), 13 control points along
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each direction are used, thereby leading to 13×13×3 degrees of freedom. In the205

present case, the standard displacement uncertainty is equal to 20 µm in the out-

of-plane direction, and 5 µm in in-plane directions. During the stereocorrelation

analyses the levels of gray level residuals remain very low (i.e., their root mean

square remains of the order of 1 % of the dynamic range of the gray level pictures

in the reference con�guration). Consequently, the following results are deemed210

trustworthy.

Figure 8 shows the surface shape of two studied canvasses. In both cases

small deviations to �atness are observed (i.e., corresponding to the three com-

ponents of displacements shown in the �gure). They are due to the fact that

the strainers were not perfectly �at and that the tension was applied manually.215

Their amplitudes remain very small, namely, less than ±0.5 mm for system

no. 2, and even lower for system no. 1. To characterize the deviation from

surface �atness, the root mean square (RMS) level is also reported. The RMS

�atness gap is equal to 13 µm for system no. 1 and 23 µm for system no. 2.

These very small values cannot be distinguished by bare eyes but quanti�ed via220

global stereocorrelation.

(a) System no. 1 (b) System no. 2

Figure 8: Comparison of the initial shape of canvas using two di�erent tension devices. Di-

mensions are expressed in cm. The blue dots depict the control points of the NURBS patch

used for the subsequent displacement measurements

Figure 9 shows pronounced canvas wrinkling due to the fact that the ten-

13



sioning systems cannot totally compensate for canvas extensions. In both cases

wrinkles form immediately when the relative humidity is increased to 70-80 %.

Moreover, when it is decreased back to 40 % levels, the canvasses instanta-225

neously recover their initial shape. It is worth noting that more control points

are used to measure the 3D deformations (Figure 8) in comparison with the ini-

tial shape (Figure 6) because of the expected deformation complexity induced

by wrinkling (i.e., 13× 13 instead of 4× 4 points).

There is a clear di�erence between the two solutions since system no. 1 leads230

to a maximum amplitude of the order of 1 mm, as opposed to the second one

for which the maximum amplitude is three times the former. More importantly,

the wavelength of the former is equal to ≈ 2/5 the width of the frame. For the

latter the wavelength is ≈ 2/3 of the frame width. The RMS �atness gap is

equal to 74 µm for system no. 1 and 158 µm for system no. 2.235

(a) (b)

Figure 9: Comparison of the deformed shape of canvas using two di�erent tension devices for

the largest relative humidity variation. The dimensions are expressed in cm. Online version:

corresponding movie for 80 analyzed steps

These comparisons were repeated �ve times under similar experimental con-

ditions. The same type of results was observed (i.e., number of wrinkles, defor-

mation levels). From this analysis, system no. 1 was selected (Figure 1). The

�rst reason was to avoid as much as possible large amplitude wrinkles, which

would be detectable by bare eyes. The second reason was associated with the240
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Te�on tape that allows canvas tension to be as uniform as possible (Young and

Hibberd, 2000), which is more di�cult to ensure with system no. 2. In both

cases, the wrinkles are due to the fact that the sizing absorbs water vapor from

the air, which causes dimensional variations. The latter ones induce extensional

strains of canvasses and all the other layers, which cannot be compensated be-245

cause they are stapled on �xed stretchers.

3.5. In-situ monitoring

With the previous results, it was decided to apply the tension under given

hygrometric condition (i.e., the mean relative humidity monitored in Saint Mau-

rice basilica). Similarly, the temperature was close to that of the basilica (i.e.,250

21 °C). In order to check how the tension was applied, the Descent of the Cross

was monitored for 24 h after being restored. Pairs of pictures are shot in 15-

minute intervals for di�erent relative humidity levels. It is worth noting that

the studied work has numerous areas with very low contrast (Figure 1). Even

under such demanding conditions, isogeometric stereocorrelation was run and255

did not induce any convergence issue. Even though the raw painted side has nu-

merous low contrast zones (Figure 1), it was analyzed via (global) isogeometric

stereocorrelation with no additional patterning. Thanks to the global span of

NURBS interpolations these zones are part of the global analysis. The calibra-

tion of the stereo-rig was performed using the easel as calibration object. The260

surface model used in this case was a cubic spline (i.e., single patch composed

of 4× 4× 3 degrees of freedom) with all the corresponding weights equal to 1.

This choice is again dictated by the fact that the initial shape is very close to

a plane. In order to better capture wrinkles, the displacement measurement is

performed using a single patch made of 4× 7× 3 degrees of freedom.265

By following the same procedure as before, the standard displacement un-

certainty is equal to 25 µm in the out-of-plane direction, and 5 µm in in-plane

directions. The correlation residual levels observed in the present analyses were

of the same order of magnitude as for model canvas paintings. This result val-

idates the registration procedure under such challenging conditions. Figure 10270
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shows the displacements of the canvas and the corresponding relative humidity

level. The displacement amplitudes remain less than 1 mm along the normal

direction to the pictorial layer. Such small amplitudes are expected to be un-

detectable by bare eyes.

Figure 10: Displacement of the restored Descent of the Cross at the end of the relative

humidity variation. All dimensions are expressed in cm. Online version: corresponding movie

for 278 analyzed steps

After 3 days of monitoring, the in-plane displacement amplitudes are equal275

to 1 mm along the x (i.e., warp) direction, -0.3 mm along the y (i.e., weft)

direction, and -0.5 mm in the out-of-plane direction. Most of the in-plane mo-

tions occur in the x-direction, in particular in the top right side that moved by

1 mm. For out-of-plane motions, their levels are very close to the resolution of

the measurement technique. By analyzing the temporal deformations of canvas,280

two di�erent phases are observed. Most of the displacement amplitudes occur

during the early stages of relative humidity variations (i.e., �rst �ve hours of the

analysis) and remain less than 1 mm along the normal direction to the pictorial

layer. For the last 56 hours the motions are a lot smaller and slower.

This in-situ analysis has allowed displacement �elds to measured during285

canvas tensioning. Most of the motions occur during the �rst �ve hours during
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which the tensions are equilibrated (Hedley, 1989). This redistribution of ten-

sions is in�uenced by the relative humidity level. The restored Descent of the

Cross has been brought back to the basilica of Saint-Maurice on December 20,

2014. The canvas tension is man-controlled each season. Having shown that290

stereocorrelation is a viable alternative, it could also be used to have a more

quantitative assessment of in-situ canvas deformations.

4. Punch test on canvas

The second study was concerned with the restoration of the Madonna with

Child (Home of Charity, Poissy, France, see Figure 11). It consisted of many295

steps due to the severe state of aging of the pictorial layer (i.e., dusting, cleaning,

unwinding, �lling, unwrapping, tear consolidation, �lling, varnish application,

retouching (Gonnet, 2013)).

Figure 11: Front and back faces of the Madonna with Child prior to restoration. The size of

the work is 33× 39 cm

One additional issue was related to the reliability of nailed bonds of canvas

on strainers. Since such type of study is destructive, it could not be performed300

on the actual work. Mockups were again considered for which a speckle pattern

was sprayed on the back face. There are many experimental procedures to test
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textiles (Lebrun et al., 2003; Cao et al., 2008; Chen, 2010). To characterize

the mechanical behavior of canvas and its bond with the strainer a punch test

was selected. It enabled the canvas deformation to be studied under standard305

bond with the strainer, namely, with nails. The external strainer size is 28 ×

36 cm. In that case, the 3D motions are very important and the studied canvas

wrinkles as more displacements are prescribed. These challenging conditions

require the NURBS-based kinematics to be enriched during the di�erent phases

of displacement measurement.310

Figure 12(a) shows the experimental con�guration of the punch test. A

sphere 50-mm in diameter made of steel was selected. It was moved at a speed

of 50 µm/s by the actuator of the servohydraulic testing machine. As in the

previous study, a model canvas painting was considered. It could be speckled

with black and white paint on its back face (Figure 12(b)). The loaded strainer315

was simply supported with respect to the frame of the testing machine. The

stereo-system consisted of 2 Canon EOS 60D cameras with 50-mm objective

lenses. It was located above the tested canvas. The interframe time was 10 s.

(a) (b)

Figure 12: (a) Punch test. (b) Stereo-rig and speckled canvas

Contrary to the previous cases, very large deformations were expected, and

the frame height was not su�cient to ensure a good calibration to cover the320

whole displacement amplitude. Consequently, an open book target was used to
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calibrate the stereo system (Figure 13). One of its advantages also lies in the

fact that being non planar, only one set of images is su�cient for calibration

purposes (Besnard et al., 2010).

Figure 13: Image pair that was used for the calibration of the stereo-rig with an open book

target

During this type of experiments, the shape of the canvas is signi�cantly325

changing from a simple rectangular plate (shown in Figure 14), to a much more

complex geometry. To measure the initial 3D shape, 4 × 4 control points are

chosen (for the same reasons as before). However, the deformed shape asked for

additional degrees of freedom, which are gradually added.

Figure 14: Initial canvas shape. All dimensions are expressed in mm. The blue dots depict

the control points of the NURBS patch

The re�nement procedure used herein is very simple. At speci�c intervals,330
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2×2 control points are added to the knot vector (one on each side of the central

value 0.5 to preserve symmetry), thus creating new knot spans in knot vector,

and new `elements' inside the NURBS patch. In the present case, 2 new knot

spans (thus control points) are added every 5 image. Consequently, the surface

model is re�ned starting from the center and moving to the edges. This kind335

of strategy (i.e., knot re�nement) is a standard way to increase the number of

degrees of freedom without increasing the degree of the solution (Cottrell et al.,

2009) (i.e., in a similar way as the so-called h-re�nement technique in �nite

element methods (Zienkievicz and Taylor, 1989)). It also preserves maximum

continuity inside the patch (i.e., through `elements'), thus allowing smooth so-340

lutions to be accurately captured. Figure 15(a) shows the change of the number

of degrees of freedom as more images are analyzed. The total number of un-

knowns is thus increased from 48 to nearly 2,700 at the end of the analysis. The

procedure chosen herein follows the load increase during the test (Figure 15(b)).

The stereocorrelation analysis was not conducted until the very end of the ex-345

periment because severe canvas damage occurred after the last studied image

pair.

(a) (b)

Figure 15: (a) Change of number of kinematic degrees of freedom with the image number

during the punch test. (b) Load displacement curve of the punch test (the open circles

correspond to the analyzed picture pairs)

Figure 16(a) shows the change of root mean square registration residual as
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a function of the analyzed picture. There is a clear decrease of the level at con-

vergence in comparison with the initial level (i.e., no displacement corrections350

have been performed and the displacement �eld of the previous image pair is

used as initial guess). This general trend proves that the algorithm was able

to capture meaningful displacement �elds. This result validates the enrichment

strategy of the measured kinematics. Some spikes are noted at the end of the

experiment. They are due to illumination variations that are more pronounced.355

(a)

(b)

Figure 16: (a) Change of the RMS correlation residuals with the image number during the

punch test. (b) Gray level residual �eld for the peak load (the dynamic range of the pictures

is 16 bits). Online version: corresponding movie for 117 analyzed steps

Even though the measurements are deemed trustworthy, there still is a grad-
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ual increase of the RMS levels. By examining the residual �elds (Figure 16(b))

it is observed that as the sphere displacement level increases, the registration

quality degrades in the vicinity of the sphere pole. Yarn motions occur, which

are not compatible with the chosen kinematics. Moreover, at the end of the360

experiment, some yarns presumably fail. This (discontinuous) mechanism can-

not be captured by the (continuous) kinematic basis used herein (NURBS).

However, it is detected by the correlation residuals.

The deformed shape of the tested canvas is shown in Figure 17 in addition

to the out-of-plane displacement. As more displacements are applied to the365

sphere, more wrinkles appear. These wrinkles come from the method used to

attach the canvas to the strainer (i.e., with nails). As there is a �nite number of

nails on the strainer, the tension in the canvas is (spatially) oscillating thereby

inducing wrinkles of the canvas. At the end of the experiment, the nailed bond

was still working properly while canvas degradation occurred (see Figures 15(b)370

and 16(b)). This observation validates the nail spacing chosen in the present

study.
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Figure 17: Deformed canvas and out-of-place displacements via isogeometric stereocorrelation

for the peak load. All dimensions are expressed in mm. The blue lines depict the knot

spans (similar to elements in a �nite element formulation) of the NURBS formulation. Online

version: corresponding movie for 117 analyzed steps
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5. Conclusion

Isogeometric stereocorrelation was successfully applied to study canvas wrin-

kling. This deformation mechanism is to be reduced as much as possible for375

painted works on canvas. Conversely, in a punch test wrinkling will occur and

needs to be assessed. Because higher order kinematics was sought, NURBS-

based stereocorrelation was considered for the initial 3D shape and its deforma-

tion induced either by relative humidity variations or during a punch test.

The �rst case was associated with the restoration of the Descent of the Cross380

for which the tensioning system had to be studied. Due to signi�cant humidity

variations, canvas tension varied, which may lead to wrinkles that are detrimen-

tal to the visual quality and aging of the work. Two tensioning systems have

been investigated on model canvas paintings that are submitted to humidity

variations. The 3D shapes and motions were measured via isogeometric stere-385

ocorrelation. In the present case, the studied canvasses were patterned with

random speckles. The two tensioning system did not lead to the same curva-

ture �elds. Once the system was selected for the Descent of the Cross, its 3D

shape and motions were also monitored via isogeometric stereocorrelation to

validate the chosen technical solution even though the painted layer contained390

areas with very low contrast (the whole pictorial layer could be analyzed thanks

to the global support of NURBS).

The second study was concerned with the restoration of the Madonna with

Child. The mechanical characterization of canvas and its bond was performed

via a punch test on a model canvas nailed on its strainer. In that case, the 3D395

motions were very important and the studied canvas wrinkled as more displace-

ments were prescribed. These challenging conditions required the kinematic

description based on NURBS to be enriched during the di�erent phases of mea-

surement. Further, the analysis of the registration residuals showed that early

stages of yarn motions and breakage are detected.400

These two case studies prove the feasibility of isogeometric stereocorrelation

to be applied in the context of restoration of canvas paintings. Thanks to its
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versatility, it could be adapted to the two studied situations that induced either

very small deformations of canvas, very large levels, or low contrasted works. If

more local analyses are required, namely, the displacements at the yarn levels,405

the same formalism can be used by considering the NURBS or FE model of

canvas (Naouar et al., 2014).
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