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a b s t r a c t 

Assessing the structural integrity of cultural heritage objects is of great importance for their structural 

conservation and long-term preservation. This paper focuses on the development of a non-destructive 

inspection (NDI) approach using 3D shearography to evaluate the structural integrity of wax-resin lined 

paintings, specifically for The Night Watch (1642), a large-format 17th-century canvas painting by Rem- 

brandt van Rijn (1606–1669) that is on display in the Rijksmuseum, Amsterdam. The Night Watch has a 

complex treatment history that has many old repairs of structural defects and damages (holes, tears, etc.) 

and three wax-resin relinings. In 2021, before a new structural intervention involving retensioning of the 

canvas support, it was vital to evaluate the structural integrity of the painting, specifically the condition 

of the treatment carried out in 1975–76 when, among other actions, several long cuts in the area of Cap- 

tain Frans Banninck Cocq’s breeches were repaired and an old canvas insert in the drum was replaced. To 

assess the structural condition, we applied 3D shearography to quantitatively analyse the in- and out-of- 

plane surface strains with controlled thermal loading. First, a safe loading procedure was developed by 

inspecting a representative wax-resin lined test painting where reference delaminations and structural 

repairs to canvas supports were reliably identified with 3D shearography by raising the temperature with 

1-2 °C. As part of Operation Night Watch, in November 2021 an in-situ investigation was carried out in 

the Rijksmuseum gallery. Two areas of interest in The Night Watch , the restored slashes in the Captain’s 

breeches (0.5 × 1 m) and the canvas insert in the drum (0.2 × 0.5 m), were inspected from the reverse 

of the painting. Results revealed no critical structural problems associated with the repaired slashes, nor 

with adhesion of the lining. For the patched canvas in the drum, it showed higher in- and out-of-plane 

strain variations. Overall, 3D shearography provided valuable non-destructive inspection results for assur- 

ances regarding the structural integrity of the 1975 repairs and the adhesion of the lining canvas in The 

Night Watch . 

© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Research aim 

The aim of this study is to assess the structural integrity of the 

ax-resin lining of Rembrandt’s The Night Watch (1642), using 3D 

hearography with thermal loading. This work started with inspec- 

ion of a lined test painting with controlled damage in the labora- 

ory environment and progressed to an in-situ investigation of The 

ight Watch in the Rijksmuseum gallery. The previously developed 

D shape shearography system was adapted, enabling the full field 

onitoring of large-scale wax-resin relined paintings in both in- 
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nd out-of-plane strain fields. A safe loading procedure for paint- 

ngs during the inspection, including exposure to light and the in- 

rease of the canvas temperature, was also developed. 

. Introduction 

Assessing the structural integrity of cultural heritage objects is 

mportant for the success of conservation interventions and an art- 

ork’s long-term preservation. Canvas paintings, which invariably 

ave incurred various interventions and damages from their cen- 

uries of existence, usually have complex treatment histories [ 1 ]. 

his can include the repair of tears and holes, tacking edges and 

elinings, all of which potentially can affect the ability of a painting 
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o hold together under a load, including its own weight, with- 

ut deforming. In particular, wax-resin relinings, which correspond 

o the impregnation of the entire structure with molten wax and 

esin and bonding of an additional canvas to the back of the orig- 

nal canvas, have commonly been used to strengthen paintings in 

he past [ 2 , 3 ]. Various defects and damage (e.g., cuts and delam-

nations) may occur in paintings due to vandalism acts, fluctu- 

tions in temperature and humidity, and artwork transportation 

 4 , 5 ]. The risk of occurrence depends on the object’s materiality, 

ow it was made, and its conservation history. The focus of this 

tudy is The Night Watch (1642), a large-format canvas painting by 

embrandt van Rijn that is on display in the Rijksmuseum, Ams- 

erdam. The Night Watch has a complex treatment history includ- 

ng several cleanings and restorations, varnish treatments and re- 

inings [ 1 , 6–8 ]. In 1975, the canvas was slashed twelve times by

 visitor with a serrated dinner knife, including several slashes of 

lmost a meter long in the area of Captain Frans Banninck Cocq’s 

reeches. During the subsequent structural treatment in 1975–76 

nd restoration of the painting, the long slashes were repaired and 

he painting was relined with an additional canvas using a mixture 

f beeswax and resin. An old canvas insert in the drum of about 

 × 9.5 cm was also replaced [ 7 , 8 ]. Consequently, in 2021 prior

o a proposed new structural treatment involving retensioning of 

he canvas support [ 9 ], it was important to evaluate the structural 

ntegrity of these regions of the painting, which is the main aim 

f this study. However, to date, there is no standard instrument 

r procedure to evaluate the structural integrity of wax-resin lined 

aintings with full-field and in-situ capabilities. 

Critical defects, including cuts, cracks, delaminations and de- 

achments from lining supports in the paintings may degrade the 

tructural integrity severely, and they may be barely or non-visible 

rom the front and the reverse sides. Therefore, it is crucial to de- 

ect the presence of these defects early on [ 10–12 ] so that con-

ervators can take action to monitor and prevent damage devel- 

pment and more accurately tailor to ensure the effectiveness of 

tructural interventions. 

A number of non-destructive techniques commonly used in 

onservation to identify sub-surface features and damage make 

se of X-rays. For example, X-ray radiography can visualise differ- 

nt painting constituents, internal structures and structural dam- 

ge (e.g., cuts, cracks and insertions) [ 13 , 14 ]. By using radiography

nd tomography techniques, the preservation state of the paint- 

ngs can be evaluated [ 13 , 14 ]. X-ray techniques, however, cannot 

eveal detachments, initiating and evolving defects [ 15 ]. Optical co- 

erence tomography (OCT) is also commonly used in art conserva- 

ion [ 13 , 16 , 17 ]. OCT can image and reconstruct the underlying lay-

rs in a painting, however, OCT has a limited penetration depth for 

eeper canvas layers and is a relatively slow process due to the 

imited field of view and the scanning procedure [ 11 , 16 , 17 ]. 

All the above-mentioned techniques provide potentially useful 

tructural information to support conservation; however, there is a 

eed to identify areas with strain and stress concentrations where 

nternal defects and damage may affect the structural integrity of 

he painting. 

Among the various optical inspection methods, holographic and 

peckle interferometry methods represented by holography, elec- 

ronic speckle pattern interferometry (ESPI) and shearography offer 

he superior advantages of being non-contact, full-field and high 

ensitivity to the changes in shape or deformation. These tech- 

iques are mostly used for non-destructive inspection (NDI) in the 

erospace industry [ 18–20 ]. In recent decades, they have also been 

dopted to detect defects and damage, such as cracks, fractures 

nd detachments in paintings [ 21–25 ]. Of the three interferome- 

ry methods, shearography appears to be more practical for in- 

itu inspection [ 20 , 26 ]. It uses a common-path configuration which 

equires a simple optical setup and is insensitive to small rigid 
170
ody motions and vibrations [ 20 , 26 ]. Furthermore, it directly mea- 

ures derivatives of surface deformation under loading, which are 

losely related to surface strain components. This allows shearogra- 

hy to detect hidden defects and damage in underlying structures 

y monitoring the anomalies of the surface strain field, which is 

sually more reliable and practically more robust in-situ conditions 

han monitoring the anomalies of the surface displacement field as 

n classical holography or ESPI [ 20 , 26 ]. 

In most of the reported cases in cultural heritage, shearogra- 

hy was applied to measure only the out-of-plane or the in-plane 

train components, e.g. for inspection of paintings on wooden pan- 

ls, canvases and mural paintings [ 10 , 11 , 27–30 ]. Groves et al. de-

eloped a portable shearography sensor to study movable cultural 

eritage as museums regularly lend works of art to temporary ex- 

ibitions. Both panel and canvas paintings were measured with 

he aim of developing an impact assessment procedure [ 27 ]. Later 

roves et al. combined shearography with terahertz imaging to 

valuate a panel painting, providing both surface and bulk struc- 

ural features for structural diagnostics [ 28 ]. Recently Gatto et al. 

dopted the shearography technique coupled with thermography 

o provide a holistic representation of the structural condition of a 

all painting [ 29 ]. Most of the above-mentioned studies are quali- 

ative inspections. There are limited reported results on the quanti- 

ative shearography NDI of paintings. Buchta et al. studied different 

oading methods and mechanisms including mechanical, thermal 

nd humidity on the sensitivity of defects and damage detection in 

aintings [ 10 ]. Klausmeyer et al. used shearography to quantify and 

ap strain on canvas paintings during changes in exhibition condi- 

ions [ 30 ]; however, only the surface paint layers were addressed. 

he novelty of this work is in the application of 3D shearography 

or the structural integrity inspection of wax-resin lined paintings 

or The Night Watch , enabling the full field monitoring of paintings 

n both in- and out-of-plane strain fields. Our preliminary results 

ere reported earlier as conference proceedings [ 31 ]. 

In this paper, we present an inspection approach using 3D 

hearography for reliable identification and characterisation of de- 

ects and damage in wax-resin lined paintings for The Night Watch . 

he approach is to quantitatively analyse the in- and out-of-plane 

urface strain with controlled thermal excitation in the laboratory 

nd in-situ environments. For the inspection, we used the previ- 

usly reported 3D shape shearography instrument [ 32 ]. The Night 

atch and a lined test painting with similarly repaired canvas cuts 

ere inspected. 

The need for excitation in shearography also raised questions 

bout the safe loading procedure, specifically a safe raising of can- 

as temperature to achieve reliable inspection results without risks 

o the painting. In this research, we used thermal loading which 

ffers the advantages of being non-contact, repeatable and control- 

able. 

. Materials and methods 

.1. The lined test painting 

An anonymous twentieth-century canvas test painting 

 Fig. 1 (a)), which was provided by the paintings conservation 

epartment at the Rijksmuseum, was used to evaluate the damage 

etection ability of the 3D shearography technique and to develop 

afe loading procedures for the NDI of paintings in the laboratory 

nvironment. 

A transmitted light photo ( Fig. 1 (b)), taken by illuminating the 

ack of the painting, highlights three parallel vertical slashes in 

he original canvas and one adjoining horizontal cut. The cuts in 

he canvas support of the test painting were joined together us- 

ng thread ‘bridges’ dipped in a strong, rigid adhesive (epoxy resin) 

laced at small, regular intervals per cm. After drying and before 
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Fig. 1. The anonymous twentieth-century painting used for testing. (a) The test painting with the highlighted region of interest. (b) Transmitted light photo showing the re- 

paired slashes using horizontal thread ‘bridges’. (c) The reverse of the test painting before the intervention, (d) the intervention by a scalpel and (e) the cut and delamination. 

(b-d) horizontally flipped to match the photo in (a) directly. 
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Fig. 2. Rembrandt van Rijn, Officers and other civic guardsmen of District II in Am- 

sterdam, under the command of Captain Frans Banninck Cocq and Lieutenant Willem 

van Ruytenburch , known as ‘ The Night Watch ’, 1642, oil on canvas, on long-term loan 

from the city of Amsterdam [8,9]. Areas 1 and 2 were inspected with 3D shearog- 

raphy. 

o

a

w

(

t

i

p

a

t

i

t

d

g

elining, the threads would have been mechanically thinned with 

 scalpel. This painting was chosen as the tears in the canvas of 

he test painting have been repaired by using the same ‘bridging’ 

echnique that was used to repair the slashes in The Night Watch . 

ike The Night Watch , the test painting was wax-resin relined with 

he second canvas. The repaired slashes are also partially visible 

hrough the lining canvas when observed from the reverse of the 

ainting ( Figs. 1 (b,c)). 

The purpose of the test painting was to create a relevant ex- 

mple for shearography inspection with reference defects to deter- 

ine a safe thermal loading scenario with reliable defect detection. 

or that, an artificial delamination was made ( Figs. 1 (d,e)) by cut- 

ing the lining canvas with a scalpel and propagating an area of 

elamination between the canvases. This intervention resulted in 

wo reference defects: first, the delamination between the original 

anvas and the lining canvas and, second, the in-plane canvas cut. 

.2. The Night Watch 

For the following investigation, an in-situ structural integrity in- 

pection with shearography was carried out in the galleries of the 

ijksmuseum as a part of Operation Night Watch [ 9 ]. The Night 

atch is a large oil on canvas painting with overall dimensions of 

79.5 × 453.5 cm ( Fig. 2 ). The original canvas support consists of 

hree horizontal strips of canvas with two seams. Two inspected 

reas of interest, the Captain’s breeches (approx. 0.5 × 1 m) and 

he drum (approx. 0.2 × 0.5 m), are marked in green and red, re- 

pectively. To minimise the exposure of the paint layers to the light 

nd heat from the shearography thermal excitation source, these 

wo areas were inspected from the reverse side. 

.3. Principles of 3D shearography 

Shearography theory is well described in the literature 

 19 , 33 , 34 ]. Generally, shearography is used for the NDI of aerospace

omposite materials. To enable shearography inspection, a certain 

oading, e.g., thermal, mechanical or vibration is needed to deform 

he test object. This 3D shape shearography instrument was previ- 
171
usly developed for surface strain measurement and material char- 

cterisation of free-form objects [ 32 ]. 

During shearography inspection, a laser beam is expanded 

ith a beam expander to illuminate an optically rough surface 

 Fig. 3 (a)), creating a speckle pattern. When the shearing mirror is 

ilted by a small angle, two identical images separated by a shear- 

ng distance are generated. The scattered light from two adjacent 

oints on the object surface interferes with each other in the im- 

ge plane of a camera sensor, forming a speckle interferogram. In 

his paper, the shearing device with a Michelson interferometer 

s used as the shearing device due to its reliable adjustment of 

he shearing amount and shearing direction [ 19 , 34 ]. This shearing 

evice also provides temporal phase-shifting of speckle interfero- 

rams for computing the corresponding optical phase change be- 
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Fig. 3. Schematic of shearography principle. (a) Simplified optical scheme of the shearing camera with the Michelson interferometer and the data processing flow. (b) The 

spatial arrangement of shearing cameras in 3D shearography. FOV refers to field of view. 
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ween the initial and deformed object states. This phase map is 

hen filtered and unwrapped to show a continuous surface dis- 

lacement gradient map ( Fig. 3 (a)) [ 34 ]. Local variations in this

ap are often caused by defects and damage. 

In 3D shearography, three shearing cameras (as in Fig. 3 (a)) for 

hree observation directions are used (cameras 1–3 in Fig. 3 (b)), 

o that three surface strain components ( ∂ u/∂ x, ∂ v /∂ x, ∂ w/∂ x )
an be independently derived for the shear in the x -direction 

 32 ]. When all cameras have the shearing direction along the 

 -axis, the surface strain components in the y -direction (e.g., 

 u/∂ y, ∂ v /∂ y, ∂ w/∂ y ) are obtained. The ability to independently

haracterise the in- and out-of-plane surface strain components 

ith 3D shearography enables the classification of damage and 

efects. From our experience, delaminations mostly cause out-of- 

lane deformations, while canvas cuts or cracks cause in- and out- 

f-plane variations ( Fig. 3 (b)). However, this classification capabil- 

ty of 3D shearography increases the complexity of the tests, the 

mount of data, and the processing time. Therefore, for certain 

ests only the out-of-plane behaviour was of interest and was de- 

ermined with only one additional camera 4 ( Fig. 3 (b)), which is 

lmost parallel to the laser direction and oriented perpendicular to 

he object’s surface. This camera 4, when used alone, provides pure 

ut-of-plane surface strain components ( ∂ w/∂ x or ∂ w/∂ y ) depend-

ng on the shear direction. 

.4. 3D shearography instrument, phase processing and defect 

etection 

The in-house built and modified 3D shearography instrument 

ith four viewing and single illumination configuration is shown 

n Fig. 4 (a). The instrument design and application cases were pre- 

iously reported [ 29 , 32 ]. 

During the shearography inspection, the painting was illumi- 

ated with a Torus 532 laser (optical power set to 150 mW, wave- 

ength of 532 nm by Laser Quantum) through expansion optics. 

he speckle pattern was imaged by four Pilot piA2400 cameras 

y Basler with Linos MeVis-C 1.6/25 lenses and Thorlabs band- 

ass filters. Each camera has a Michelson shearing interferometer 

ith temporal phase-shifting realised by a piezo-electric actuator 

SH 4z (Piezosystem Jena). The three-step phase shifting method 

as adopted due to its fast speed. Two halogen lamps (SUPER PAR 

P62, maximum electrical power of 1 kW, correlated color tem- 

erature of 3200 K) were used for thermal excitation of the paint- 
172
ng under inspection. The surface temperature was monitored with 

LIR A655 IR camera. The individual field of view of each shear- 

ng camera was approximately 210 × 180 mm. Two shear distances 

ere used: about 6 mm for the test painting in the laboratory en- 

ironment for reliable damage detection and about 2.1 mm dur- 

ng the inspection of The Night Watch . The shear distance was re- 

uced from 6 to 2.1 mm to enhance the stability of the shearog- 

aphy phase in the real environment. Given that the shear amount 

as significantly smaller than the distance to the painting (approx- 

mately 0.7 m), an assumption was made that the shearography 

hase maps correspond to the in- and out-of-plane surface strain 

omponents. This paper presents the shearography results in the 

nits of phase (radians), which aligns with common practice in the 

eld. 

During the inspection, thermal excitation caused thermal ex- 

ansion of the painting. The rise in temperature needed to be as 

ow as possible but sufficient to cause strain anomalies to reli- 

bly detect defects. The following relaxation during cooling was 

ontinuously monitored to result in the shearography phase maps 

 Fig. 5 ). From our experience with thermal loading of canvas paint- 

ngs, relatively long time delays between the temporal phase- 

hifted interferograms (e.g., longer than 20..30 s) cause phase dis- 

ontinuities and loss of correlation due to rapid thermal deforma- 

ion and vibrations. Faster acquisition (up to about 5 s) is suffi- 

ient to obtain resolvable phase maps, but multiple sets of inter- 

eorgrams have to be recorded over the cooling time (e.g. 100 sets 

n Fig. 5 ). Then the total phase map is calculated as a direct sum

f the intermediate steps (total unwrapped phase map in Fig. 5 ). 

urther, the total phase map is compensated to remove the global 

eformation of the canvas [ 35 , 36 ] to highlight local phase anoma-

ies ( Fig. 5 ). During this compensation with the fitting of a smooth 

D polynomial surface into the phase map, a practical assumption 

s made that the global canvas deformations follow a smooth shape 

hile local anomalies represent defects and damage [ 35 , 36 ]. 

In shearography inspection, there is no standard protocol or a 

xed threshold for defect detection. First, in general, the higher 

he loading is, the higher the defect signal will be. Second, a lo- 

al structural response may vary significantly in non-homogeneous 

aterials (e.g., paintings) with varying thickness and structural 

omposition. Third, the overall canvas deformation is significant, 

nd the introduced phase compensation may not follow it pre- 

isely. Therefore, the phase interpretation is mainly done through 

xpert analysis. In practice, the area in question may have a phase 
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Fig. 4. 3D shearography instrument (a) in the lab with the test painting in front of it, (b,c) during the inspection of The Night Watch in the galleries of the Rijksmuseum 

with the shearography instrument mounted on a motorised stage. 

Fig. 5. Thermal loading and continuous measurements during cooling. The total sum of the unwrapped phase is compensated to reveal defects and damage. 
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ignal with one or several shearography fringes (as in phase icons 

n Figs. 3 and 5 ; one phase fringe has a value of 2 π or 6.28 radi-

ns). 

For the in-situ inspection of The Night Watch , the 3D shearogra- 

hy instrument [ 32 , 37 ] was adapted and fixed on a motorised rigid

latform ( Figs. 4 (b,c)) to enable controlled scanning of the painting 

nd further image stitching. The inspection was done from the re- 

erse side of the painting, and detailed reasoning was provided in 

ection 4.2 . 

The major practical issue during the inspection was the canvas 

ibrations. To alleviate the vibrations, two precautions were taken: 

1) In the area of the Captain’s breeches, a non-woven polyester 

padding material was placed in between the canvas and the 

stretcher bars surrounding the area ( Fig. 4 (b)) to provide local 

support to the canvas and, effectively, to dam pen the vibrations. 
173
Vibrations in the drum area were at acceptable levels because 

this area is closer to the edge of the painting. 

2) The ventilation system in the Night Watch Gallery of the Ri- 

jksmuseum and the airflow were found to be the main source 

of the canvas vibrations. During the measurements, the ventila- 

tion system was temporarily switched off. 

. Results and discussion 

There are open research questions about developing safe load- 

ng procedures for the NDI of canvas paintings. For safety, the 

pplied load, i.e., thermal excitation in this study, needed to be 

s minimal as possible. At the same time, the temperature in- 

rease has to be sufficient to cause strain anomalies to reliably 

etect damage. This section, first, reports the experimental in- 

pection results for the test painting ( Section 4.1 ). Threshold lim- 
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Fig. 6. Inspection phase maps, delamination-induced phase and the effective temperature increase. (a) Out-of-plane phase map before the cut (corresponding to ∂ w/∂ x , 

inspected from the front, compensated). (b) In-plane phase map after the cut ( ∂ u/∂ x , front). (c) Out-of-plane phase map after the cut ( ∂ w/∂ x , front, compensated). (d) 

Out-of-plane phase map after the cut ( ∂ w/∂ x , reverse, compensated). (e) The surface temperature during thermal loading with varying power and the following cooling. (f) 

The dependence of the out-of-plane phase caused by the delamination from (c) on the heating power and heating time with controlled surface temperature increase. 
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ts determined from the test painting have been further applied 

or the in-situ inspection of The Night Watch in the Rijksmuseum 

 Section 4.2 ). 

.1. Determining safe thermal loading scenario with reliable defect 

etection 

To evaluate the efficiency of the 3D shearography inspection, 

he test painting was first inspected from the front and reverse 

efore and after a cut and the area of delamination in the lining 

anvas were created ( Fig. 1 ). During the inspection, the test paint- 

ng was thermally loaded according to different scenarios (temper- 

ture increase of 1, 2, 3 °C) to determine a loading procedure for a 

afe inspection with reliable defect detection. 

The test painting was preliminarily inspected from the front 

ith only the out-of-plane configuration of the instrument (with 

nly camera 4, Figs. 3 , 4 ). The repaired slashes in the canvas were

etected in the compensated phase map ( Fig. 6 (a); the detected 

hase at the slash area was around 16–21 rad, with the overall 

anvas deformation around 240 rad). According to the shearogra- 

hy principle, vertical defects and features are more visible when 

he shear is applied in the horizontal direction, which is high- 

ighted in Fig. 6 (a) with the vertical repaired slashes. 

Second, after the cut and delamination ( Figs. 1 (d,e)) were cre- 

ted in the lining canvas, the test painting was inspected with 

D shearography from the front ( Figs. 6 (b,c)). From the expecta- 

ions and the results, the cut affects the in-plane strain field (cor- 

esponding to ∂ u/∂ x ), while the delamination affects the out-of- 

lane strain (corresponding to ∂ w/∂ x ). The intensity of the cut and
174
elamination is around 36 and 30 rad, respectively, while the re- 

aired slash ( Fig. 6 (a)) causes 16–21 rad. Therefore, the cut and the 

elamination cause higher strain concentrations and are easier to 

etect than the repaired slashes. 

Third, the test painting with the cut and the delamination 

as inspected from the reverse side with the out-of-plane instru- 

ent configuration ( Fig. 6 (d)). The delamination causes compara- 

le phase variations when inspected from the front and reverse 

ides ( Figs. 6 (c,d), respectively). 

The presented phase levels of 16–21 rad for the repaired slashes 

nd 30–36 rad for the cut and delamination correspond to sev- 

ral shearography fringes ( 2 π or 6.28 rad each) and could be con- 

idered as detected defects in standard inspection practice. How- 

ver, in this case, the overall canvas deformation is about 10 times 

igher (240 rad, about 40 fringes) than the signal from these ar- 

as of interest. When this significant overall deformation is com- 

ensated ( Fig. 5 ), the compensated phase map reveals background 

hase variations of approx. ±16 radians in known reference regions 

 Fig. 6 (a); blue areas left and right from the vertical repair). These 

ackground variations can be explained by the local thickness and 

ensity differences which do not follow the smooth compensation 

urve. 

Further, it was experimentally found that the phase caused by 

he delamination depends on the level of thermal excitation, which 

ncreases the canvas temperature to the same surface temperature 

ith varying time. The test painting was thermally loaded with 

hree power levels of 1390, 1860 and 20 0 0 W (the total rated elec-

ric power of two halogen lamps and not the optical power) for 

ifferent surface tem perature increases of 1, 2 and 3 °C ( Fig. 6 (e)).
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Fig. 7. 3D shearography inspection results of the drum area with the canvas seam and insert (198 × 484 mm). (a) Raking light image with corrected brightness and contrast, 

(b) X-ray radiography image of the same area with corrected brightness and contrast, (c) the in-plane ∂ u/∂ x and (d) the compensated out-of-plane phase maps ∂ w/∂ x with 

the shear in the x -direction (horizontal), (e) the in-plane ∂ v /∂ y and (f) the compensated out-of-plane phase maps ∂ w/∂ y with the shear in the y -direction (vertical). 
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he correspondent shearography phases caused by the delamina- 

ion from Fig. 1 (d) during these loading scenarios are presented 

n Fig. 6 (f). For the temperature increase of 3 °C, the out-of-plane 

hase induced by the delamination increases if the thermal power 

ecreases. So, slower thermal loading with less power up to the 

ame temperature causes a higher defect signal. However, this ef- 

ect decreases with the decrease of temperature change and is not 

esolved with a temperature increase of 1 °C. 

Here are additional comments about the thermal loading. Dur- 

ng these short exposures, the halogen lamps require a certain time 

o turn fully on and off. The presented thermal power levels are 

he desired set levels (e.g. 1390 W), so the maximum value. The 

uration, e.g. 2.3 s, includes the turn-on time and does not include 

omparable turn-off time. Also, the actual irradiance value from 

he halogen lamps on the painting surface was difficult to charac- 

erise. The corresponding illumination was measured with a light 

eter sensitive only to the visible part of the optical spectrum 

nce the lamps were fully on. The power levels of 1390, 1860 and 

0 0 0 W correspond to approximately 24,0 0 0, 36,0 0 0 and 40,0 0 0

ux in the central area of the test painting. 

The intermediate results and discussion from the inspection 

f the test painting are : 

1. A temperature increase of 1 to 2 °C is sufficient for reliable de- 

lamination detection in the test painting from the front and the 

reverse sides. 

2. Phase compensation is needed to detect defects as the overall 

canvas deformation is significant. By doing this (as seen in the 

Figs. 5 (c-d)), the overall deformation can be corrected from the 

data and the presence of defects can be identified and classi- 

fied. Other techniques may be used to correct the overall defor- 

mation from the data: i) correcting the overall deformation by 

combining analytical solutions of thermal deformation or pre- 

diction by FEM, ii) combining a digital twin of the structure to 

correct the overall deformation, iii) Fourier transform analysis 

and/or principal component analysis may also be helpful. 

3. Critical defects such as delaminations and cuts can be equally 

reliably detected from the front and the reverse sides. The old 

repairs in the canvas are also detectable. However, the back- 
175
ground phase variation in reference regions is relatively high 

and may be misinterpreted as potential defects. 

4. The paint layer buildup of the painting and its variation over 

the area (image contrast) and the varnish layer have limited ef- 

fects on the inspection results. 

5. Slow thermal exposure with reduced power resulting in the 

same temperature increase is beneficial as it induces a higher 

defect signal than faster (flash-like) exposure with high power. 

This is valid for 3D shearography as well as for conventional 

shearography techniques. In the future, the efficiency of slow 

thermal exposure can also be explored for active thermography 

[ 38–40 ]. 

6. The results also support the choice of the 3D shearography con- 

figuration for the simultaneous inspection of the in- and out- 

of-plane surface strain fields to potentially classify different de- 

fects (e.g. cuts vs delaminations). 

.2. Inspection of The Night Watch at the Rijksmuseum 

Based on the results of the test painting ( Fig. 6 ) and to fur-

her minimise risks, it was decided that the inspection of The Night 

atch in the Rijksmuseum was done from the reverse side. The 

emperature of the selected area was gently raised up to 1.5 °C 

ith 1390 W for 2.1 s to reliably detect potential delaminations. 

t was found that the expected thermal load time of 2.1 s had to 

e increased to 2.6 s to reach 1.5 °C. This was explained, first, by 

he lighter colour on the reverse side of The Night Watch compared 

o the front of the dark test painting with less absorption of the 

ight and, second, that The Night Watch is effectively thicker than 

he test painting, so it has higher heat capacity. 

Two areas of interest in The Night Watch , namely the canvas 

nsert in the drum that is located close to one of the seams in 

he original canvas and the Captain’s breeches with the repaired 

uts were inspected with the 3D shearography system ( Figs. 2 

nd 4 ). The final inspection results include in- and out-of-plane 

hase maps with the shear in the x -horizontal and y -vertical direc- 

ions corresponding to the surface relaxation strain during cooling. 

hese phase maps were calculated using the calibration informa- 
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Fig. 8. Zoom into the inspection results of the drum insert. (a) Raking light image, (b) X-ray radiography image of the same area, (c) lead (Pb-L) map, macro X-ray fluo- 

rescence scanning spectroscopy (MA-XRF) associated with white lead. Brightness and contrast were corrected in (a-c). (d) The compensated out-of-plane phase map ∂ w/∂ y 

with the shear in the y-direction (vertical). 
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ion about the instrument geometry and 3D shearography process- 

ng methods [ 32 , 37 ]. 

The inspected area of the drum with the canvas insert and the 

eam in the original canvas support is shown in Fig 7 (a). The in-

pected area is about 198 × 484 mm and consists of three fields of 

iew that were inspected one after another and further stitched to- 

ether to result in continuous phase maps. As the phase compen- 

ation is done independently for each field of view, the stitched 

ap has minor offsets in phase values (seen as two horizontal 

ines). The seam and the canvas insert are detectable mostly in the 

n-plane ∂ v /∂ y and the out-of-plane ∂ w/∂ y phase maps (with the

hear in the y -direction, Figs. 7 (e,f)). The strain is the highest in the

ut-of-plane component with vertical shear and reaches 8.5 rad in 

he bottom right part ( Fig. 7 (f)). The zoomed-in inspection results 

f the drum insert are shown in Fig. 8 . 

The area investigated in the breeches of Captain Banninck Cocq 

445 × 909 mm) was significantly larger than the drum area 

198 × 484 mm), therefore inspection of the full area with 3D 

hearography was found not to be efficient from the time and ef- 

ort points of view. The entire breeches area was inspected with 

he out-of-plane configuration of the instrument ( Figs. 9 (d, f)) to 

dentify possible delaminations between the original canvas and 

he lining canvas, given the most severe slashes incurred in 1975 

ere concentrated in this area. In total 2 × 5 fields of view were 

titched together. A smaller area, which was considered the most 

ritical, was inspected with 3D shearography to result in-plane 

train fields ( Figs. 9 (c, e)). 

The inspection results of both investigated areas ( Figs. 7 and 9 ) 

how that known structural features can be identified and mapped 

viz. the seam in the original canvas and the insert in the drum, 

ig. 7 ). The overall pattern of the repaired slashes in the breeches 

rea can be traced in the out-of-plane phase map with the shear 
176
n the x -direction (red contour in Fig. 9 (b) and white in ∂ w/∂ x ,
ig. 9 (d)). The white dotted line in Fig. 9 (d) is copied from the red

ontour in Fig. 9 (b) for demonstration purposes. However, both the 

n-plane ( Figs. 9 (c, e)) and out-of-plane phase maps ( Figs. 9 (d, f))

o not have clear and significant local and sharp variations as com- 

ared to the area around the drum insert ( Figs. 7 (e, f)). If there

ere delaminations, higher localised phase signals would be ex- 

ected (2–3 times higher than the signal from the repairs) fol- 

owing the effect of a delamination in the test painting ( Fig. 6 ).

he background variations (e.g. Fig. 9 (f)) are the residuals from the 

hase compensation and can be explained by the local thickness 

nd density differences. 

In general, it is possible to use only shearography results for 

efect detection and classification as in Figs. 6 (b-d). However de- 

ect detection in Figs 9 (c-f) is challenging. From the shearography 

nspection results, no critical structural problems associated with 

he repaired slashes, nor with adhesion of the lining canvas, could 

e detected. 

The discussion from the inspection of The Night Watch : 

1. The results of the 3D shearography inspection from the reverse 

of the painting showed that the out-of-plane strain in the Cap- 

tain’s breeches does not show significant deviation that would 

indicate weakness in the adhesion between the repaired slashes 

and the lining canvas. The other repair, the canvas patch in the 

drum showed higher localised in- and out-of-plane strain vari- 

ations. This can be explained by the less exacting repair of the 

hole in the canvas as compared to the repaired slashes in the 

breeches of Banninck Cocq. 

2. Inspecting a large painting is more challenging than the small 

test painting. Vibrations and airflow are the main influencing 

parameters that affect in-situ shearography measurements. Ad- 
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Fig. 9. 3D shearography inspection results of the Captain Banninck Cocq’s breeches area (445 × 909 mm). (a) Raking light image with corrected brightness and contrast, (b) 

manganese (Mn-K) map, macro X-ray fluorescence scanning spectroscopy (MA-XRF) associated with the pigment umber used for repairing the slashes during the 1975–76 

restoration with corrected brightness and contrast, (c) the in-plane ∂ u/∂ x and (d) the compensated out-of-plane phase ∂ w/∂ x with the shear in the x-direction (horizontal), 

(e) the in-plane ∂ v /∂ y and (f) the compensated out-of-plane phase ∂ w/∂ y with the shear in the y-direction (vertical). 

Fig. 10. Inspection results of the repaired slashes in Captain Banninck Cocq’s breeches area (445 × 909 mm). (a) Raking light and (b) transmitted light images, (c) photo of 

the damage from 1975 before the tear repair, (d) manganese (Mn-K) map, macro X-ray fluorescence scanning spectroscopy (MA-XRF) associated with the pigment umber 

used for repairing the slashes during the 1975–76 restoration. Brightness and contrast were corrected in (a-d). (e) The out-of-plane phase map ∂ w/∂ x with the shear in the 

x -direction (horizontal, compensated). 
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ditional measures are needed to damp the vibrations up to a 

reasonable level, e.g., pauses in ventilation and additional can- 

vas support. We expect that it is easier to inspect smaller paint- 

ings as lower vibration amplitudes are foreseen. 

. Conclusions 

For the first time, 3D shearography has been used for the 

tructural integrity inspections of wax-resin lined paintings, thus 

roviding valuable information on structural integrity of the can- 

as support for their conservation and long-term preservation. For 

hearography, thermal loading by 1–2 °C is sufficient for reliable 

efect detection including delaminations, old cuts and other re- 

airs. This rise in temperature is safe and acceptable, and compa- 
177
able with normal fluctuations in temperature in the galleries, thus 

nsuring the safety of the paintings being tested. It was also shown 

hat phase compensation is a needed process in defect detection 

hat improves defect visibility and ease of detection. The com- 

ensation is needed due to significant canvas deformations (e.g., 

round 240 rad). This deformation is higher than a signal from the 

elamination (around 30 rad, Fig. 6 ) and significantly higher than 

he signal from the repaired stitches (around 16 rad, Fig. 6 ). 

The intermediate conclusions were made based on the inspec- 

ion of the test painting ( Section 4.1 ). The main conclusions are as 

ollows. 

• From the inspection of the test painting, it was found that cuts 

and delaminations in canvas supports can be reliably detected 
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as in- and out-of-plane surface strain anomalies by raising the 

canvas temperature with 1 °C. Moreover, shearography was able 

to detect these defects from the front and the reverse sides. 

Cuts in the canvas mostly affect the in-plane strain distribu- 

tion and delaminations – the out-of-plane strain. Therefore, 3D 

shearography can be used for defect classification. 
• For the in-situ inspection of The Night Watch at the Rijksmu- 

seum, 3D shearography with thermal loading was used to in- 

spect two areas with restored damages, specifically the Captain 

Banninck Cocq’s breeches and the drum. The non-destructive 

and non-contact inspection with 3D shearography provided 

valuable inspection results for assurances regarding the struc- 

tural integrity of the 1975 repairs and the wax-resin relining, 

reducing the risks and providing the confidence to proceed 

with the planned retensioning of the canvas. The results shown 

here can act as a reference for new shearography inspections of 

The Night Watch or for other techniques. 

Future work includes possible re-assessment of the structural 

ntegrity of The Night Watch , e.g., after a treatment as well as over 

ime. It is also interesting to explore the effect of the natural cli- 

ate variation in the galleries and to use it as a natural excitation 

or shearography inspection without additional thermal load. 

upplementary material 

The most informative shearography results, namely the out-of- 

lane component ∂ w/∂ x ( Fig. 9 (d)), are presented as supplemen- 

ary material in Fig. 10 together with the transmitted light image 

nd photo of the damage from 1975 ( Figs. 10 (b,c)). The contours 

resented in Figs. 10 (b,d,e) are the same as in Figs. 9 (b,d). 
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