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Foreword

We are pleased to present the proceedings of the second 
Getty symposium on the structural conservation of panel 
paintings, held at the Getty Center in Los Angeles in May 

2009. This symposium, “Facing the Challenges of Panel Paintings 
Conservation: Trends, Treatments, and Training,” is part of the Panel 
Paintings Initiative, a collaboration of the Getty Conservation Institute 
(GCI), the Getty Foundation, and the J. Paul Getty Museum. This initia-
tive is a response to the likelihood that significant collections of paint-
ings on wood panels will be at risk in the coming decades because of the 
waning number of professionals who have the highly specialized skills 
necessary for the conservation of these complex works of art. 

The Panel Paintings Initiative builds upon an earlier effort to 
focus attention on this issue—specifically, the Getty’s first symposium, 
“The Structural Conservation of Panel Paintings,” held in April 1995. 
The previous symposium aimed to document both traditional and con-
temporary techniques used for the stabilization of panel paintings. Many 
of those who cared for panel paintings had trained in traditional wood-
working skills, which were not being passed on to the next generation of 
conservators. In light of this, the 1995 symposium put on record the vari-
ous approaches to structural stabilization as they evolved in both Europe 
and the United States, including efforts by some early pioneers of the 
conservation profession to reconcile craft traditions with growing scien-
tific understanding of the physical and chemical aspects of materials. 

Over a decade and a half later, there are only a handful of experts 
who are fully qualified to deal with the complex structural problems of 
panel paintings, and nearly all of these experts will retire within the next 
decade. Recognizing that training is the key to addressing this situation, 
the Getty Conservation Institute, the Getty Foundation, and the J. Paul 
Getty Museum have formed the Panel Paintings Initiative to help train 
and educate the next generation of specialists in the structural stabiliza-
tion of panel paintings, while bringing to greater attention some of the 
important research and advances that have taken place in recent decades. 

Since it was launched in 2008, the Panel Paintings Initiative 
has reached several important milestones. In addition to the 2009 sym-
posium, the initiative has commissioned a far-reaching survey, funded 
by the Getty Foundation, to identify the most significant collections of 
panel paintings, the current status of their care, specific needs for train-
ing and professional development, and opportunities for addressing 
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them. The survey was conducted by the National Gallery of Denmark in 
Copenhagen, in partnership with the Royal Danish Academy of Fine Arts 
School of Conservation. The results of this survey, which are summa-
rized in this volume, are now guiding the development of the initiative’s 
education and training efforts, which include residencies for conserva-
tors to acquire skills in panel stabilization and short-term workshops and 
meetings focusing on topics related to panel paintings. 

Another early milestone for the Panel Paintings Initiative has 
been the development of a searchable online bibliography that encom-
passes literature relevant to the various aspects of the structural sta-
bilization of panel paintings. This bibliography is one of a series of 
information and learning resources that the initiative is creating to sup-
port its educational work and that it is making available to the broader 
field. These resources include the proceedings of the 1995 symposium, 
which has since become a key reference text for the field and is now 
available as a free download on the GCI website. Complementing the 
proceedings from the earlier symposium are video recordings of the 
2009 symposium, as well as an electronic version of the present volume. 
Information about the Panel Paintings Initiative and access to its online 
resources can be found at: www.getty.edu/conservation/education/ 
panelpaintings/index.html.

We would like to thank the volume editors, Alan Phenix and 
Sue Ann Chui, and the publication coordinator, Sean Charette, for their 
work on this volume. Their efforts, coupled with those of the authors and 
other members of the project team, have contributed substantially to the 
current body of knowledge on the structural conservation of panel paint-
ings. We would also like to extend our thanks to the Panel Paintings 
Initiative international advisory committee; their collaboration with us 
on this ambitious and far-ranging project will help ensure that future 
generations will be able to study and use this knowledge. Finally, we are 
indebted to Mark Leonard, former head of Paintings Conservation at the 
J. Paul Getty Museum, for focusing our attention on the critical chal-
lenges to the profession and to the practice of panel paintings conserva-
tion, and for his commitment to meeting those challenges. 

Timothy P. Whalen
Director, Getty Conservation Institute

Joan Weinstein
Interim Director, Getty Foundation

David Bomford
Acting Director, J. Paul Getty Museum
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Preface

This volume of proceedings from the second Getty symposium 
on panel paintings conservation has a more focused content 
than the first, which was an encyclopedic work that covered 

topics ranging from wood science and anatomy to the history of panel 
construction, and from the history of conservation treatments to new 
developments and research into conservation interventions. The 2009 
symposium, as its title suggests, was more restricted in scope; it presents 
directions and developments within the field some fifteen or so years 
after the first event.

It might be observed that, aside from the paper on the train-
ing needs assessment for panel paintings conservation conducted for the 
Getty Panel Paintings Initiative (Anne Haack Christensen, Mikkel Scharff, 
and Jørgen Wadum, “Interim Results of a Needs Assessment Survey for 
the Field of Panel Paintings Conservation”), the various papers contained 
within this volume generally fall under two broad categories: preventive 
conservation issues (environment, display, storage, and exhibitions), and 
new perspectives in conservation treatment. While the individual sympo-
sium contributions focus on specific topics within these broader subject 
areas, it is important to acknowledge the wider trends and shifts in atti-
tude that are implied by and reflected in their specific content.

Of particular note is the generally increased acceptance of loan-
ing paintings on wood panel for exhibitions, and the corresponding 
advances in simple, practicable approaches to protection of works while 
on loan and exhibition, particularly microclimate enclosures of one form 
or another. Also clearly evident in these proceedings is the continuing 
interest in the behavior of panel paintings as mechanical structures that 
respond to environmental fluctuations, from the points of view of both 
monitoring and mitigating the effects of those fluctuations. Taking up 
a theme from the first panel paintings proceedings, we see here further 
developments in auxiliary supports that allow some degree of controlled 
movement of panels as they exchange moisture with the air. Now, too, 
we are seeing the application of systems to monitor the performance of 
such supports in real-life situations of display and transport. Clearly the 
whole area of monitoring the dimensional and mechanical responses of 
panels to environmental fluctuations and other mechanical effects will 
be an important line of continuing research in this field in the years to 
come, and we hope that this research will lead to a more routine integra-
tion of data from the monitoring of hygrodynamic response with the 
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design of auxiliary support systems. And at last, the possibility of cyclic 
environmental changes causing fatigue fracture in paintings is beginning 
to receive the research attention this phenomenon warrants. 

For the conservation practitioner, it is always informative to see 
descriptions of conservation treatments that illustrate how complicated 
technical problems are evaluated and overcome, and a number of papers 
of this kind are included here, alongside those describing conservation-
restoration interventions on object types other than panel paintings, 
specifically furniture and musical instruments, for which craft skills and 
traditions have a strong bearing on the approaches and practical meth-
ods adopted. The treatment examples published here show the evolution 
and fine-tuning of solutions to a range of practical problems, of which 
more than a third concern thin or thinned panels. While the majority of 
panel paintings do not need extraordinary interventions such as those 
presented here, it is crucial nonetheless that the knowledge and manual 
skills required to tackle such situations be preserved and further refined 
so that they are available when the need does arise. Indeed, the transmis-
sion of competencies and practical skills to a younger generation of con-
servators is an essential goal of the Panel Paintings Initiative. 

These proceedings, taken as a whole, convey implicitly one of 
the real challenges of panel paintings conservation—and of paintings 
conservation generally—that of cultivating in individuals the essential, 
refined practical skills and judgment needed to carry out complex treat-
ments, and at the same time promoting well-directed scientific research 
that can guide and inform the practice. It is hoped that the papers in 
these proceedings inform and inspire new efforts to meet this challenge. 

A notable feature of this second panel paintings symposium was 
the abundance and quality of poster contributions, which added con-
siderable interest to the program of oral presentations. We are pleased, 
therefore, to be able to honor the contribution the posters made to the 
symposium by including illustrated abstracts.

As has been mentioned, these proceedings and the symposium 
“Facing the Challenges of Panel Paintings Conservation” that inspired 
them are just two components of the Panel Paintings Initiative, a col-
laboration of three programs of the Getty Trust: the Getty Conservation 
Institute (GCI), the Getty Foundation, and the J. Paul Getty Museum. 
The Getty has been aided in its efforts by the Panel Paintings Initiative 
advisory group, who have generously given their time and expertise 
and have helped enormously to shape the initiative and its activities: 
George Bisacca, Metropolitan Museum of Art, and Jørgen Wadum, 
Statens Museum for Kunst in Copenhagen, the cochairs of the advisory 
group; Simon Bobak, Hamilton Kerr Institute, London Studio; Marco 
Ciatti, Opificio delle Pietre Dure (OPD), Florence; Ian McClure, Yale 
University Art Gallery; and Paul van Duin, Rijksmuseum, Amsterdam. 
We look forward to their continued involvement in the project. We also 
gratefully acknowledge those who have assisted the work of the advi-
sory group: Michael Gallagher, Metropolitan Museum of Art; Mikkel 
Scharff, Royal Danish Academy of Fine Arts School of Conservation; 
Anne Haack Christensen, Statens Museum for Kunst; Ciro Castelli, OPD; 
Rupert Featherstone of the Hamilton Kerr Institute; Ray Marchant, 
Hamilton Kerr Institute, London Studio; and an expanding number of 
other experts and institutions that support the goals of this project and 
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contribute to the development of the various components of the Panel 
Paintings Initiative. 

The symposium and these proceedings would not have been 
possible without the contributions of the speakers and poster authors, 
who have drawn upon their experience to help advance the field of panel 
paintings conservation. Many thanks go to all of the authors for their 
excellent presentations at the symposium and for all of the work on the 
papers and posters in this volume that make it exceptional. 

For their enthusiastic support of this project in its many 
parts, we are grateful to Tim Whalen and Jeanne Marie Teutonico 
of the GCI. To our fellow internal project members—from the GCI, 
Kathleen Dardes, Sean Charette, and Reem Baroody; Joan Weinstein, 
Antoine Wilmering, Katie Underwood, and Bryan Fair from the Getty 
Foundation; David Bomford from the J. Paul Getty Museum—our sincer-
est gratitude for your efforts and support. We also appreciate the contri-
butions of our Getty colleagues Yvonne Szafran, Tiarna Doherty, Gene 
Karraker, Laura Satterfield, and Arlen Heginbotham. We acknowledge 
as well our former colleagues at the Getty: Mark Leonard for helping to 
renew attention on the structural issues of panel paintings and Foekje 
Boersma, who shepherded this project in the beginning at the GCI.

The symposium was made possible by diverse helping hands on 
the two days of the event inself. We extend heartfelt thanks to: Heather 
Leisy, event coordinator; Visitor Services, especially DaNetta Rizzo; 
David Schow, GCI; our audiovisual and facilities staff; and all who con-
tributed to the smooth running of the symposium.

Finally, we would like to offer special thanks to all of those 
involved in the preparation of this volume for publication, in particu-
lar Gary Hespenheide at Hespenheide Design; Cynthia Godlewski and 
Angela Escobar, GCI; Antony Shugaar, Italian translator; and Jeffrey 
Levin, GCI, and the Getty Web Group for making this volume and the 
1995 symposium proceedings available online.

Alan Phenix    Sue Ann Chui
Getty Conservation Institute  J. Paul Getty Museum
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Abstract
 The Panel Paintings Initiative (PPI) was launched with a Needs Assessment 

Survey designed to create a cross section of the current needs and capacity in 
the field of panel paintings conservation. Through interviews, on-site visits, 
and questionnaires, factual information about the existing conservation 
 training institutions and the major collections of panel paintings in Europe 
(including eastern Europe and Russia) and the United States was collected. The 
survey will provide a better understanding of the collections of panel paintings 
and will seek to give a general view of the need for structural treatment of panel 
paintings and related works of art, as well as help determine the need for a 
more specialized training in this field. As part of the survey, an in-depth litera-
ture search was carried out to identify published and unpublished literature on 
the structural treatment of panel paintings and related wooden objects, to be 
compiled in a bibliography and made available online. The interim results of 
the survey have shown a general and strong need for sharing expertise and 
developing further training opportunities in the structural conservation of 
panel paintings, in order to transfer knowledge from existing experts to a 
younger generation.

The aim of the Panel Paintings Initiative (PPI) is to increase spe-
cialized training in the structural conservation of panel paint-
ings and to advance the treatment of these works in collections 

throughout Europe, Russia, and North America. The initiative will also 
raise general awareness of panel painting conservation among painting 
and wood conservators, curators, and scientists. Specialization within 
this field is important to ensure that structural issues of paintings on 
wooden supports are treated in accordance with current best practices. 
The Panel Paintings Initiative is guided by an international Advisory 
Group, which is co-chaired by George Bisacca, conservator from the 
Metropolitan Museum of Art in New York, and Jørgen Wadum, keeper 
of conservation for the Statens Museum for Kunst in Copenhagen and 
one of this paper’s authors (fig. 1). Other members are Simon Bobak, 
a conservator in private practice in London; Marco Ciatti, director 
of the Fortezza da Basso at Opificio delle Pietre Dure in Florence; 
Paul van Duin, head of furniture conservation at the Rijksmuseum 
in Amsterdam; and Ian McClure, chief conservator of Yale University 
Art Gallery.

Interim Results of a Needs Assessment Survey for 
the Field of Panel Paintings Conservation

Anne Haack Christensen, Mikkel Scharff, and Jørgen Wadum
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Introduction
 The survey for the field of panel paintings conservation in Europe and 

in the United States, funded by the PPI through the Getty Foundation,  
is being carried out under the supervision of the Statens Museum for 
Kunst, in close collaboration with the Royal Danish Academy of Fine 
Arts School of Conservation, both in Copenhagen. Members of the PPI 
Advisory Group and other experts conduct a survey of major art collec-
tions and training programs, which is undertaken through personal 
interviews and questionnaires. The survey involves the gathering of fac-
tual information about the collections in Europe, Russia, and the United 
States that hold significant numbers of panel paintings. Existing conser-
vation training institutions are also being surveyed with regard to the 
past and/or current training efforts of this discipline and related fields—
such as, for example, historic interiors, musical instruments, and furni-
ture. As part of the Needs Assessment Survey, a literature bibliography is 
being developed that includes published and unpublished literature on 
the structural treatment of panel paintings and related subjects. 

The initial part of the Needs Assessment Survey concentrated 
on northern and eastern Europe (figs. 2–4), and preliminary results of 

F ig u re  2

Jørgen Wadum of  the Statens Museum for 
Kunst, Copenhagen (right), visiting the 
National Museum, Warsaw. Participants of  
the meeting were (left to right): Dorota 
Ignatowicz-Wozniakowska, Maciej 
Monkiewicz, Elżbieta Pilecka-Pietrusinska, 
Marta Bielicka, Joanna Kilian, Grazyna 
Bastek, and Hanna Benesz. Photo: Mikkel 
Scharff.

Figure  1

The Danish Needs Assessment Survey group 
(left to right): Mikkel Scharff  of  the School of  
Conservation, Royal Danish Academy of  Fine 
Arts, Copenhagen; Jørgen Wadum of  the 
Statens Museum for Kunst in Copenhagen; 
and Anne Haack Christensen, also from the 
Statens Museum for Kunst. Photo: Mikkel 
Scharff.



5

PROOF    1  2  3  4  5  6

I n t e r i m  R e s u lt s  o f  a  N e e d s  A s s e s s m e n t  S u r v e y  f o r  
t h e  F i e l d  o f  Pa n e l  Pa i n t i n g s  C o n s e r va t i o n

the survey of this vast region were presented at the panel paintings sym-
posium “Facing the Challenges of Panel Paintings Conservation: Trends, 
Treatments, and Training,” held in Los Angeles in May 2009. A final 
report, which will be submitted to the Getty Foundation and the PPI 
 project partners, will also include findings on the state of panel paint-
ings conservation in museums, collections, and training institutions 
in western and southern Europe, the United Kingdom, Russia, and the 
United States. 

Methods of Collecting 
Information

 Three different questionnaires have been designed for dissemination 
to conservators and curators in museums and collections, to conserva - 
tion training programs, and to conservation studios and institutes. 
Questionnaires are distributed by e-mail to institutions and training pro-
grams before visits and interviews are undertaken, and they are also sent 
to institutions and programs that will not be visited during this survey. 
Through the website of CODART—an international network for curators 
of art from the Low Countries—contact persons at museums and collec-
tions have been identified. Through the websites of the various institu-
tions, additional contacts have been located, in order to distribute 
questionnaires or arrange meetings with both curators and conservators. 

F ig u re  4

Mikkel Scharff  of  the School of  Conservation, 
Royal Danish Academy of  Fine Arts, 
Copenhagen (right), visiting the Academy of  
Fine Arts, Prague. He interviews Theodora 
Popova and Karel Stretti. Photo: Jørgen 
Wadum.

Figure  3

Jørgen Wadum of  the Statens Museum for 
Kunst, Copenhagen (right), visiting the 
Academy of  Fine Arts, Kraków. He viewed 
panel paintings with Aleksandra Hola and 
Grzegorz Kostecki. Photo: Mikkel Scharff.



6

PROOF    1  2  3  4  5  6

C h r i s t e n s e n ,  S c h a r f f ,  a n d  Wa d u m

Contact persons in conservation training programs have, to a certain 
extent, been identified through the website of ENCoRE—the European 
Network for Conservation-Restoration Education.

Conservation Training 
Programs and Collections

 With regard to the conservation training programs, the interviews and 
questionnaires strive to get an overview of the structure of the programs 
and to help understand the extent to which the structural treatment of 
panel paintings or related wooden objects is taught, if at all. This part  
of the Needs Assessment Survey will help project partners better under-
stand the nature of regional treatment and training traditions. In addi-
tion to the material obtained from interviews and questionnaires, the 
survey gleans information from the websites of a large number of conser-
vation training programs, whose structure and curricula are studied and 
summarized.

Interviews and questionnaires for conservators and curators 
in museums will provide a better understanding of the collections of 
panel paintings and will also serve in forming a general view of the need 
for structural treatment of these and related works of art. How many 
panel paintings form part of the entire collection? What is their overall 
condition? How many panel paintings are in urgent need of structural 
treatment? How do institutions prioritize the allocation of resources 
and expertise in the care of their panel paintings collection? These are 
some of the questions asked in the survey in order to identify current 
needs and capacity. As with the conservation training programs, treat-
ment methods and traditions applied in conservation departments within 
museums in different countries are discussed. The survey also looks 
at the current geographical distribution of experts for future training 
opportunities and collaboration. 

Interviews and 
Questionnaires

 During on-site visits with conservators and curators, generally the start-
ing point of the interview is the questionnaire, which often generates 
fruitful discussions as the meeting proceeds. The interviewers bring pho-
tographic examples of different types of structural treatment methods in 
order to focus discussions on various treatment traditions. Most inter-
views are recorded with a digitalized voice recorder and transcribed 
afterwards. Transcriptions and questionnaires will form part of the final 
Needs Assessment Report.

At this point more than fifty questionnaires have been distrib-
uted to collections, conservation institutes, and conservation training 
programs in eastern and northern Europe and the United Kingdom. 
At the time of the panel paintings symposium, in May 2009, fifteen 
questionnaires had been completed and returned. Since the PPI was 
launched with the Needs Assessment Survey, fourteen conservation 
departments and training programs have been visited and interviewed 
in Poland, Russia, Estonia, Czech Republic, Germany, Belgium, Sweden, 
and Norway. Additionally, questionnaires have been sent to institutions 
in Austria, Hungary, Romania, and Finland. Interviews in France, the 
Netherlands, and the United Kingdom are currently in progress, while 
visits to southern Europe and the United States will commence shortly 
and be included in the final report.
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A Need for Specialized 
Training

 The survey has been designed to help the project partners update their 
knowledge on current practices and needs in panel paintings conserva-
tion, identify specialists currently working in this field, and verify the 
various levels of expertise throughout Europe and the United States. 
Only a few conservators today have the necessary skills and expertise to 
carry out the complicated treatment that a structural conservation of a 
panel painting requires. Transferring these skills and specialized knowl-
edge to a younger generation is essential for preserving this part of our 
cultural heritage.

In the process of assessing the training capacity at existing 
conservation training programs and determining the needs for a more 
specialized training based on the requirements for structural treatment 
in large panel paintings collections, the survey generated preliminary 
results that confirmed that more in-depth training is needed. Interviews 
with curators and conservators at both museums and training programs 
revealed a general desire for the targeted training of new generations  
of panel paintings experts, in order to ensure long-term conservation of 
panel paintings collections.

The survey is also gathering information about the number of 
specialists required to keep up with treatment needs, in order to achieve 
a balance between needs and opportunities. The initial phase of the 
Needs Assessment Survey is indicating a strong need for conservation 
departments within larger institutions, as well as for conservation train-
ing programs, to share expertise. The need for developing improved 
technical understanding of a variety of current treatment methods and 
their relationship with the nature of wood—taking into account aesthetic 
and ethical criteria—was often heard, as was the desire for craft-based 
workshops.

Interdisciplinary 
Collaborations

 Several training institutions visited to date have expressed great interest 
in the PPI project and have communicated the need for research possibili-
ties (on the PhD level) and postgraduate training modules in collabora-
tion with other institutions. Today the balance between theoretical 
training relating to the structural treatment of panel paintings and train-
ing involving practical “hands-on” work varies from one training insti-
tute to another—there is a lack of a common standard. Since very few 
collections are able to employ a full-time expert (or actually require one) 
to perform structural conservation of wooden objects, the idea of sharing 
experts among conservation departments and across panel collections, 
conservation traditions, and geographical borders is seen as a significant 
advantage and will undoubtedly result in beneficial collaborations among 
institutions, conservators, and students.

Future training opportunities should be interdisciplinary and 
include conservators, curators, and practitioners in related fields, such as 
wood technologists and scientists, since they all have a shared responsi-
bility for keeping these works of art for the future. 

Literature Survey
 The literature survey aims to collect material pertinent to the structural 

conservation of panel paintings—including gray literature such as rele-
vant dissertations, treatment reports, and other unpublished material—to 



8

PROOF    1  2  3  4  5  6

C h r i s t e n s e n ,  S c h a r f f ,  a n d  Wa d u m

gain a thorough overview of developments within the field. Because the 
structural issues of wood panels are similar across several disciplines,  
the bibliography will also include related literature on the conservation 
of furniture and musical instruments, lacquer on panels, and painted 
wooden interiors, as well as literature on the history of panel paintings 
conservation, relevant technical art history, wood technology, wood 
identification, and preventive conservation.

The bibliography currently holds about seven hundred refer-
ences, which mainly consist of published literature identified in existing 
searchable online databases such as AATA Online, the Getty Research 
Library Catalog, ICCROM Library Catalogue, BCIN (Bibliographic 
Database of the Conservation Information Network), and WorldCat. In 
addition, relevant unpublished literature is being captured from search-
able databases on websites of conservation training programs, and it is 
being requested from training programs as well. At present, more than 
twenty training institutions and/or their institution libraries have been 
contacted with the purpose of capturing relevant student work on the 
structural treatment of panel paintings and related wooden objects. 
There are around sixty references currently compiled of unpublished 
material to be included in the bibliography.

The literature material is being captured in a database that will 
be made available as an online bibliography on the website of the Getty 
Conservation Institute. The literature database will be one of several 
online resources produced for an audience of conservation specialists.

Conclusion
 Discussing the panel paintings initiative with curators, conservators, and 

conservation training programs has already established a foundation for 
developing future collaborations between training programs of various 
traditions and geographic distribution, for training a new generation of 
panel paintings experts by transferring the required skills from experts 
currently in practice. Many ideas on ways to form the most valuable 
workshops and training courses have been expressed during survey inter-
views, and these will help inform the follow-up components of the PPI.

Once the Needs Assessment Survey is complete, a final report on 
the results will be prepared. It will reflect the opinions, advice, and needs 
expressed during interviews with museums and training institutes, as 
well as those expressed in the questionnaires completed by curators and 
conservators. The report will inform the PPI project partners about cur-
rent and future training needs in the structural treatment of panel paint-
ings and related works of art. 

Postscript
 Since the symposium in 2009, one of the major accomplishments of the 

Needs Assessment Survey was the completion of the literature survey 
and the launch of the Panel Paintings Initiative online bibliography on 
the Getty Conservation Institute website (www.getty.edu/conservation/
education/panelpaintings/panelpaintings_online.html). The bibliography 
is an extensive and comprehensive literature survey focused on the struc-
tural conservation of panel paintings, comprising over one thousand 
unique records. In addition to works dealing principally with the struc-
tural issues of panels, the bibliography includes references related to  
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the structural conservation of wood objects, such as furniture, musical 
instruments, lacquer on panels, and painted wood interiors. Relevant 
 literature on wood technology, technical art history, and preventive con-
servation is also included. The references encompass books and articles 
published internationally over the past twenty years, as well as some sig-
nificant and accessible “gray,” or unpublished, material (for example, 
forty-eight dissertations).

Regarding the survey of collections and training programs, in 
addition to the European countries cited earlier, more information was 
gathered about France, Luxembourg, and Switzerland, and visits were 
made to southern Europe, the United Kingdom and Ireland, and the 
United States. Survey efforts are still under way for Russia and for parts 
of western Europe. This ongoing work underscores the idea that the 
Needs Assessment Survey will continue to evolve with and inform the 
Panel Paintings Initiative.  

Although the Needs Assessment Survey cannot claim to be com-
pletely comprehensive, it contains a wealth of information and firmly 
establishes that the number of panel paintings in significant collections 
in need of condition assessment and/or treatment is considerably larger 
than the current capacity of panel paintings conservators. Apart from the 
main conservation schools in Italy and a number of conservation schools 
in Germany and Poland, where the structural conservation of panel 
paintings is taught at a variety of levels, none of the European, United 
States, and Canadian training programs offers a specialization in the 
structural conservation of panel paintings, although some offer individu-
alized training in the subject by inviting specialists to instruct and over-
see specific student projects. The Courtauld program and the Hamilton 
Kerr Institute of the University of Cambridge in the United Kingdom 
offer individualized training in collaboration with the Hamilton Kerr 
Institute London Studio.

Apart from stressing the need for coordinated scientific research 
into mechanics and properties of wood and auxiliary supports seen in 
connection with environmental conditions, the Needs Assessment Survey 
clearly shows that the arena in which conservators currently operate in 
greater Europe, Russia, the United Kingdom, and the Unites States var-
ies greatly from country to country, and it provides useful context about 
collections, practices, and training. It is clear that the field would benefit 
significantly from an infusion of experts in the structural conservation of 
panel paintings. The Needs Assessment Survey provides a good road map 
to set priorities in this regard, and it will continue to collect information 
on the state of the field.  
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Abstract
 Albrecht Dürer’s Adam and Eve were painted in 1507 on two separate panels, 

but they are to be considered a single work of art. Scant documentary evidence 
indicates that the panels have always been together and received conservation 
treatments in 1853, 1937, and 1972. The two panels appear to have undergone 
near-identical treatments until 1972, when it seems that the Adam panel alone 
was thinned and heavily cradled. The Eve panel, by contrast, retains its origi-
nal thickness, including a porphyry imitation on the reverse. While each panel 
had two or three major splits, which were already visible in nineteenth-century 
photographs, the Adam panel has developed at least fifty new splits since hav-
ing been cradled.

The treatment of the two panels was undertaken at the Prado Museum 
between October 2008 and May 2009. There was a relatively minor intervention 
on the Eve panel, including the removal of three later crosspieces and the repair 
of a few splits. The treatment of the Adam panel entailed the removal of the 
cradle and the repair of several dozen splits by the insertion of narrow wedges. A 
curved secondary support strainer was then constructed and attached with new 
spring mechanisms that were developed during the course of the past year. 

The two famous panel paintings by Albrecht Dürer depicting 
Adam and Eve were treated at the Museo Nacional del Prado 
(Prado Museum) in Madrid in the fall of 2008 and the spring of 

2009 (fig. 1). The treatment was complicated by the considerable disparity 
in the state of the panels—one retained its original thickness and surface 
coating, while the other was thinned and heavily cradled (fig. 2).

The project was the most recent in a series of collaborations 
between the Metropolitan Museum of Art in New York and the Prado 
Museum, begun over twenty years ago in 1990 with the treatment of 
the great Descent from the Cross by Rogier van der Weyden and The Three 
Graces by Peter Paul Rubens, completed in 1997.

The conservation of the Dürer panels represents the first major 
project of the Getty Panel Painting Initiative (PPI). The project was ide-
ally suited to the PPI because it addressed many of its key areas of focus:

•	 to	foster	collaborative	efforts	between	major	institutions
•	 to	facilitate	the	treatment	of	a	major	work	of	art
•	 to	promote	exchange	between	recognized	experts
•	 to	provide	intensive	training	for	more	junior	specialists

The Treatment of Dürer’s Adam and 
Eve Panels at the Prado Museum

George Bisacca and José de la Fuente Martínez
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•	 to	provide	assistance	to	the	staff	of	other	major	collections	in	the	care	
of panel paintings 

Brief Chronology
 The panels were painted by Dürer in 1507, shortly after his return from 

his second trip to Italy, although drawings and engravings in the Morgan 
Library and the Albertina from as early as 1504 illustrate his reworking 
of various versions of the composition. In some of these, the individual 
figures are reversed on independent sheets, and in others both figures 
appear in a single composition (fig. 3).  The use of a geometric propor-
tional system in the Albertina drawings, employed for positioning the 
figures, demonstrates a familiarity with Leon Battista Alberti’s Della 
 pittura and Piero della Francesca’s De Prospectiva Pingendi, as well as other 
humanist texts.

Dürer’s study of the subject culminates in the Prado panels. The 
Adam may even reflect direct knowledge of the Apollo Belvedere, excavated 
in 1489. Although correlations have been made between the Eve and the 
Medici Venus, that sculpture may not yet have been unearthed by the time 
of Dürer’s travels. What is clear is that he had direct exposure to  classical 

Figure  1

Albrecht Dürer (German, 1471–1528),  
Adam and Eve, 1507, before treatment. Oil on 
panel, Adam, 209 × 81 cm (82.3 × 31.9 in.); 
Eve, 209 × 80 cm (82.3 × 31.5 in.). Museo 
Nacional del Prado, Madrid, P2177, P2178. 
Photo: Museo Nacional del Prado.
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sculpture in Italy, and this knowledge was pivotal to his development 
as an artist. Upon his return to Germany, Dürer became a fundamental 
conduit for the diffusion of Italian humanist ideas north of the Alps.

Although the brief chronology dates the panels to 1507, it is 
not clear whether or not they were commissioned by the Municipality 
of Nuremburg or simply given by Dürer to the city in that year. In the 
late sixteenth century, they were given to Rudolf II and taken to Prague 
Castle, where they remained until 1648, when they were appropriated 
by the Swedes after their siege of the city. Christina of Sweden, how-
ever, never having cared much for German painting, gave the pair to 
Philip IV in 1655.

The panels survived the fire at the Alcázar in Madrid in 1734 
but were again threatened by fire when Carlos III decided to have them 
burned in 1762 because of their indecent nudity. Fortunately, court 
painter Anton Rafael Mengs persuaded the Marquis de Esquilache 
against the move, claiming that he could use them for teaching anatomy 
to his students at the Academia de San Fernando, where they were 
eventually moved in 1792. In 1827 they were transferred to the Prado; 
however, they were relegated for another decade to the Sala Reservada, 
where nudes were quarantined for fear that they might corrupt public 

F ig u re  3

Albrecht Dürer, Adam and Eve, 1504. Pen and 
brown ink and wash on paper, 24.2 × 20.1 cm 
(9.5 × 7.9 in.) Morgan Library and Museum, 
New York, I, 257d. Photo: The Pierpont 
Morgan Library.

Figure  2

Reverse of  Adam (left) and Eve (right) before 
treatment. Photo: Museo Nacional del Prado.
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morality. In 1838 they were finally integrated into the permanent collec-
tion by school and chronology.

Between 1936 and 1938, during the Spanish Civil War, twenty-
two shipments of 391 Prado paintings were sent to the fortified medieval 
Torres Serrano outside Valencia to keep them out of harm’s way. Then, 
in February 1939, they were sent to Geneva, where they were exhib-
ited publicly. On September 5 of that year, four days after the outbreak 
of World War II, they were again packed and shipped by train back to 
Madrid and the Prado.

Photographs taken in January 1938 show the two panels being 
packed for transit to Valencia (fig. 4). These images are particularly 
important because they provide a glimpse of the reverse of both panels. 
At that point, both panels were in very similar condition, having had the 
same conservation histories. The reverse of each retained the original 
surface coating and crosspieces, with canvas reinforcement over the few 
major cracks and three modern crosspieces.

When treatment began, the condition of the reverse of the Eve 
panel was virtually identical to its appearance in the 1938 photo, while, 
at some point in the interim, the Adam panel had, unfortunately, been 
thinned and heavily cradled.

This paper focuses on the structural treatment of the two pan-
els in conjunction with the Prado Museum’s Paintings Conservation 
Department. Some areas were partially cleaned during the course of the 
structural intervention. Cleaning and aesthetic compensation will con-
tinue after treatment.

Treatment of the Eve Panel
 Because the Eve panel retained its original thickness and surface coating 

and also required a far simpler and more straightforward intervention, a 
decision was made to treat that panel first.

The panel consists of three fir boards of middling quality, with 
subradial, almost tangential cut. Across the center there is one single 

Figure  4

The Adam and Eve panels being crated for 
transport in 1938. The photos show that the 
Eve panel was laid down first (left, bottom), 
and the Adam panel was laid down over the 
Eve panel (right). Photos: Museo Nacional 
del Prado.
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original oak crosspiece; it is set into a routed dovetail track. There is no 
evidence of any other crosspieces at the top or bottom of the panel. It is 
likely that the panel originally fit into a slotted track in an engaged frame 
and that, while the tall panel (209 cm, or 82.3 in.) required additional sup-
port across the middle, the frame’s slotted track alone across its narrow 
width (80 cm, or 31.5 in.) at the top and bottom was deemed sufficient.

Vegetal fibers, or “stoppa,” are visible beneath the black coat-
ing. This material is arranged symmetrically in four horizontal bands—
two near the extremities and two straddling the crosspiece track. 
(X-radiography revealed that there are also three corresponding bands 
below the ground layer on the obverse, with the center band situated 
exactly opposite the crosspiece.) This type of treatment is relatively com-
mon in German painting, especially in works by Cranach the Elder, and 
it might be explained as a measure to stabilize the panel against warping.

Three more bands, but oriented vertically, appear in the upper 
portion (between the uppermost horizontal bands), and while they 
must also be considered original, they do seem to be applied in a second 
moment. These bands are composed of slightly coarser fibers and are less 
carefully applied. Curiously enough, there are no corresponding bands 
on the obverse and none at all on the lower portion. No logical reason for 
this asymmetry could be determined.

Finally, a black coating covers the entire reverse (except for the 
perimeter edges, where the panel fit into the framing slot). The coating is 
decorated with red and white speckles, a common imitation of porphyry 
or granite.

The oldest split is just right of center, and it is, in fact, a split and 
not a disjoin. It was previously repaired by the insertion of seven short 
butterflies and reinforced with a canvas strip. Sequentially, the three 
modern crosspieces were applied sometime later (since the canvas passes 
under the crosspieces), but they may have been applied during the same 
intervention, probably in 1853, according to what can be inferred from 
the Prado’s internal archival information related to the conservation his-
tory. Subsequently, another split formed, and this was also repaired with 
a (different) canvas strip without the butterfly inserts, which passes over 
two modern crosspieces as well as the original one.

During the course of its history, the panel began to develop a 
warp, increasing pressure on the extremities of the dovetail crosspiece. 
The strength of the panel, already weakened by the routed dovetail 
track, was further compromised by woodworm infestation. As stress 
increased, cracks formed at the acute corners of the dovetail track and 
began to show through to the paint surface.

Removal of the Crosspieces

The first step in the intervention was to remove the original crosspiece 
and relieve the accumulated stress. In order to do this, a protective facing 
was first applied to the paint surface in this area with fish glue, and the 
panel was laid facedown.

The sequence of operations here was critical. If, for example, the 
rigid modern crosspieces were removed first, more stress would be trans-
ferred to the fragile crosspiece track, making the original crosspiece more 
difficult to remove and possibly further worsening the existing cracks.
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Incisions were made through the canvas strip fixed across the 
crosspiece. Next, by placing the end of a sash clamp on one end of the 
original crosspiece, and the other, slightly diagonally, onto the end of the 
modern crosspiece, the crosspiece could be safely pushed out without 
tapping, simply by tightening the clamp.

The modern crosspieces were not routed into the panel. X-rays 
revealed that they were attached by screws, which, remarkably, were 
inserted from the obverse through the paint film. Acetone was used to 
expose the fillings over the screw heads. The logic must have been that 
the tapering screw tips would have pulled out of the thin panel under 
the accumulated stress buildup, but by having the head of the screw 
on one side of the panel and the shaft sunk deep into the thicker cross-
piece on the reverse, the strength of the hold was far greater. As brutal 
as this appears, at least care was taken in the placement of the screws. 
There are four holes at the top and four at the bottom, and five across 
the middle. This placement seems to be guided by a conscious effort 
to situate the holes in the least obtrusive, easy-to-retouch areas. The 
upper holes all fall in the black background, and the lower ones are in 
rocks or the tree trunk. The addition of a fifth hole in the middle band 
made it possible to avoid situating a hole in the more difficult-to-match 
f lesh tones.

When the fillings were removed, the screw heads were found 
to tilt inward toward the center of the panel and were pulled under the 
original paint surface, so that they could not be extracted without caus-
ing further damage. This situation was caused by the cumulative shrink-
age of the panel since the modern crosspieces had been applied.

The panel was turned facedown, and the crosspieces were cut 
with a hand saw in several places so that much of the material could be 
removed, leaving only small blocks containing the screw shafts. Each 
small block could then be shifted slightly so that a screwdriver could 
be inserted into the slot in each screw head on the obverse. The wood 
blocks were then unscrewed (instead of the screws themselves being 
turned) while the screwdriver was held in place. The screws were then 
extracted without risk. As soon as the accumulated stress was released, 
the panel relaxed into a curved position. The accumulation of warp 
had been partly exacerbated by the presence of the restraining cross-
pieces (fig. 5).

Removal of the Canvas Strips and Cleaning of the Reverse

The next step was to remove the canvas reinforcement strips to be 
able to access the splits. This was done by using a poultice of Laponite 
and water.1 The hide glue used to adhere the canvas was very strong, 
requiring applications of 30–40 minutes to soften it. The rest of the 
entire black surface was then cleaned with commercially available syn-
thetic saliva. 

Repair of Splits

Wherever practicable, splits were simply reglued by introducing an adhe-
sive (usually codfish glue) and clamping pressure. When all the smaller 
cracks were rejoined in this way, one longer and more serious split 
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remained, traveling from the center of the panel through the bottom 
edge. This crack exhibited extensive woodworm infestation, and in addi-
tion, the two sides warped inward at the split, causing a serious planar 
distortion. Because of the weakness caused by the infestation and the 
strength of hold necessary to improve the surface curvature, it was felt 
that a simple regluing was not feasible in this case.

Instead, here we opted to intervene with a high-speed router 
and a specially designed bit capable of cutting a wedge-shaped cavity, 
which, at a cutting depth of 20 mm (0.8 in.) is open only 4 mm (0.2 in.) 
wide at the top (fig. 6). After the wedge-shaped track was cut, a simple 
jig was set up with clamps and wedges to adjust the overall surface 
across the split into a more continuous curvature. While this operation 
may temporarily introduce a modest amount of stress to the panel, it is 
low enough to dissipate through the panel over time. It is important to 
note that the panel is not being forced into a new position. Each segment 

F ig u re  6

The Eve panel during treatment: José de la 
Fuente (left) and George Bisacca (right) are 
using a high-speed router to cut a V-shaped 
track. Photo: Alan Miller. 

Figure  5

The Eve panel during treatment, after removal 
of  the cross battens. Note the panel’s curva-
ture: as soon as the accumulated stress was 
released, the panel relaxed into a curved posi-
tion. Photo: Courtesy of  the authors.
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retains the warp it has acquired; it is simply rotated slightly and held in 
alignment across the split.

Once the surface level and curvature were adjusted, thin wedges 
could be prepared to fit into the track. When we gained access to the full 
depth of the split, we could vacuum out the woodworm frass and partly 
fill the cavities with a paste, Araldite AV/HV 1253, greatly solidifying the 
entire area and increasing the strength of the repair. The same Araldite 
also served as an adhesive for the wedges. After curing, the wedges were 
trimmed to surface level.

Substitution of Butterfly Repair

Although we had decided not to remove the seven nineteenth-century 
butterf ly repairs because they appeared stable, one split passed through 
the center of one of the butterf lies, and we decided to replace just that 
one. Traditionally, butterf ly repairs are made with inserts oriented 
perpendicular to the grain; this can inhibit expansion and contrac-
tion across the grain and, in many cases, actually produce new splits. 
Whenever old butterf ly repairs are replaced, the cavities are rebuilt with 
the same wood as the panel, but the inserts are now oriented  parallel  
to the grain.

Narrow rectangular-section strips are jointed and thickness-
planed, and several pieces (ten in this case) are used. This method 
ensures a far better fit than if we attempted to make one single piece. 
The bottom of the cavity is never perfectly f lat and, when a single piece 
is fit, it is not possible to see if the insert completely contacts the bot-
tom. By fitting several smaller pieces, we can modify the bottom and 
ends of each piece slightly, to ensure a better fit (fig. 7). The adjacent 
faces of each piece, having been machine prepared, are dead f lat and 
form a perfect joint, thus reducing the amount of adhesive necessary. 
After gluing, the butterf ly is carved f lush to the panel surface with 
hand tools. In this repair, the thirteen holes left by the screws were then 
filled by fashioning and inserting end-grain plugs.

F ig u re  7

The Eve panel during treatment: A cross-grain 
butterfly insert was removed and replaced 
with ten pieces oriented in the grain direc-
tion. Photo: Courtesy of  the authors. 
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Modification of the Original Crosspiece

Finally, now that the panel was curved, the flat original crosspiece could 
not fit the original crosspiece track across the middle of the panel. One 
option was to fabricate a new crosspiece and keep the original forever 
in storage, but this seemed absurd, since the panel was not likely ever 
to regain its original flat configuration. Instead, after some discussion, 
a decision was made to modify the original crosspiece. In order for a 
curved crosspiece to slide, it has to form a regular curve, but the cross-
piece track was not regular. A thin piece of flexible plywood, slightly nar-
rower than the track, was temporarily inserted into the track and pressed 
down to form a regular curve. The original crosspiece was then cut 
longitudinally on the band saw in two places (fig. 8). Each of the three 
resulting pieces was then very flexible. The idea was to reassemble the 
pieces and glue them together in the desired curve. 

Araldite 2011 (an adhesive of exceptional strength and durability 
with a long working time) was spread on all cut surfaces, and the pieces 
were assembled together. Two screws were temporarily inserted into the 
middle of the underside to hold the pieces in alignment during clamping 
and curing. The crosspiece was then set above the plywood strip in the 
crosspiece track and clamped into the curved position.

After curing, the laminated crosspiece permanently held the 
curved shape, and the joint lines could barely be detected (fig. 9). Some 
small adjustments still had to be made to both the crosspiece and the 
track to get the crosspiece to slide into the track. Paraffin was then 
ironed onto the bottom and buffed to reduce friction.

Treatment of the  
Adam Panel

 The Adam panel presented very different challenges. The panel was made 
up of four pine boards of lesser quality than the wood of the Eve panel. 
One interesting observation about the original construction is that the 
joint on the extreme right is not parallel but skewed. The last board mea-

Figure  8

The Eve panel during treatment: The original 
batten was cut longitudinally into three pieces 
for lamination. The piece of  white ragboard 
was added to compensate for the thickness of  
the saw kerf  below the panel surface. Photo: 
Courtesy of  the authors.
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sures 20 cm (7.9 in.) wide at the bottom and more than 27 cm (10.6 in.) at 
the top. This phenomenon is relatively common, especially in German 
panel construction; in fact, it occurs on the Judith with the Head of 
Holofernes (ca. 1530) by Lucas Cranach the Elder at the Metropolitan 
Museum, and on the Crucifixion (ca. 1520) by Albrecht Altdorfer at the 
Szépmüvészeti Múzeum in Budapest, and it also happens to be present 
on Leonardo da Vinci’s Saint Jerome Praying in the Wilderness (ca. 1482) at 
the Vatican Pinacoteca.

This type of joint can be explained logically as an efficient use of 
materials. If, for example, two planks were flat-sawn from a trunk and they 
naturally tapered at one end because of variations in the trunk, a significant 
amount of material would have to be wasted in order to make perfectly 
squared rectangular boards. Instead, they could be squared on one side only 
and the tapering side simply straightened at whatever angle it happened to 
form. When one board is flipped end over end and rotated once, the result-
ing joint will always form the exact complementary angle necessary to com-
plete a perfect rectangle with parallel sides and very little waste (fig. 10).

Both the Adam and the Eve panels appear to have had nearly 
identical histories, since they have always undergone similar conser-
vation treatments; however, documentary evidence indicates that 
sometime around 1971—possibly because of some accident that caused 
damage—the original black coating of the Adam panel was eliminated, 
and the panel was planed down to the level of the bottom of the original 
crosspiece track (approximately 9.5 mm, or 0.37 in.) and heavily cradled. 
Before the current treatment of the two panels, the Eve panel appeared 
almost exactly as it had in the 1938 photographs. In contrast, in the 
nearly forty years since the application of the cradle, the Adam panel had 
developed approximately fifty new splits.

Facing paper was selectively applied with codfish glue to only 
those splits that showed signs of recent movement. The panel was then 
turned over and set facedown on a sheet of open-cell neoprene.

Figure  9

The Eve panel during treatment: After lamina-
tion, the new curve of  the batten matches  
the curvature of  the panel. The inset photo 
shows the end of  the crosspiece after reassem-
bly; the original paint surface is undisturbed, 
and the joint lines are barely visible. Photos: 
Courtesy of  the authors. 
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Removal of the Cradle

Normally, cradles are demolished by first making saw cuts at the edges 
of the crosspiece slots and then lifting out the crosspieces. The result-
ing grid of blocks can then be removed with gouges, chisels, and hand 
planes, and the final glue residue can be swelled with Laponite-water gel 
and scraped with knives.

We began with this process in mind but quickly realized that 
there were too many open splits, and the downward pressure from carv-
ing the blocks would cause movement along the cracks and become risk-
ier as more and more surface area was gradually exposed. Because of the 
inherent fragility, a decision was made to use a high-speed circular saw 
with a special guide rail. This may first appear dangerous, but it enabled 
the cuts to be made cleanly and accurately while reducing the amount of 
pressure and vibration generated by the removal by hand. 

Because the cradle was made of machined material, the thick-
ness was consistent throughout. Cuts could safely be made at intervals of 
8–10 mm (0.3–0.4 in.) and to a depth of 1–2 mm (0.04–0.08 in.) from the 
panel surface. In order to support the panel securely as more of the splits 
and panel surface became exposed, C-shaped cleats, sections of each ver-
tical cradle member, were left intact around some of the cross members, 
to hold them and the panel in place while the bulk of the material could 
be removed (fig. 11). 

The cross-grain cuts were made at very close intervals because 
the resulting blocks would have very little structural integrity. By insert-
ing a metal scraper into the saw kerfs, we could easily snap off the thin 
end-grain wafers without undue pressure. Final remnants were removed 
with slightly curved-bottom violin planes, and the panel was scraped 
clean of any glue residue.

At this point, the panel was extremely fragile, with nothing at 
all to support the dozens of open splits. A paper-faced foam board panel 
with a convex curve was made to support the panel temporarily while it 
was turned over and laid faceup on a table.

Figure  10

A joint created from a naturally tapering flat-
sawn plank (a). The plank is cut in two (b), 
the top plank is flipped end over end (c), 
rotated once (d), and pushed together with 
the bottom plank to create a panel with paral-
lel sides (e). Drawing: Alan Miller.

a b c

e d

BisaccaFig10.ai
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Only a few older major splits had gesso fillings—similar to the 
number found on the Eve panel. These dated from the 1853 intervention; 
no new treatment had taken place since the 1971 cradling, and conse-
quently, none of the newer splits had been filled. The removal of any fill-
ings was important, so that the level of the paint surface across the splits 
could be aligned accurately.

Most of the splits were too tight to permit the introduction of 
an adhesive to the full depth. The original surface of the panel had also 
already been completely eliminated during the application of the cradle, 
and so, even though a small amount of original material would need to 
be removed, the strength and durability of the resulting repair seemed 
to justify the use of the high-speed router that was also used on the large 
split on the Eve panel.

Special carbide bits, first developed by the Opificio delle Pietre 
Dure in Florence and produced in Milan, were used to cut the wedge 
tracks. These bits are capable of cutting very narrow and precise tracks 
without burning at the tip, ensuring extremely accurate results (fig. 12).

The wood used for the wedge-shaped inserts was nearly identical 
to the wood of the panel and came from an eighteenth-century stretcher. 
Insert wedges were prepared in lengths cut with a miniature table saw 
with a carbide-tipped blade.

Each crack is opened in short straight sections, and several 
passes are made, proceeding incrementally deeper while the tip is main-
tained exactly on the segment of the crack being opened. Once the track 
is opened, the overall surface curvature can also be adjusted to follow a 
more uniform curvature, rather than maintaining the “washboard” effect 
that had developed from the rigidity of the cradle.

Accurate thickness and depth measurements are crucial. Two 
methods were employed to measure thickness: a fixed-arm microm  - 
 eter, where one full revolution of a dial equals 1 mm (0.04 in.), and a 
Hacklinger thickness gauge, developed for violin makers. The Hacklinger 
device has a smooth plastic-coated magnetic disk that can be detached and 
positioned on one side of the panel and held in place by the magnetic end 
of a calibrated tube on the other. The disk can be dragged along so that 
the range is not limited to the length of the arms on the micrometer. Both 

Figure  12

Custom-made high-speed router bits used for 
creating V-shaped tracks. The shank diameter 
of  the bits is 8 mm (0.3 in.). The left bit 
makes a conical cut 10 mm wide (0.4 in.) at a 
depth of  40 mm (1.6 in.) (approx. 13.5°); the 
right bit makes a conical cut 10 mm (0.4 in.) 
wide at a depth of  15 mm (0.6 in.) (approx. 
35°). Photo: Courtesy of  the authors. 

Figure  11

The Adam panel during treatment: A high-
speed radial saw is used to create crosscuts 
through the cradle members. At this stage, 
C-shape cleats are left in place to hold the 
cross battens in place (inset). Photos: 
Courtesy of  the authors. 
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instruments are accurate to one-tenth of a millimeter. Simple depth mea-
surements into the track with a steel ruler were also made to confirm the 
depth setting on the router itself.

Many cracks did not pass directly through the panel perpendicu-
lar to the surface. In these cases it was necessary to trace the incidence of 
the crack on the paint surface onto Mylar and transfer it onto the reverse 
so that the router tip could be more efficiently aligned in advance to cor-
respond to the position of the crack at maximum depth.

Smaller splits were treated first, so that the panel gradually 
gained solidity. This increased the general stability and later facilitated 
the adjustment and clamping of the larger splits. In all, some 388 indi-
vidual wedges were inserted.

The Secondary Support

Because the panel was thin for its size, an additional secondary support 
was considered necessary. A curved perimeter strainer with five cross 
members was fabricated to fit the concave curve of the reverse of the 
panel. The panel was then connected to the strainer by means of spe-
cially prepared spring-loaded mechanisms that could regulate future 
expansion and contraction due to humidity fluctuation. Thin pieces of 
oak were stack-laminated by the same method that had been employed 
during modification of the original crosspiece on the Eve panel. Araldite 
2011 was spread on all faces, and the slats were arranged symmetrically 
in five groups across the panel.

In order to copy the curve of the panel by applying clamping 
pressure to the stacks (and without transferring that pressure to the 
panel itself ), ten blocks were positioned just outside the panel, sup-
porting each stack of slats on both ends (fig. 13). Each block was 1 mm 
higher than the edge of the panel, so that the stacks of oak slats did 
not actually touch the panel. Long boards stood on edge were then 
positioned across the long dimension of the panel on top of the stacks 
of slats. The ends of these boards were clamped to the table. As the 
clamps were tightened, the stacks deformed slowly into a curve until 

F ig u re  13

The Adam panel during treatment: Clamping 
jig for making laminated curved perimeter 
strainer bars. Wedges are used under the 
transverse bars to push the laminated pieces 
just to the surface of  the panel without apply-
ing any pressure to the panel itself. Photo: 
Courtesy of  the authors. 
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they barely touched the panel, thus mirroring the panel’s curve without 
exerting pressure on the panel.

Once the adhesive had cured, the five curved members could be 
trimmed and assembled with mortise and tenon joints into a perimeter 
strainer. The distribution of spring mechanisms was organized, and 
the corresponding holes and slots were then routed into the strainer. 
Thirty brass connecting anchors were then spot-glued to the panel with 
Araldite AV/HV 1253, after the placement spots were first isolated  
with Paraloid B-72.

The spring tensioners, each contained within a tubular square-
section brass housing, were installed by hooking the ball on the end of a 
steel braided cable into a slot in the brass anchor buttons adhered to the 
reverse of the panel. The brass casings were then seated into the slots cut 
into the strainer, and each was fixed with a screw. Pre-tensioning was 
adjusted by sliding a set screw to partially compress the spring to the 
desired amount. The overall surface curvature of the panel improved 
significantly during treatment and, coincidentally, matched the Eve panel 
after treatment.

While Dürer’s Adam and Eve are to be considered a single work 
of art, they exist as two independent panels in radically different states of 
preservation (fig. 14). The structural problems suggested two extremely 

F ig u re  14

Reverse of  Adam (left) and Eve (right) after 
structural treatment. Photo: Courtesy of  
the authors.
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different treatments, yet by employing the same aesthetic and mechani-
cal principles, we were able to bring the two panels into balance as one 
work of art.

Note
 1  Laponite RD is a synthetic inorganic colloidal clay powder. Water can be added to the 

desired consistency so that moisture will be kept on the surface without penetrating into 
the wood.

Materials and Suppliers
 Araldite AV/HV 1253 and Araldite 2011 (AW 106/HV 953), Huntsman Advanced Materials, 

10003 Woodloch Forest Drive, The Woodlands, TX 77380, USA. Distributed by Freeman 
Manufacturing and Supply Co., 1101 Moore Road, Avon, OH 44011, USA. http://
freemansupply.com.

 High-Tack fish glue, Lee Valley Tools Ltd., P.O. Box 1780, Ogdensburg, NY 13669, USA. P.O. 
Box 6295, Station J, Ottawa, ON K2A 1T4, Canada. www.leevalley.com.
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Abstract
 This paper presents the work done in the Florentine Opificio delle Pietre Dure 

for the improvement of the conservation of paintings on wooden supports, start-
ing in the beginning of the 1980s. 

The introduction summarizes the main guidelines and the technical 
methods carried out in the recent past. The paper then presents case studies of 
important paintings that have undergone restoration in recent years. They are:

•	 Bronzino, Descent of Christ into Limbo, Santa Croce Museum, Florence: 
A new type of batten was proposed, with the same shape as the ancient ones, 
and inserted in a dovetail channel.

•	 Botticelli, Mourning of the Dead Christ, Poldi Pezzoli Museum, Milan: 
A new stretcher control system was applied without the original support 
being touched.

•	 Masaccio, a predella, Storia di San Giuliano, Horne Museum, Florence: 
The stretcher control system was applied with very few connection points, 
and the rear was closed with loose wooden elements.

•	 Antonello da Messina, Portrait of a Man, Palazzo Madama Museum, 
Turin: The flexible control system was not applied on the panel but was 
 connected to the frame, modified to close the back of the painting.

•	 The Rosano Crucifix, Abbey of Santa Maria di Rosano, Rignano sull’Arno: 
The original construction system was reestablished, with a less invasive and 
more functional conservation treatment.

•	 Raphael, Madonna of the Goldfinch, Uffizi Gallery, Florence: Because 
of the ancient damage, a low-invasive technique was performed on the  
old cracks.

In the conclusion the paper points to the authors’ planned research for the future. 

Introduction
 Painting restoration in Florence, including the conservation of wood 

 supports, has a long tradition. This situation may be adequately illus-
trated by several examples from the history of restoration: in 1830 Pietro 
Rombergh applied the “cradling” technique derived from the French 
method—in fact, we know today that it may be ascribed to Jean Louis 
Hacquin—to Raphael’s Madonna del Baldacchino, thus contributing 
locally to the diffusion of what would later be mistakenly referred to as 
“Florentine cradling (parchettatura)” (Chiarini, Padovani, and Ciatti 1991). 

The Conservation of Panel Painting Supports at 
the Opificio delle Pietre Dure: Experiences and 
Methodologies

Marco Ciatti and Ciro Castelli
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Throughout the second half of the nineteenth century, restor-
ers of wooden supports are frequently mentioned working together with 
those treating the painted surfaces—for example, Giuseppe Tanagli, who, 
with Ettore Franchi, restored the Coronation of the Virgin by Lorenzo 
Monaco in 1867. Treatment of this altarpiece, now in the Uffizi, included 
repair of the large central lacuna, repair of several cracks by means of 
dovetail inserts, and application of three new battens housed in dovetail-
shaped tracks (Ciatti and Frosinini 1998). A year before, in 1866, the 
Florentine Gallery painter-restorer Ulisse Forni documented in his 
Manuale del pittore restauratore a series of interventive techniques to be 
done with the aid of an expert in carpentry1 (Bonsanti and Ciatti 2004, 
58–59). Among these we may already find the idea by which two discon-
nected boards could be rejoined by inserting V-shaped wedges into spe-
cifically carved-out channels. 

During the twentieth century, first at the Restoration Laboratory 
at the Vecchia Posta in Florence and then at the Fortezza da Basso in 
Florence, operators were continuously striving for ways to refine meth-
ods for intervention. For example, the system for using wedges to repair 
cracks was perfected, and new sliding crosspieces were devised, inserted 
into tracks formed by pairs of cleats, called nottole. The practice of flat-
tening curved panels was abandoned according to new theories based on 
greater respect for the characteristics of the artwork and the apprecia-
tion of signs of natural aging of the materials. The major personalities of 
this historic phase were in particular Otello Caprara, Renzo Turchi, and 
Gianni Marussich, who together with others, all of whom we recall with 
gratitude and affection, were called to face the tragic circumstances gen-
erated by the 1966 flood.

Starting in the 1980s, after this phase of emergency was over-
come, renewed research into ways to better understand the behavior of 
wood supports was undertaken at the Fortezza Laboratory—also thanks 
to collaboration with several research institutes and universities—aimed 
at gathering measurable, verifiable data on the various phenomena that 
take place. Following these studies, numerous fundamental changes 
were gradually introduced, which may be summed up as follows:

•	 introduction	of	less	invasive	methods	of	applying	wedges	through	new	
ways to create the channels that will house them, in a general context 
of recognizing the need to reduce invasiveness in all phases of the 
intervention;

•	 introduction	of	methods	to	apply	battens,	with	the	aim	of	obtaining	
elastic control of the eventual tendency to warp, paired with main-
taining freedom of movement of the panel boards;

•	 for	thinned	or	fragile	supports,	the	substitution	of	battens	with	frame	
structures, which function as the principal support; a frame structure 
connects to the panel through systems that guarantee both sliding 
capacity and elasticity; 

•	 increasingly	close	interconnection	between	the	restoration	and	
preventive conservation phases, aiming at controlled reduced air 
exchange with the surrounding atmosphere to reduce fluctuations  
in relative humidity (RH) to gain greater stability;

•	 increased	respect	for	the	original	characteristics	of	construction,	
often involving the replacement of lost functionality of the original 
elements.
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These new operational guidelines materialized in many exam-
ples of conservation and restoration interventions and were presented 
in an organic way for the first time in the volume Dipinti su tavola: La 
tecnica e la conservazione dei supporti, published in 1999. In a response to 
widespread requests, an English edition was published in 2006, thanks 
to the translation by Diane Kunzelman (Ciatti, Castelli, and Santacesaria 
1999; 2006). 

Since then, continuing research has also been put into practice in 
concrete work situations, as we consider these two elements inseparable 
and believe that they naturally proceed hand in hand. In summary, our 
methodological guidelines aim at furthering the following:

•	 ever	greater	understanding	of	techniques	of	construction	of	wooden	
supports and their behavior over time;

•	 increasingly	precise	measurements	of	the	physical	behavior	of	paint-
ings, including application of 3-D techniques before, during, and after 
restoration operations;

•	 a	tendency	toward	what	is	defined	as	“minimal	intervention,”	mean-
ing the will to achieve desired conservation results with the least pos-
sible invasiveness;

•	 realization	of	an	overall	restoration	project	that	involves	both	the	
work’s structural support system and its pictorial components;

•	 decision	making	for	restoration	that	is	simultaneously	integrated	with	
preventive conservation.

The Case Studies
 The case studies and the topic specific to each that will be presented here 

are: Agnolo Bronzino, Descent of Christ into Limbo, from the Santa Croce 
Museum in Florence, a very large panel painting damaged by the 1966 
flood; Sandro Botticelli, Mourning of the Dead Christ, from the Poldi 
Pezzoli Museum in Milano, an example of a new conservation treatment 
on a previously restored painting; a predella by Masaccio, Storia di San 
Giuliano, from the Horne Museum in Florence, a case of restoration 
and preventive conservation united in the same project; Antonello da 
Messina, Portrait of a Man, an example of research involving minimal 
intervention; The Rosano Crucifix, a twelfth-century painting from the 
Abbey of Santa Maria di Rosano near Florence, never restored before in 
modern times, which was treated readapting the original techniques of 
construction; and, finally, Raphael’s Madonna of the Goldfinch from the 
Uffizi Gallery, recently restored and exhibited in Florence, which repre-
sented a very special case, both for the old damage it had suffered and for 
the conservation work carried out on the panel structure. 

The presentation of the various case studies will not include 
all of the operations involved in complete intervention on the wood 
supports. Rather, each example will serve to illustrate one particularly 
 significant aspect. By this approach we intend to inform a specialized 
audience about several innovations and less usual choices for interven-
tion, which may help to further understanding of the work methods 
applied in the Opificio Fortezza Laboratory in Florence. This anthology 
of a series of special technical aspects is also intended to illustrate the 
methodological basis underlying work in the Florentine Laboratory. In 
fact, there are no standardized methods that can be applied uniformly  
in all cases—rather, intervention is adapted to the single, individual 
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 characteristics of the specific work being treated. Both the actual tech-
nical elements present in each work and the theoretical implications of 
these are important considerations.

Bronzino’s Descent of Christ into Limbo

For example, the large flood-damaged panel by Agnolo Bronzino, Descent 
of Christ into Limbo (fig. 1), was put back on exhibition in fall 2006, where 
it was presented together with eight other large panel paintings that  
had suffered damage from the same event (Ciatti, Frosinini, and Rossi 
Scarzanella 2006). After the flood, removal of battens was carried out in a 
storage site at the Limonaia, in which a high RH was maintained, for the 
purpose of avoiding as far as possible the negative effects of shrinkage of 
the wood. The state of conservation of the painting many years after the 
flood was, in any case, extremely serious. Much of the damage caused 
by the flood involved shrinkage of planks, splits, and separation between 
boards, and loss of cohesion of the ground—all of which combined to 
produce damage to the paint layers, mainly flaking.

The varying lengths of time the different parts of the painting 
remained under water, according to the height at which they were found, 
caused separation of the boards in the central and lower parts, as well as 
cupping of the planks.

The point we would like to emphasize in this case is the decision 
to restore the original control system, based on dovetail-shaped battens 
inserted into grooves.  It was determined that this system was capable of 

F ig u re  1

Agnolo Bronzino (Italian, 1503–1572), Descent 

of  Christ into Limbo, 1552. Oil on panel, 443 × 
291 cm (174.4 × 114.6 in.). Museo dell’Opera 
di Santa Croce, Florence (on loan from the 
Gallerie Fiorentine, inv. 1890 n. 1580). The 
front and back of  the painting after conserva-
tion. Photos: Archivio dell’Opificio delle 
Pietre Dure, Florence. 



29

PROOF    1  2  3  4  5  6

Th e  C o n s e r va t i o n  o f  Pa n e l  Pa i n t i n g  S u p p o r t s  a t  t h e  O p i f i c i o  
d e l l e  P i e t r e  D u r e :  E x p e r i e n c e s  a n d  M e t h o d o l o g i e s

assuring the necessary control of a panel painting affected by separation 
of the boards and warp of the single planks only in the lower portion. In 
order to face the problem of movements of the panel in a more flexible 
way—and avoid their having negative repercussions on the paint layers—
it was decided to modify the inner structure of the battens. This was 
accomplished by inserting a system able to guarantee elastic flexibility in 
them, through separation into three layers (fig. 2). The oblique side edges 
of the grooves that originally housed the crossbars were leveled, and the 
seat of the tract was rendered flat by integration with small pieces of old 
wood. The laminated battens were then mounted: the first layer inserted 
into the original groove on the support, the second and third connected 
to the first with screws and springs. In this way it was possible to regu-
late the pressure of the single crossbar strips.

Operations were also planned to take into account the preven-
tive conservation phase, by means of a box enclosure fitted onto the rear, 
designed to reduce the exchange of moisture with the surrounding atmo-
sphere, thereby reducing the support’s tendency to move. It was thus 
possible to satisfy the needs of the painting for an elastic form of warp 
control and to safeguard the adhesion of the color.

After the frame was restored and assembled, the painting was 
placed in it, and the rear was closed with a panel. In the exhibition site, 
the pressure exerted by the springs was regulated according to the local 
RH. To better stabilize the RH level, Art Sorb was placed through an 
opening in the space between the panel closing the frame and the rear  
of the wood support.

Botticelli’s Mourning of the Dead Christ

Botticelli’s panel of the Mourning of the Dead Christ (fig. 3), probably 
 originally without battens, had been altered in 1951 by the insertion 
of three new dovetail crosspieces, one of which subsequently came 
out of its groove because the support deformed (Buzzegoli, Castelli, 
and Di Lorenzo 2004). It was decided to substitute this invasive and 

F ig u re  2

Agnolo Bronzino, Descent of  Christ into Limbo. 

The new elastic batten composed of  three ele-
ments connected by bolts and springs. Photo: 
Archivio dell’Opificio delle Pietre Dure, 
Florence.

F ig u re  3

Sandro Botticelli (Italian, 1445–1510), 
Mourning of  the Dead Christ, 1495–1500. 
Tempera on panel, 106 × 71 cm (41.7 × 
28.0 in.). Poldi Pezzoli Museum, Milan, inv. 
1558. Photos: Archivio dell’Opificio delle 
Pietre Dure, Florence. 
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 nonfunctional system with a new, more efficient one, with a lesser 
degree of impact on the work. The new support system is composed of 
a framework modeled on the curvature of the painting itself, to which 
it is  connected in a mobile and elastic way. To reduce the invasiveness of 
intervention, the framework has been anchored to the seats carved out 
for the previous crossbars—filled, however, with small wood elements 
fastened with their fibers running in the same direction as the original 
panel (fig. 4). 

Wood strips of old poplar, left free and unglued, were placed in 
the dovetail-shaped channel with the grain running in the same direction 
as the panel, to reconstruct the part where the sliding battens had been 
inserted in the grooves. After reconstruction, the curved framework was 
tested with a strain test.  

Masaccio’s Storia di San Giuliano 

A predella by Masaccio, Storia di San Giuliano (1425–26, Horne Museum, 
Florence), was thinned in a preceding restoration, as confirmed by 
the exposed tunnels produced by wood-boring insects. The panel had 
warped in the form of cupping, with a deflection of 15 mm (0.6 in.) 
(Castelli 1998, 87–94). For this reason the painting required warp control, 
which was achieved by means of a framework anchored in a mobile and 
elastic way. The anchorage was obtained by gluing small cylinders to the 
reverse of the panel that hold oscillating screws to connect to the frame-
work support.

Furthermore, to limit the tendency of the support to move, the 
empty spaces left by the framework were filled with strips of wood. This 
increased mass has the effect of slowing down the exchange of moisture 
with the surrounding atmosphere, as has been verified by measurements 
carried out with sensors placed in contact with the wood panel and 
external to the framework. After the control framework was mounted 
and the rear closed with unglued strips of wood, RH was measured by 
placing a sensor between the support and the wood strips. The results 
revealed that the internal RH level was more stable than the ambient 
RH, detected with a second sensor placed externally.

Antonello da Messina’s Portrait of a Man

In the case of the Portrait of a Man by Antonello da Messina, the aim of 
intervention was control of the support’s warp, which had affected the 
painted surface, but without the application of anything to the rear of the 
panel, in order to further reduce invasiveness of the operation, as well 

Figure  4

Sandro Botticelli, Mourning of  the Dead Christ. 

The new temporary batten placed over the 
reconstructed track. Photo: Archivio 
dell’Opificio delle Pietre Dure, Florence. 
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as to be able to remount the painting in its historical frame as desired 
(Bellucci et al. 2006). The conditions of the painting upon arrival in the 
laboratory showed some flaking of color along the grain of the wood, 
resulting both from the original artistic technique and from movements 
of the wood. Extensive diagnostic research was organized, including 
X-radiography and CAT scan investigation, to further understanding of 
the problems.

The aims of the conservation treatment were achieved by apply-
ing a shaped perimeter framework, which functioned as the supporting 
structure to control warp, closed on the rear with a wood panel. The 
framework was held pressed to the rear of the painting by means of a 
series of springs (fig. 5). The space left empty on the rear by the closure 
of the back of the panel was further stabilized by insertion of a sheet of 
Art Sorb. Sensors equipped with a datalogger measured RH inside the 
support framework, and two sheets of Art Sorb were placed in the open-
ing in the framework. The entire assembly was fitted into the historic 
frame that the museum wanted to maintain. The painting was placed on 
the edges of the frame, held to it with four small Bakelite clamps regu-
lated by means of springs fitted on the rear. It was possible to regulate 
the position of the painting and the pressure exerted by the springs  
on the painting support.

The Rosano Crucifix

The Rosano Crucifix, a true archetype of panel painting dating from the 
early twelfth century, was a very special case (Ciatti, Frosinini, and 
Bellucci 2007). Here, in fact, the vertical body board and the horizontal 
arm board had separated, making the surface no longer level, a condi-
tion impossible to correct because of the presence of grime deposited in 
the join. Given the above conservation problems, it was decided to sim-
ply disassemble the cross. Taking advantage of the fact that the original 
technique of construction foresaw using wood dowels instead of nails for 
assembly, it was possible to recombine the parts, first taking them apart 
and then reassembling them according to the original logic behind the 
method for construction. This procedure permitted intervention on each 
single component, as well as exact reassembly without any alteration of 
the original parts.

This type of intervention, apparently of a quite extreme nature, 
was instead functional in maintaining absolute respect for each original 

Figure  5

Antonello da Messina (Italian, ca. 1430–1479), 
Portrait of  a Man, 1476. Oil on panel, 36.5 × 
27.5 cm (14.4 × 10.8 in.). Palazzo Madama 
Museum, Turin, 437/D. Top: detail of  a 
spring pressure device. Bottom: the painting 
connected to the stretcher with only a 
Bakelite hanger fixed to the stretcher in a 
mobile system with a spring. Photos: Archivio 
dell’Opificio delle Pietre Dure, Florence.
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element, which could be recovered with the least alteration possible. 
Disassembly also made other technical details visible: for example, the 
layer of gesso and the red pigment underneath the halo. Remounting was 
executed by fixing the arm board by means of the original pegs and by 
the insertion of small wedges (fig. 6).

Raphael’s Madonna of the Goldfinch

With regard to the Madonna of the Goldfinch by Raphael (fig. 7), we can 
see the effects of the operation done to recompose the splits suffered in 
the collapse of 1547, the cause of the existing problems, which consisted 
mainly in the lack of level along the joins and the propagation of several 
cracks and fissures. 

X-radiography and an innovative CAT scan technique were used 
to investigate the situation, for the purpose of limiting the invasiveness 
of intervention (Ciatti, Natali, and Ritano 2008). The construction of 

Figure  6

The Rosano Crucifix, 12th century, section 12. 
Tempera on panel, 254 × 230 cm (100.0 × 
90.6 in.). Abbazia di Rosano, Rignano 
sull’Arno. Left: during the disassembly of  the 
Crucifix. Right: the remounting using the 
original pins with added wedges. Photos: 
Archivio dell’Opificio delle Pietre Dure, 
Florence.

F ig u re  7

Raphael (Italian, 1483–1520), Madonna of  the 

Goldfinch, 1506. Oil on panel, 107 × 77.2 cm 
(42.12 × 30.39 in.). Uffizi Gallery, Florence, 
inv. 1890 n. 1447. The front and back of  the 
painting after conservation. Photos: Archivio 
dell’Opificio delle Pietre Dure, Florence.
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the support was based on two vertical poplar planks with two dovetail 
shaped crossbars; the thickness of boards varied from 3 to 3.5 cm (1.2–
1.4 in.). Fractures, integrations, nails, and fills dating from the 1547 inter-
vention are clearly visible with X-ray analysis. Visible  observation and 
X-ray investigation were not sufficient, however, to elaborate a complete 
restoration project appropriate to the conditions of the painting. This 
project was therefore subordinated to the results of the cleaning of the 
painted surface.  After cleaning, the number of cracks and the extent of 
the color losses along the splits in the support became perfectly visible. 

Since the cleaning had further clarif ied the conditions of the 
painted surface in relation to the fractures through elimination of f ills 
and repaint, it was decided to operate on only a limited number of spe-
cif ic points. Considering the amount and type of fractures and the lack 
of color along their margins, it was determined that traditional resto-
ration of the support would require excessive disassembly and there-
fore too much integration. It was decided to operate differently from 
the usual method of repairing cracks with wedges, instead uniting the 
f issures with epoxy resin and small wood strips. The quantity of resin 
and the number of strips of wood to apply were determined according 
to the requirements of the mechanical properties necessary for joining.

The procedure in these areas was therefore a newly devised one: 
rather than using the traditional method of wedge insertion, the inner 
crack edges were accurately cleaned using a thin blade, and the margins 
were glued together with epoxy resin, sometimes with the insertion of 
thin strips of wood. This procedure was done after the correct flatness of 
the painted surface was regained by means of a pressing device mounted 
on a framework. The limits applied to intervention rendered the rigid-
ness of this type of gluing compatible with the needs of the support, 
as was determined in a series of experiments carried out on specially 
devised models, which verified that any eventual reactions of such a rigid 
adhesive would be negligible.

In this project, the first phase of intervention on the support was 
the cleaning of fissures, followed by control of the level of the painted 
surface along the margins, after which point the split was fixed. 

This type of intervention was carried out in the areas exhibiting 
the worst condition—for example, on the upper right and left corners.  
In the lower edge of the painting, the part inserted in 1549, painted with 
the Child’s foot, was removed, then replaced and glued after the level was 
regulated and the adhesion of the painted surface was checked (fig. 8).

Conclusion
 In closing, we would like to take advantage of the opportunity offered 

by the conference, and by the research project that preceded it, to say 
that all of this long tradition and the acquired skills presented here are 
running a severe risk of disappearing—the causes being a series of deci-
sions made by those responsible in Italy for governing our cultural heri-
tage. The present block against the activity of our training facilities, 
the Scuola di Alta Formazione; the refusal to replace our personnel as 
they reach the age of retirement; and the continuous reduction of 
financial resources combine to render the future of painting conserva-
tion very doubtful, with the exception of only low-level, repetitive 
intervention. In fact, we cannot rely only on past and present merits to 
assure that Florence will remain among the centers of restoration on an 
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international level. This role must instead be earned every single day 
through continuous research efforts and constant application; other-
wise, all may be lost.

The authors are well acquainted with the history of restoration 
in Italy, which unfortunately bears examples of splendid organizations 
and technical capacities which—as a result of wrong decisions or lack of 
interest on the part of the authorities of the time—have had no follow-up 
in history. This was the case for the perfect system of protection and con-
servation followed in the Venetian Republic at the end of the eighteenth 
century, when the first public restoration laboratory was created around 
the personality of Pietro Edwards. That program, which instituted a pol-
icy of accurate cataloguing, maintenance, and preventive conservation, 
for historical reasons was abruptly suspended without any possibility for 
continuation (Tiozzo 2001). We sincerely hope that our laboratory at the 
Fortezza will never be forced to suffer anything of this sort.

Note
 1  See “Capitolo XX. Come si riatta una grande ancona che ha le asse scollate o curvate, e le 

piccole tavole imbarcate” (Chapter 20. How a large panel with unglued or curved planks 
reacts, and small warped panels).
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The Repair and Support of Thinned Panel 
Paintings: A Case Study in Modifying  
Established Techniques

The wooden panels of this sixteenth-century triptych, The Deposition, The 
Presentation of the Virgin, and The Marriage of the Virgin from the 
Fitzwilliam Museum, Cambridge, had been thinned and cradled. The treat-
ments, carried out at the Hamilton Kerr Institute in Cambridge, included repair 
and attachment of flexible supports to the wings. The thickness of the central 
panel measured less than 1 mm (0.04 in.) in parts and therefore required a differ-
ent approach. A modified balsa backing was developed. The rationale behind the 
treatments, the empirical testing of the materials leading to the choice of facing 
and backing adhesives, and the backing technique are described. 

Introduction
 The aim of this paper is to demonstrate the possibilities of adapting 

established structural conservation techniques when faced with excep-
tional circumstances. The paper will describe the treatment of an early 
sixteenth-century northern European triptych, from the Fitzwilliam 
Museum, Cambridge, consisting of a central panel depicting The 
Deposition and two wings depicting scenes from the life of the Virgin: 
The Presentation of the Virgin and The Marriage of the Virgin. 

On December 4, 2002, The Deposition was featured in an article 
in the Times (London), in which a raking-light photograph showed a sur-
face more akin to an ancient unrolled manuscript than to a panel paint-
ing (fig. 1).1  This dramatic image—which revealed the poor condition 
of the painting, caused by a nineteenth-century thinning and cradling 
treatment—sparked a donation, and in 2004 conservation work began at 
the Hamilton Kerr Institute. 

The triptych is executed on high-quality Baltic oak with the 
grain running vertically, and each panel is composed of more than one 
board. The panels were originally painted within engaged frames but 
have since been substantially reduced in thickness and cradled, actions 
that have caused fractures and deformations because of the restraint 
on the natural movement of the wood. Differences in quality and style 
in the execution of the paintings have raised doubt over whether the 
central panel and wings were originally part of the same altarpiece, 
and this view is supported by discrepancies in the suggested felling 
dates of the timber and in the different types of cradling treatment. 
Dendrochronological analysis suggests an earliest felling date of ca. 1465 
for The Deposition—approximately a quarter of a century earlier than that 
of the wings.2

Abstract  

Britta New and Ray Marchant 

F ig u re  1  (o p p o s i t e  p a g e)

The Deposition, 16th-century northern 
European. Oil on panel, 101.0 × 72.2 cm (39.8 
× 28.4 in.). Raking-light image before treat-
ment (left) and reverse with cradle structure 
(right). Fitzwilliam Museum, Cambridge, 
M.25. Photos: © Hamilton Kerr Institute. 
Fitzwilliam Museum, Cambridge.
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Construction, Condition, 
and Treatment of the 
Wings

 The Presentation and The Marriage (fig. 2) each measure 102 × 39 cm 
(39.8 × 15.2 in.). They are approximately 2.0–2.5 mm (0.08–0.10 in.) in 
thickness and are constructed from two oak boards with dowelled butt 
joints. Both have been sawn in half and were likely to have originally 
been double-sided paintings of 6–7 mm (0.23–0.27 in.) in thickness. They 
were adhered to widely spaced and crudely fashioned lightweight pine 
cradles. The locked horizontal cradle members extended beyond the 
edges of the panels, a fact that indicated ongoing cross-grain shrinkage 
since the cradle application. Both panels displayed an overall vertical con-
cave warp and slight horizontal washboarding top and bottom. The bot-
toms of the joins in each panel were open and had become stepped. A 
small fracture had developed in The Marriage, and this panel was begin-
ning to delaminate from the cradle. 

The panels were cleaned and given a temporary isolating var-
nish of Paraloid B-72; care was taken to avoid unnecessary saturation 
around the fractures. Paraloid B-72 is stable and requires a solvent with a 
higher aromatic content to dissolve than some other varnishes, therefore 
enabling it to remain as an effective isolating layer from any facings that 
might be applied to the front of the painting. In addition, theoretically, 
the high molecular weight of Paraloid B-72 may provide a coating with 
better “tooth” for adhesion to a facing (de la Rie 1987).

Temporary panel trays were fabricated to support the panels 
during treatment. Before work commenced, profiles of the edges of the 
panels were traced, so that dimensional response could be monitored 
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and the stability of the panels assessed during cradle removal. As the 
sliding cradle members had jammed, it was necessary to plane down the 
exposed areas between the fixed members, in order to aid their removal, 
a procedure that was carried out with a sash cramp. The freed members 
were then lightly planed on all sides and replaced. Cuts were also made 
in the fixed vertical members to allow some freedom of movement in 
the grain direction, and the profiles were then retraced. No dramatic 
response was observed, and the profiles of the panels were then moni-
tored over a range of relative humidity (RH). 

Following the relatively gentle release of tension within the 
cradle structure, it was decided to begin cradle removal on The Marriage, 
which, with a smaller change in curvature, appeared to be more structur-
ally stable than The Presentation. The partial detachment of the cradle also 
contributed to this decision. Because of the fragility of the panels, it was 
decided that, as a precaution, a facing tissue should be applied, in case 
the removal of the cradle released stress, promoting dimensional changes 
in the timber support and leading to cleavage with the ground layer. 
Therefore, the paint surface was faced with lightweight wet-strength tis-
sue and 5% sturgeon glue. This aqueous adhesive was chosen because it 
enabled good conformation of the tissue to the picture surface and was 
compatible with the consolidants and fracture repair adhesives to be used. 
It was deemed undesirable to use a synthetic adhesive, which could pen-
etrate the fractures and compromise the bond strength during repair.3

The cradle was then removed, in a procedure that began at 
the edges and worked toward the center. Cuts were made in the verti-
cal members down to a few millimeters above the panel, and the cradle 
was chiseled away in sections, leaving a series of thin veneers. These 
were planed to tissue thickness so that they could be removed with the 

Figure  2

The Presentation of  the Virgin (left) and The 

Marriage of  the Virgin (right), 16th-century 
northern European. Oil on panel, 101.8 × 
39.0 cm (40.1 × 15.4 in.); 101.6 × 38.9 cm 
(40.0 × 15.3 in.). Front and reverse with cra-
dle structure before treatment. Fitzwilliam 
Museum, Cambridge, M.25. Photos: 
© Hamilton Kerr Institute. Fitzwilliam 
Museum, Cambridge.
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aid of water gelled with Laponite, a synthetic clay. The panel was again 
observed, under varying RH conditions. It appeared stable, and its cur-
vature had not altered significantly. The second panel was therefore 
treated in the same way. During this treatment it was noted that the fac-
ing, although effective, caused a slight increase in the convex curvature 
of The Presentation because of moisture penetration. It was therefore 
decided to carry out further tests before a facing was applied to the more 
fragile central panel. 

Once both cradles had been removed, the fractures were 
repaired with sturgeon glue followed by Evo-Stik Resin W. The stur-
geon glue has low surface tension and can reveal and penetrate deep 
into hairline fractures, reactivating any original adhesive with which it 
is compatible. Followed by Evo-Stik Resin W, it primes the surface with-
out “skinning off” and aids the penetration of the thicker adhesive. This 
combination has been shown experimentally to improve the repair bond 
(see Christina Young, Britta New, and Ray Marchant, “Experimental 
Evaluation of Adhesive-Filler Combinations for Joining Panel Paintings,” 
in this volume). Although both panels were now self-supporting, they 
were fragile and responsive to environmental fluctuations. In order to 
facilitate safe handling and framing, an attached flexible support was 
applied. This support consisted of a lattice of tapering Sitka spruce bat-
tens, held against the panel by a series of vertical timber strips, retained 
by small slotted oak blocks glued to the panel (Marchant 1995). With the 
new supports in place, the panels were left in a stable environment for 
observation and were then monitored at varying RH prior to framing. 
The reverses of the frames were built up to accommodate the curvature 
of the panels, and slip profiles were made to fit the curvatures at 55% 
RH. The panels were retained by a central bar recessed into the frame, at 
a depth that applied minimal preload to a series of flexible spruce springs 
mounted on the tapered battens (fig. 3). In this way, the panel is held 
comfortably against the sight profile, while the flexibility of the springs 
will not only accommodate an increase in curvature at a lower RH but 
also encourage the profile to return with a recovery of environmental 
conditions. The structural work on the wings was successful and proved 
a valuable exercise, informing the treatment of the central panel. 

Construction and 
Condition of the  
Central Panel

 The Deposition measures 101 × 72 cm (39.4 × 28.1 in.) and 1–2 mm (0.04–
0.08 in.) in thickness. It is composed of four boards, but because of the 
reduction in thickness, any evidence of dowels is lost. There is evidence 
from traces of saw kerf that the boards were sawn down to leave a thick-
ness, in places, of less than a millimeter. A panel would usually only be 
sawn through in this way to separate two images, and although it is not 
common for a central panel like this to be painted on both sides, such a 
case would explain the reduction in thickness. The first and second joins 
from the left were stepped and extensively filled along their lengths. 
Deformations were visible on the face, where the boards on either side  
of the central join had been nailed onto the cradle. Several millimeters of 
original wood had been removed during the previous repair of the third 
join, causing misalignment of the composition, most visible in the 
brooch of the figure to the far right.

A blind-sided mahogany cradle, consistent with nineteenth-
century English constructions, restrained the panel and had become 

F ig u re  3

Attached auxiliary support for the wings.  
The framing support springs and the  
central retaining beam are shown. Photo: 
© Hamilton Kerr Institute. Fitzwilliam 
Museum, Cambridge.
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locked (fig. 1). The fifth vertical cradle member had been expanded in 
width to reinforce a split along the length of the panel. Wooden blocks 
had been adhered between the cradle members in a further attempt to 
reduce warping of the panel. These, however, prevented the panel’s natu-
ral cross-grain movement, creating splits in the panel. The blocks were 
made from three different woods: two types of oak running in the same 
grain direction and cross-grain beech blocks at the ends. The latter had 
subsequently developed concave curvatures, causing numerous severe 
deformations and fractures. 

The Deposition did not display any overall curvature due to the 
rigidity of the cradle. It did show, however, numerous small distortions 
and fractures, mostly running along the grain and directly relating to the 
position of the cradle members. Many splits were surrounded by concave 
distortions due to the convex flexing of the panel on either side of the 
fractures. The entire surface of the panel displayed a phenomenon that 
can be described as checkerboarding, and in areas where the back of the 
panel was exposed, deformations mirroring the shape of the cradle had 
formed (fig. 4). 

F ig u re  4

The raking-light image superimposed onto the 
cradle illustrates the relationship between  
the cradle and the panel deformations. The 
yellow lines indicate the panel joins, the red 
lines indicate the fractures, and the red shaded 
areas outline the worst deformations. Image: 
© Hamilton Kerr Institute. Fitzwilliam 
Museum, Cambridge.
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Losses around a number of fractures had no filling or retouching 
and were therefore relatively recent, indicating that progressive deterio-
ration and damage were likely to occur so long as the cradle remained 
attached.

Cradle Removal
 Consideration of the facing materials in this treatment was important 

since the support was exceptionally thin and parts might be missing. 
The panel could also have a tendency to curl dramatically during cra-
dle removal. The possibility was considered that it might be necessary 
to laminate a rigid layer of material onto the facing or perhaps adhere 
a Beva 371 impregnated canvas that could be loomed to hold the panel 
in-plane under tension. But the primary facing needed to be f lexible 
and remain isolated during “unpacking” of any other facings, so tests 
were carried out to determine the best facing method and materials 
for this extremely thin panel (New, forthcoming). A medium-weight 
Japanese Kozo paper adhered with a mixture of 20% (prior to cooking) 
wheat starch paste thinned with 5% sturgeon glue was chosen. Two 
layers of Kozo paper were applied with their grain directions running 
perpendicular to each other, in order to even out any tensions while 
providing good bulk. The paste was brushed onto the paper in a thin 
layer, and the paper was applied to the panel and blotted (this was 
done instead of brushing a wet adhesive through the paper), in order 
to decrease the amount of moisture involved. The facing was cut and 
feathered to meet the edges of the panel joins, to make separation of 
the boards easier. 

A balsa-edged tray was made to support the panel during struc-
tural work. In order to free the horizontal cradle members, it was neces-
sary to open the “blind” ends; this was done using a small plane. This 
process revealed that these members had not (as was thought) jammed 
against the ends of the mortises but were stuck in place with excess adhe-
sive from the wooden blocks. 

The horizontal cradle members were then released from the 
fixed vertical supports. This was done by cutting through the uprights 
in a systematic fashion, working from the top and bottom edges toward 
the center, initially freeing alternate horizontals, minimizing the discrep-
ancy in tensions between freed and constrained areas of the panel, while 
the inherent flexibility of the panel was assessed. Gradually all of the 
horizontal members were released, leaving a series of blocks glued to  
the reverse of the panel.

The glued blocks were gradually pared down until Laponite 
water gel could be used to remove the final veneer and glue. The entire 
cradle structure was slowly released and removed in this way at an 
elevated RH, between 60% and 65%, while the panel was monitored for 
movement. As a further precaution, exposed areas were held flat within 
the tray with horizontal bars. The contingency plans made for hold-
ing the painting in-plane via the facing (should the panel suddenly take 
on a marked curvature) were not necessary, because of the number of 
fractures running along its length. The panel remained quite flat dur-
ing cradle removal and was easily divided into three separate boards, 
as intended. 
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Repair
 The facing was removed where necessary as the repairs were carried out. 

The recent clean fractures were adhered with sturgeon glue, fed in from 
the reverse. These were set either with props under a bridge or with 
clamps (fig. 5). Many deformations were improved with the use of mois-
ture and clamping. Previously glued fractures that were out of alignment 
were opened using Laponite water gel from the reverse, with gentle 
 flexing of the panel. Adhesive was then fed in and the bridge used for 
realignment, while lateral pressure was applied where necessary with 
wedges. Some fractures with wider gaps required a filler mixture of phe-
nolic resin microballoons and coconut shell flour (1:1 w/w) in Evo-Stik 
Resin W, but it was not always possible to remove the dipping at either 
side of these splits. It was anticipated that an improvement could be 
made to these deformations with the application of an auxiliary support.

During repair it was apparent that all three joins had edges 
planed away in order to allow for a previous rejoin. The loss over 
the second join was not visually disturbing; however, the loss at the 
join between the first and second boards was obvious—strong diago-
nal lines through Christ’s body were displaced, giving him a rather 
hunched appearance. Further misaligned diagonals through the land-
scape also drew attention to the join. It was calculated that approxi-
mately 3.5–4.0 mm (0.14–0.16 in.) had been lost from this join. Due 
to the visual disturbance of this loss, an oak fillet was prepared and 
adhered to the second board with Resin W. It was planed to the thick-
ness of the panel, and bands of masking tape were added to the face to 
allow depth for filling and retouching. Three other small oak inserts, 
running in the same grain direction as the panel, were used to fill 
losses at the outer edges of the panel. 

Reinforcement
 Following repair, the boards could be handled with care, but they 

remained highly fragile and responsive to changes in RH. The boards 
were exceptionally thin, and a successful rejoin was unlikely without 
some form of auxiliary support. A panel tray would not offer adequate 
support, and methods employing individual points of attachment would 
cause deformations. Some form of overall support, such as a balsa-block 

Figure  5

Fracture repair using clamps and props 
beneath a bridge. A wedge system provides 
lateral pressure toward the upper edge of  the 
panel. Photo: © Hamilton Kerr Institute. 
Fitzwilliam Museum, Cambridge.



43

PROOF    1  2  3  4  5  6

Th e  R e pa i r  a n d  S u p p o r t  o f  Th i n n e d  Pa n e l  Pa i n t i n g s :  
A  C a s e  S t u d y  i n  M o d i f y i n g  E s t a b l i s h e d  Te c h n i q u e s

backing, was considered necessary. However, there are recognized 
 problems with traditional methods of balsa backing that use wax-resin 
adhesives (Brewer 1998). Shrinkage of wax-resin and the heat used in  
its application could risk putting such a thin panel under considerable 
stress and could cause pronounced warping. At this point in the treat-
ment,  possible adhesives and alternative methods of balsa application 
were explored. 

Previous study of balsa backings has shown that the method con-
sidered to be most successful is an application of diamond-shaped end-
grain blocks (von Imhoff 1978; Glatigny 1995). Time constraints did not 
allow us to test, source, and machine the material required for this type 
of application. Instead, our tests led to the choice of a 6.5 mm (0.25 in.) 
depth of balsa wood, running in the same grain direction as the panel, 
which would later be cut diagonally into a diamond pattern.

The ideal adhesive should have bulk to accommodate the irregu-
lar surface of the panel, low shrinkage, good bond strength, stability, and 
a reasonable working time, and it should not cause undue dimensional 
change in the panel, during either application or curing. An aqueous 
adhesive seemed inappropriate, as it would swell both the wood in the 
panel and the balsa, and the adhesive would also contract when the mois-
ture evaporated. Attempts were made to dissolve suitable PVA resins in 
solvents, but the working properties were unsatisfactory, and it was dif-
ficult to successfully combine them with fillers. Another material investi-
gated was a carvable epoxy, specifically formulated for use with timber.4

A comparative evaluation was carried out with Evo-Stik Resin W 
containing the filler mixture of microballoons and coconut shell flour, 
and the two-part carvable epoxy Araldite AV/HV1253. Neither option 
seemed ideal, as the former is aqueous, while epoxy resins in general 
become hard, brittle, and irreversible. Araldite AV/HV1253, however, 
includes a combined extender that allows it to remain carvable and 
therefore removable, and it is of a similar density to wood. It contains no 
 solvents, and as it acts by way of chemical reaction, it exhibits almost  
no shrinkage and is stable. For these reasons, the epoxy was selected. 
With the idea of reversibility in mind, an interleaf was investigated as a 
barrier between the epoxy and the panel. A Beva 371 impregnated cloth 
was considered, but on such a reactive panel this was likely to sustain 
creep and, because the material contains wax, it would also impregnate 
the surface with an unsympathetic material. The Kozo paper used in 
facing the panel, when adhered with sturgeon glue, proved to be an 
excellent barrier, but it would impart too much moisture during applica-
tion. As an appropriate barrier material could not easily be found, it was 
decided to use the Araldite AV/HV1253 directly on the panel. While this 
was not ideal, it was considered acceptable, since it could be removed 
mechanically should future intervention be necessary.5

The balsa sections for the three boards were prepared. The 
pieces of balsa were used at a standard width wherever possible and cut 
into 25.4 cm (10 in.) lengths. Where the tapered widths of the panels 
did not allow for this arrangement, strips of balsa were glued together 
with Evo-Stik Resin W and cut to appropriate sizes. A support board 
was cut for each of the three panel segments. This was covered with a 
thin baize fabric, then by a sheet of Melinex and a layer of tissue, and the 
boards of the panel were placed facedown on these supports. A series of 
thick medium-density fiberboard (MDF) pieces was used to ensure even 
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 clamping pressure; they were cut slightly smaller than the balsa pieces, 
and their upper edges were chamfered for better visibility of the joins. 

The reverse of each segment of the panel was checked for any 
remaining glue. The edges and a small distance around the front of the 
panels were faced with a layer of Japanese Kozo paper adhered with stur-
geon glue. This combination had been previously shown to provide a 
release layer from the gap-filling epoxy, should it exude to the front. As 
the boards of the panel had increased in convex curvature after fracture 
repair, both the panel and the balsa sections were acclimatized to an RH 
of 65%–70%, in order to ensure that they were as flat as possible before 
the backing treatment.

A thin layer of epoxy was applied directly to the panel to fill 
any deformations and form a bed for the balsa. A second thin layer was 
applied to each balsa piece, then combed off to remove excess. The balsa 
pieces were aligned against a metal bar, slightly overhanging the edges of 
the panels, then clamped firmly between the support board and the MDF 
pieces. The backing was built up in this way with the butting edges of 
the balsa also being bonded together with the gap-filling epoxy (fig. 6).

F ig u re  6

Application of  the Araldite AV/HV1253 and 
balsa pieces. Photos: © Hamilton Kerr 
Institute. Fitzwilliam Museum, Cambridge.
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When all three pieces of the panel had been backed, the balsa 
was trimmed to the edges of the boards. The new fillet on the left edge 
of the second board was shaped to fit the profile of the edge of the first 
board, ensuring that its width would allow the composition to be prop-
erly reconstructed. The panel was then rejoined with Evo-Stik Resin W 
using the bridge and leveling props. 

Once the panel was rejoined, a jig was set up to cut the balsa 
backing into a diamond pattern. The electric saw blade was set to a depth 
just short of the thickness of the balsa to ensure that no damage could 
be caused to the panel itself. The panel proved to be still reactive to RH 
changes, even with the additional layers, which theoretically would pro-
vide a barrier to environmental influence. Ideally, the panel would have 
been observed over some weeks before a decision were made on its sup-
port and framing requirements. However, time constraints did not allow 
for this, and a flexible framing support was devised. The frame was built 
up on the reverse, and profiled sight slips were made to fit the contour of 
the panel at 55% RH. A series of thin, tapered Sitka spruce battens was 
positioned horizontally (across the grain) against the balsa backing with 
spruce back-springs, attached to a central bar recessed into the frame. 
This method of framing offered some resistance to increased curvature, 
while still allowing a degree of controlled movement (fig. 7). Finally, a 
plywood backboard was fitted to the buildup. 

F ig u re  7

The Deposition framed. The reverse of  the 
rejoined panel, with balsa backing and fram-
ing support, is shown. Photo: © Hamilton 
Kerr Institute. Fitzwilliam Museum, 
Cambridge.
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The above treatments give an insight into some of the practi-
cal techniques that are used in the restoration of panel paintings at the 
Hamilton Kerr Institute and its London Studio, although the use of a 
balsa backing and epoxy adhesive had never been done previously. A 
panel 5 mm (0.2 in.) in thickness is often referred to as a thin panel,  
but a panel as thin as 1 mm (0.04 in.), such as The Deposition, is an 
exceptional challenge. All three paintings after treatment are shown  
in figure 8.

Experience and empirical judgment must inform the thought 
processes required for developing a treatment for a particularly complex 
problem such as presented by the tryptich. They are key to the method-
ology that is chosen for each panel treated. Monitoring the curvature of 
panels during treatment and in different environmental conditions is par-
ticularly important for understanding the needs of each individual case, 
regardless of the likelihood of the artwork’s remaining in a museum 
environment. 
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F ig u re  8

The Presentation of  the Virgin, The Deposition, 
and The Marriage of  the Virgin after treat -
ment. Photos: © Hamilton Kerr Institute. 
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Notes 
 1  “The Antiques Erode Show” (a pun on the British television show The Antiques Roadshow), 

Times (London), 4 Dec. 2002.

 2  Analysis carried out by Ian Tyres, ARCUS Dendrochronology Laboratory, University 
of Sheffield.

 3  Contaminants such as Beva 371 have been shown to weaken the bond when adhesives such 
as sturgeon glue or Evo-Stik Resin W are used. This was also likely to be the case with 
Paraloid B-67 (Young, New, and Marchant). 

 4  Recommended in conversation with George Bisacca, Metropolitan Museum of Art, 
New York.

 5  Since completion of the treatment, work has been published on barrier materials for carv-
able epoxy (Ellis and Heginbotham 2004, 23–37). Retrospectively, it seems that a barrier 
coat of Paraloid B-72, applied to the panel before the backing is applied, might have been 
advantageous. Although no empirical tests have been completed to date, further investiga-
tion will be carried out into this aspect of treatment.

Materials and Suppliers 
 Araldite AV/HV1253, Conservation Resources (UK) Ltd., Unit 2 Ashville Way, Off Watlington 

Road, Cowley, Oxford OX4 6TU, UK.

 Coconut shell flour, Hallmark Adhesives, Units 55–56 Hill Grove Business Park, Nazing Road, 
Nazing, Essex EN9 2HP, UK.

 Phenolic resin microballoons, Marineware Ltd., 6 Crosshouse Centre, Crosshouse Road, 
Southampton, Hants SO14 5GZ, UK.
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The thinning of the wooden support of paintings on panel was considered in 
the past and, in fact, until recent times the correct way to resolve the problem of 
warping, in order to render the painting flat again. The operation of  reducing 
the thickness of the support was carried out on deformed panels according to 
their curvature, to allow the thinned support to be reinforced in a flat position 
with a rigid auxiliary support. Analysis of past interventions has demonstrated 
that this type of operation completely altered the work, exponentially increas-
ing problems of stability and support of the surface. Our research consists of 
the application of a buffer system on the reverse of the panel, with the aim of 
artificially restoring the response of the support to gradients of humidity similar 
to what it might have had originally, in order to slow shrinkage and expan-
sion and therefore deformation in response to hydrometric jumps. The buffer 
system has been in use for a decade now and has been successfully applied in 
many cases—an example being the Madonna and Child Enthroned with 
Saints Francis and Nicasio or Liberale (Pala di Castelfranco) by Giorgione 
(ca. 1504), in the Duomo of Castelfranco Veneto (Treviso).

Flattening and Thinning: 
A Few Historical Notes

 The practice of thinning of panel paintings is an old one. In a document 
presented to the Republic of Venice dated 6 July 1777, which entrusts the 
project of restoring Venetian paintings to Pietro Edwards, it is mentioned 
that “the panel paintings will be straightened, however curved they may 
be” (Tiozzo 2000, 116–17). In 1866 the restoration manual by Ulisse Forni 
indicates, in reference to the methods for straightening curved panels, 
“you must reduce the thickness of all the panels with a plane, thinning  
it by a centimeter and half if they will take it” (Forni 2004, 58). A manual 
by Giovanni Secco Suardo published in the same year features an entire 
section on the straightening of panels which reads, “before proceeding  
to the actual operation of flattening, it is useful to thin them in order to 
make them as compliant as possible . . . you will undertake to thin them 
with the use of a plane that you judge to be best suited to the task” 
(Secco Suardo 1927, 77).

Until recently, thinning was considered a definitive solution to 
resolving the aesthetic and structural problems of the painting caused by 
warping of the support. Probably made more desirable by factors linked 
to the market, as well as a growing interest in art collecting that was 
typical of the twentieth century, the flatness of the panel clearly consti-
tuted the fundamental feature for the narrowly aesthetic requirements 

Structural and Climate Control Systems  
for Thinned Panel Paintings

Abstract  

PierPaolo Monfardini
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involved in an appreciation of the artwork; there was no interest or con-
cern whatsoever for the issues and demands involved in the preservation 
of the panel painting itself, which was often compromised irreparably.

After thinning, various rigid support systems were applied 
to keep the paintings flat. This included crosspieces dovetailed into a 
groove cut into the thickness of the support, metal crosspieces, and 
upside-down T-shaped crosspieces set within latches that were applied 
extensively throughout the twentieth century up to the present day 
(Secco Suardo 1927, 98–105). Other systems used were “Florentine-style” 
or “Viennese-style” cradling and the application of metal crosspieces in 
various forms as recommended by the Istituto Centrale per il Restauro 
(ICR) of Rome, starting in the 1950s and continuing to the present day 
(Carità 1953; 1956; Brandi 1959). This technique was imported into France 
as well, in particular to the Louvre (Bergeon Langle 2007). The ICR later 
ceased the application of metal crosspieces, in parallel with a progres-
sive abandonment of the study of wooden supports. Even in recent years, 
in certain contexts, these rigid auxiliary supports continued to be used, 
even though there was growing awareness of the risks involved with 
their application (De Luca, Baldelli, and Zarelli 2004).

An analysis of these interventions has shown that this kind of 
operation completely alters the artwork, exponentially increasing prob-
lems with the preservation of the paint and support. It is no accident that 
a considerable number of the panel paintings that underwent such radi-
cal structural restorations often continue to exhibit both complex and 
chronic surface and structural problems. 

Moreover, when a panel painting is thinned, technical and his-
toric information that can be provided by the back of the panel is elimi-
nated and lost. Fortunately, that was not the case in the recent discovery 
of the engraved date on the back of the Giotto polyptych now in the 
Pinacoteca Nazionale of Bologna (Cauzzi 2005). Intact painting supports 
made it possible to reconstruct the seventeenth-century cataloguing of 
the collection of Cardinal P. Aldobrandini through inscriptions on the 
panel backs by G. B. Agucchi (De Marchi 2004). 

Wood and the Factor  
of Climate

 Having considered briefly the historical reasoning that resulted in the 
operations of thinning and application of rigid auxiliary supports, let us 
examine the scientific reasons for the problems of preserving panel paint-
ings, in order to develop reasonable proposals for their preservation.

The Climatic Factor

Wood is a hygroscopic material, and it therefore tends to remain in con-
tinuous hygroscopic equilibrium with its surrounding environment by 
means of the phenomena of adsorption and desorption of water, result-
ing in the shrinking and swelling of the mass of the wood. The climatic 
factor, therefore, constitutes a very influential element relating to the 
behavior of wood and can have negative consequences on the complex of 
heterogeneous materials that make up the panel painting. Secco Suardo 
emphasized the role of the climatic factor on the deterioration of panel 
paintings: “There are three causes that produce the lifting of paint. The 
first, which is the most common, is the alternation of hot and cold, dry 
and humid, which the panel has undergone for such a long time, and 
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with its continual expansion and shrinking, shifted the bed on which  
the paint is seated” (Secco Suardo 1927, 63).

The hygroscopic phenomenon was already well understood 
in early times and was taken into account in the construction of panel 
paintings to minimize the damaging effects. Cennini, in the fourteenth 
century, described the method for gluing fabric between the wood and 
the preparation to isolate wood movement from the paint layers, a 
technique used since ancient times (Cennini 1982, 119). The framing of 
panels was also considered significant, as Leonardo wrote: “. . . and put 
it in a frame in such a manner that it can swell and shrink depending 
on whether it is humid or dry” (Leonardo da Vinci 1492). This rationale 
continued to modern times when Forni wrote, “A framework fixed with 
screws will prevent the boards of the painting from moving as is natural 
to them with the variations of the seasons” (Forni 2004, 58). 

Astonishingly, it still seems that many caretakers of artwork 
have virtually no understanding of the relationship between wood and 
climate. Moreover, in Italy in particular, collections are often housed in 
places that are not equipped with any climate control, mainly because of 
the historic nature of the buildings themselves—a situation that enables 
continued deterioration.

The hygroscopic behavior of wood is linked to the factor of time, 
inasmuch as adsorption and desorption take place through moisture 
gradients; therefore, the thicker the support, the slower the overall phe-
nomena of shrinkage and swelling. Thinning of the wood makes it much 
more susceptible since it tends to accelerate the hygroscopic behavior 
rates of the panels. When tunnels of wood-boring insects are uncovered 
during thinning, the procedure results in a de facto increase of the sup-
port’s surface area in contact with the environment and therefore pro-
duces an imbalance due to increased hygroscopic exchange. 

Anatomical Selection

The use of tangentially cut boards in the construction of supports is the 
main reason for the poor preservation of the supports. Such supports 
take on a curved shape during the shrinking phase because of a differ-
ence of behavior between the internal and external faces of the same 
panel (the internal face was originally toward the center of the trunk, the 
external face toward the bark). This behavior was well known and is one 
of the reasons that, as early as the thirteenth century—when the produc-
tion of artwork was technically better, as compared to the large-scale 
production undertaken in large Renaissance workshops—craftsmen tried 
to select panels that, as far as was possible, were radially cut, because in 
the shrinking phase they react similarly on both faces and are therefore 
not subject to warping.

The warped supports, made from tangentially cut boards, were 
thinned in order to be restored to a planar position. When tangential 
panels are thinned, although the forces of shrinking and swelling are 
reduced, the panels do not lose to any degree their dynamics of behavior. 
Indeed, thinning only increases them, because of an accentuated fragility 
produced by the weakening of the structure, a result of the loss of mate-
rial mass during the thinning process.
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It is also equally well known that the phenomenon of shrinkage 
in tangential sections is much more marked with respect to the radial 
sections—generally speaking, double the extent. In poplar wood (family 
Salicaceae, genus Populus) the radial shrinkage is between 2.8% and 3.4%, 
while the tangential shrinkage is between 6.3% and 8.5% (Fioravanti 
1994; Hoadley 1998). Hence, the principal reason for delamination, tent-
ing, and flaking of paint lies in its location on the most tangential areas, 
which experience the most shrinkage.

Rigid Systems

Many panel paintings were created with original rigid systems of cross 
battens that caused structural and surface damage. With the thinning of 
panels, the system of rigid support became a fundamental principle for 
ensuring the much sought-after planarity of the artwork, and therefore 
its aesthetic viewing.

Rigid systems, defined as all the structural systems that work 
on a single axis, prevent the warping of the panel. In panels with tan-
gential sections (which tend to warp in a curve), this restriction is even 
more stress inducing, given the dynamics cited above. The results of the 
 application of a rigid system are generally negative for the surface of  
the painting and for the support, which in given situations cracks and 
causes diffuse structural deformations.

X-Axis and Y-Axis

The movement of shrinkage and swelling of the support in response to 
the variations in relative humidity (RH) takes place along a single axis 
that we shall describe, for ease of understanding, as the x-axis. As previ-
ously seen in tangential panels (for our purposes, all panels that are not 
strictly radial), the movement of shrinkage and swelling causes the sup-
port to warp, a process known in Italian as imbarcamento. Because the 
direction of this warping is perpendicular to the x-axis, we shall call it 
the y-axis. The maximum distance of the y-axis from the x-axis is called 
 deflection (fig. 1).

It is clear that any approach to the preservation of panel paint-
ings must take into consideration the dynamics of the x-axis and the y-axis 
in relation to the support structure and the paint surface. In the recur-
ring practice of thinning panels, the quest for viewing a flattened surface 
entailed the introduction of a support system that was rigid or movable 
virtually only along the x-axis: cradling allowed the possibility of giving 
the medium a range of movement along the x-axis but totally impeded 
movement along the y-axis, causing a complete constriction of the system 
along the x-axis as well, resulting in structural and surface damage.

F ig u re  1

Bidirectional movement of  a tangentially cut 
board. Shrinkage and swelling take place 
along the x-axis. Tangential deformation 
occurs along the y-axis. Drawing: PierPaolo 
Monfardini.

Y
X
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A System for Climatic and 
Structural Control

 At this point, it is reasonable to wonder: 

•	 Is	it	possible	to	create	an	absolute	system	of	climate	control	for	a	
painting on panel? 

•	 Is	a	climate	controlled	container	secure,	whether	in	a	museum	or	an	
enclosed space? 

•	 How	should	we	treat	the	vast	number	of	panel	paintings	that	are	
located in uncontrolled environments?

R. D. Buck posed these questions and more in his 1962 article 
“Is Cradling the Answer?” (Buck 1962). In his study of the relationship 
between artwork and environment, Buck emphasized such important con-
cepts as “dimensional stabilization” and “moisture barriers” in a historical 
period during which an attempt was being made to introduce concepts of 
mechanics into the field of restoration, in particular for the application  
of sophisticated support systems through new materials (Buck 1978). 

The dimensional stabilization of the support was sought through 
the application of moisture barriers. In an attempt to “isolate” the back 
of panel paintings, all sorts of materials, such as waxes, resins, and balsa 
wood, were tried. Slowing the reactiveness of the support to changes in 
the environment also diminishes the phenomena that lead to structural 
and surface damage. In various contexts, a number of impermeable barri-
ers were also tested (Brewer 1991, 9–23). 

An analysis of the behavior in terms of moisture gradients, 
already evaluated in the applications of moisture barriers, has brought to 
light the problems of the inversion of gradients in the presence of total 
barriers. It is precisely this phenomenon that causes an increased level of 
instability on the paint surface. Interestingly, Urbani and Mora, in their 
careful critique, identify the possible contraindication of the use of an 
impermeable barrier: “the advantage of this method . . . could be offset 
by the likely inversion of the gradients of humidity and tension within 
the panel itself, since it would now remain exposed to environmental 
variations, no longer from the back, but now from the painted surface” 
(Urbani and Mora 1973, 33).

Like Buck in his evaluations of moisture barriers, Mora intro-
duced in clear terms the concept of a permeable barrier: “It would there-
fore be extremely useful to carry out research intended to clarify whether 
it is possible to create barriers whose permeability can approximate as 
closely as possible that of the surface of the painting, so as to restore the 
equilibrium of the humidity gradients on both sides of the panel painting” 
(Urbani and Mora 1973, 33).

The application of a “contact” hygroscopic barrier would no longer 
be invasive and irreversible; the barrier would, instead, be truly removable, 
replaceable, and reversible, fulfilling the ideal concept of reconstructing 
the initial behavior of the panel before it was thinned, with a rheological 
evaluation of the support and an analysis of the humidity gradients. Aside 
from any considerations of various materials such as rubbers and synthetic 
polymers (i.e., polyethylene), an ideal hygroscopic barrier can consist of a 
thickness of wood, an excellent natural buffer material.

The application of this concept can be expressed as a buffer effect 
coupled with time as a factor. Therefore, the phenomena of the adsorption 
and desorption of moisture in the support are slowed down, and as a con-
sequence, the related phenomena of swelling and shrinkage of the support 
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itself are also reduced (Castelli 1998). The buffer effect of a hygroscopic 
barrier applied to the support can therefore allow us to reduce signifi-
cantly the structural risks and the damage to the painted surface.

Controlled Curvature and Auxiliary Support

An intervention that has a history of many years of study and applica- 
tion and theoretically carries on the studies and the experiences cited 
above will be described (Monfardini 2005). Our research consists of the 
use of a buffer system applied to the back of the panel painting, with the 
objective of artificially reconstructing a behavior of the support similar 
to the initial gradients of humidity it had originally, in order to slow 
down the reactions of the support in response to hygrometric variations. 
It is applied predominantly to thinned or thin panels, which are inher-
ently more susceptible and more fragile as compared to panels with an 
intact and substantial thickness. It seems to be a partial solution to their 
preservation because it decreases the response to fluctuations in RH 
while, at the same time, elastically controlling the movements along 
the x-axis and y-axis through a mobile auxiliary support system. In our 
case, the auxiliary support imitates an elastic method applied by the 
restoration laboratories of the Opificio delle Pietre Dure (Castelli and 
Santacesaria 1999, 190–92). It allows shrinkage and swelling to occur in 
an elastic manner along the line of deflection (the y-axis).

Various types of systems can be employed, but one fundamental 
element is the elastic control of the y-axis, preferably with a spring sys-
tem that allows precise determination of the contrasting forces and that 
also measures metrically the fluctuations of the spring itself in response 
to the movements of the panel (Del Zotto and Tonini 1993). 

The auxiliary support structure is constructed with radially cut 
wood (our preference is durmast oak) or with laminated wood. Wood 
further ensures a degree of flexibility in each individual crosspiece, mea-
surable with great precision during the construction phase by means of 
a strain gauge. In this way, aside from the single points of elastic control 
provided by the springs, the overall flexibility of each element of the 
strainer can be evaluated.

The auxiliary support is applied after the panel has gained a 
degree of curvature that the tangential section induces by intrinsic 
behavior. The curvature taken on by the panel reduces the overall ten-
sion in the most tangential area of the support, reducing in tandem the 
projections of such tension onto the surface of the painting—such as 
delamination, lifting, and flaking paint.

There can be no mistaking the difficulty of establishing with 
any precision the kind of curvature that a panel should be allowed. The 
procedure developed in our experience calls for working rigorously in 
a climate controlled environment with constant RH at 55%, where the 
artwork is placed in an acclimation phase for a period that varies accord-
ing to the type of panel and the thickness of the support. Once the 
hygroscopic equilibrium of the support has been scientifically verified 
with a moisture meter, the rigid support system is gradually removed 
until it is entirely replaced with a temporary elastic support system. 
Strain gauges are used to measure the forces exerted by the support 
during the initial phase of curvature that the panel tends to assume. 
The resulting values will play an important role in the selection and 
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the calibration of the elastic system that will be applied to the  auxiliary 
support, as well as in the creation of that system on the imprint of the 
curvature itself.

With the gradual curving under a constant environment, the 
forces expressed by the support during the deformation process will be 
known, and we shall thus be able to evaluate an equal degree of curva-
ture attained by the support or a lesser one in relation to the preservation 
requirements of the panel.

Hygroscopic Barrier and Buffer Effect

By applying a mobile elastic strainer that complies with these principles 
to the back of a thinned painting, we can rout out grooves to accom-
modate small wooden panels that function as a hygroscopic barrier with 
a buffer effect. The species of wood to be employed should be the same 
type of wood used in the support in order to find a common hygroscopic 
behavior. The thickness of the barrier will depend on the thickness and 
the condition of the support; the greater the thickness, the greater the 
buffer effect.

The wooden hygroscopic barrier can be inserted into the strainer 
by positioning it in direct contact with the support, or else it can be 
detached, with the aim of creating an air space where another buffering 
material, such as Art Sorb, a type of modified silica gel, can be placed 
(figs. 2 and 3). This material, already widely employed in crates in transit 
and in enclosed environments, was used in this case not to create a stable 
and constant microclimate by conditioning a predefined volume of air 
(which is not possible considering the permeability of the hygroscopic 
barrier) but, rather, to obtain a more effective buffer effect. Inserting a 
sheet of Art Sorb as a buffer material between the support and the small 
wood panel increases substantially the wood’s own buffer effect by 
slowing the rate at which the support attains hygroscopic equilibrium, 
 creating a more indirect relationship between the thinned support and 

Buffer panel seat

Buffer panel

Art Sorb

Support

Paint

F ig u re  2

Cross section of  the hygroscopic barrier 
 system on Madonna and Child Enthroned with 

Saints Francis and Nicasio or Liberale (Pala di 

Castelfranco), an altarpiece by Giorgione 
(Italian, 1477–1510), ca. 1504. Tempera on 
panel, 200.5 × 144.5 cm (78.9 × 56.9 in.). 
Duomo of  Castelfranco Veneto. Photo: 
PierPaolo Monfardini.
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the environment. The hygroscopic “filter” slows down fluctuations in 
humidity, thus extending adsorption and desorption times (fig. 4).

Application of a Method
 The system described has been implemented on various paintings since 

the end of 1998, including the Pala di Castelfranco (Castelfranco Altarpiece) 
by Giorgione (fig. 5) (Monfardini 2000; 2008; Monfardini and Cauzzi 
2007). This altarpiece by Giorgione, in the Duomo of Castelfranco 
Veneto, was a panel painting with considerable surface problems; it 
underwent several complete restorations, which included thinning and 
the partial transfer of a number of painted areas onto canvas which were 
subsequently reapplied to the panel. The support—restrained by a heavy 
cradle made by Pelliccioli in 1934 that forced it flat—was the object of a 
careful and selective structural restoration aimed at obtaining a curved 
structure to be secured to a protective auxiliary support. 

The removal of the old support system was gradual and first 
entailed reducing the number of crosspieces and then replacing the 
crosspieces with more flexible ones (fig. 6). The panel, placed in a verti-
cal position, gradually took on a curvature whose forces were evaluated 

F ig u re  4

The buffer panel, buffering material (Art 
Sorb), and increased thickness of  the support 
reduce the rate of  moisture exchange. 
Drawing: PierPaolo Monfardini.

F ig u re  3

Detail of  the hygroscopic barrier system on a 
painting by Giovanni Buonconsiglio, detto il 
Marescalco (Italian, ca. 1465–1535 or 1537), 
Saints Benedetto, Tecla, and Damiano, 1497. 
Oil on panel, 82 × 68 cm (32.3 × 26.8 in.). 
Gallerie dell’Accademia, Venice, inv. n. 97. 
Note the conical spring system used to attach 
the auxiliary support. Photo: PierPaolo 
Monfardini.
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with dial gauges. Once the panel attained the planned curvature (14 mm, 
or 0.55 in., deflection) by means of increasingly flexible crosspieces, the 
painting was placed on wooden beams cut with the same curved profile, 
and it was freed entirely of the remaining attached support system. 

A laminated strainer of durmast oak, made up of five crosspieces 
and two vertical members, was prepared. It was assembled directly on 
the support using it as a guide, while small amounts of pressure suf-
ficient for gluing were exerted. By use of the strainer thus assembled, 
anchor points were established for the elastic system anchoring the 
strainer to the support (fig. 7). In correspondence to each of those points, 
the strainer was positioned and fastened. In the spaces defined by the 
strainer, the small protective wood panels were inserted in the groove 

F ig u re  5  (a b o v e)

Reverse and front of  the Pala di Castelfranco 
by Giorgione before treatment. Photos: 
PierPaolo Monfardini.

F ig u re  6  (r i g h t)

The Pala di Castelfranco by Giorgione during 
treatment. The cross battens are gradually 
removed and replaced with more flexible, 
temporary battens. Photo: PierPaolo 
Monfardini.
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routed out in the thickness of the strainer, with the aim of creating a buf-
fer effect (as already described), which was increased by the presence of 
the buffer material Art Sorb (fig. 8). 

The curvature allows the panel to attain a position that is more 
in keeping with the anatomical cut sections of the support, thus reduc-
ing potential tensions. The buffer system, in place since 2003 and regu-
larly monitored, performs its buffer function by slowing hygrometric 
exchanges with the environment, reducing to a minimum the negative 
phenomena that impact the surface (Monfardini 2003).
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Secondary supports for excessively thinned panels (usually the result of previous 
interventions such as cradling) have always presented a challenge. Modern solu-
tions have attempted to offer additional support while allowing for movement 
of the panel during humidity fluctuations. Many such systems have included the 
use of spring components. 

A new, adjustable mechanism was developed over the past year by 
the Metropolitan Museum of Art in collaboration with Design Development 
Associates, and it was first used on Albrecht Dürer’s painting Adam at the 
Prado Museum. The evolution of spring-loaded mechanisms in secondary sup-
ports was reviewed and evaluated in the initial phase of development. Various 
prototypes were tested and repeatedly modified before a production model 
was achieved. Simplicity, versatility, and cost were primary considerations. 
Individual mechanisms and kits will be mass-produced and made commercially 
available by Design Development Associates.  

Introduction
 Historically, panels have been thinned for a variety of reasons—to 

increase flexibility or obtain a flat surface in preparation for cradling, for 
example. When cradles are eventually removed as part of modern conser-
vation treatments, very thin panels often require additional secondary 
support. Many modern solutions have explored the use of mechanisms 
with spring components. While some spring mechanism systems have 
been more successful than others, it is important to keep in mind that 
each was designed to solve a very specific problem and thus is not neces-
sarily appropriate for all panels. These mechanisms often cannot be sim-
ply scaled up or scaled down to solve a given problem. As we designed a 
new spring mechanism for use on thin panels, we considered simplicity 
and efficiency to be primary considerations with regard to ease of installa-
tion, adjustment of preload tension, substitution of springs to change ten-
sion, tracking of panel movement, and economy. Before designing a new 
spring mechanism, we reviewed the development of earlier spring mecha-
nisms, focusing on the extensive and imaginative research done in Italy. 

Review of Spring 
Mechanisms

 We reviewed the use of spring mechanisms in secondary supports, begin-
ning with the research done at the Istituto Centrale per il Restauro (ICR) 
throughout the 1970s. By the early 1970s, the ICR had developed a perim-
eter strainer with round-section rods running across the grain of the 

The Development of a Spring Mechanism for  
Use in Conjunction with Auxiliary Supports  
for Previously Thinned Panels 

Abstract  

M. Alan Miller, George Bisacca, and Dimitri Galitzine
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wood. Metal bushings, which can slide along the rods to accommodate 
lateral expansion and contraction, are attached to acrylic blocks via 
adjustable threaded connection posts. The acrylic blocks were glued at 
intervals across the back of the panel after each threaded connecting post 
was adjusted for depth. The acrylic blocks are the only elements attached 
to the panel. Although the intention was for each bushing to slide freely 
along the rods to permit lateral movement across the grain, in effect, the 
lack of any accommodation for changes in deflection in the panel support 
would probably result in binding of the secondary support, which might 
occur fairly easily. Although this system itself did not incorporate 
springs, it built on experience from the late 1950s, especially the monu-
mental treatment of Duccio’s Maestà in Siena, and it led to the break-
through research at the ICR by Giuseppe Basile, Eugenio Mancinelli, and 
Filippo Trevisani through the early 1980s. 

By the end of the 1970s, their secondary support had evolved to 
include quite a sophisticated series of spring mechanisms. In 1979–80, a 
well-developed version of this was used on Cristoforo Scacco’s Trittico 
in the Pinacoteca di Capodimonte in Naples (Basile, Mancinelli, and 
Trevisani 1993). In this version, a perimeter strainer holds aluminum 
rods that support the spring mechanisms (fig. 1). Each mechanism con-
sists of an acrylic bushing that is able to slide along the rod to accommo-
date lateral movement. The inside diameter of the hole in each bushing 
is slightly wider at the extremities and tapers toward the center. This 
minimizes friction between the bushing and the rod and accommodates 
some deflection. Instead of threaded connection posts, two concentric 
springs are used between the acrylic bushings and wood housings that 
are attached at intervals across the panel. The inner spring is an exten-
sion spring that regulates perpendicular movement of the wood (change 
in warp). The outer spring is a compression spring that fits inside the 
acrylic bushing cavity and compensates for deflection caused by that 
change. This mechanism was likely the earliest system that accom-
modated both lateral expansion and contraction, as well as changes in 

F ig u re  1

Basile-Mancinelli-Trevisani spring mechanism 
developed at ICR around 1979–80. Photo: 
Courtesy of  Eugenio Mancinelli.
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deflection. One slight drawback to this system is that the spring tension 
cannot be adjusted after the secondary support is in place, without dis-
assembly and replacement of the inner spring. 

Ciro Castelli at the Opificio delle Pietre Dure (OPD) developed a 
spring mechanism in the mid-1980s that controlled both lateral and per-
pendicular movement (Castelli 1987). It included two important design 
advances: the reduction of friction and adjustability of spring tension. 
Designed as self-contained mechanisms, they can be placed within a 
more traditional crosspiece or within a perimeter strainer, as used on  
Domenico Beccafumi’s The Coronation of the Virgin in the Church of 
the Santo Spirito, Siena (Castelli 1998). The spring mechanism used 
on the Beccafumi panel consists of a brass shoe made from a modified 
 rectangular-section tube that is attached to the panel. A Teflon slide  
with a bolt at the center glides within the brass shoe. The bolt passes 
through a spring housed within a brass cylinder and is held with a nut, 
creating a spring piston. This entire brass cylinder is contained within 
the crosspiece or perimeter framework. Spring tension can be regulated 
by adjusting the nut at the end. Tension can be adjusted further by substi-
tuting springs of various stiffness. 

This type of spring mechanism was slightly modified at the 
Metropolitan Museum of Art.1 The round-section cylinder was replaced 
with brass square-section tubing to facilitate easier adjustability of ten-
sion. In this design, a square nut fits into the square-section tubing, and 
tension is adjusted by turning the slot-ended bolt (fig. 2). Modifications 
to the slide help reduce friction further within the brass shoe. These 
modifications include a change in material from Teflon to the harder and 
denser Delrin and a change in the shape of the slide to reduce surface-
area contact. This modified mechanism was used in 1990 on Rogier van 
der Weyden’s Descent from the Cross at the Prado Museum in Madrid. 

While these mechanisms added adjustability of tension and 
separated movement into lateral and perpendicular directions, they did 
not account for deflection, as the Basile-Mancinelli-Trevisani system 
had. These mechanisms were designed specifically for use on larger 
and thicker panels with greater overall forces involved, and they were 
designed to fit within the dimensions of traditional crosspieces. However, 
they were inappropriate for thinner panels.

Figure  2

Sliding spring piston mechanism used at  
the Metropolitan Museum of  Art. Photo: 
M. Alan Miller.
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The issue of angular deflection was more successfully resolved by 
research done by Franco Del Zotto in the late 1980s and early 1990s (Del 
Zotto and Tonini 1993). Although he retained the spring piston, Del Zotto 
substituted the slide mechanism for a spherical knuckle joint at the panel 
end of the spring piston and a half sphere within a Teflon cup at the other 
end of the spring piston, which permits the mechanism to pivot freely 
(fig. 3). These mechanisms, also perpendicularly oriented to the panel 
surface, are placed within an aluminum strainer. Similar to the previously 
described sliding spring piston mechanisms, they were designed, gener-
ally, for use on thicker Italian poplar supports, which, even when thinned, 
are still considerably thicker than northern oak panels. Later attempts to 
reduce the overall depth of the mechanism included a substitution of the 
coil compression spring with an external leaf spring.

In 1987 and 1988, Ciro Castelli developed a small spring mecha-
nism for use on a previously thinned and cradled oak panel of Jesus 
and Saint Peter on the Water by Herri met de Bles for the Museum of 
Capodimonte, Naples (Castelli and Ciatti 1989; Castelli 1998, 325–29). 
This mechanism is finer and smaller in scale than previous solutions and 
is attached to a perimeter strainer shaped to conform to the curvature of 
the panel. A predrilled hole in a wooden cleat attached to the panel holds 
one end of a torsion spring and permits lateral movement by allowing 
the end of the spring arm to slide within the hole. Deformation of the 
torsion spring coil allows for convex flexing and accommodates changes 
in the panel’s curvature.

This system was further developed at the Metropolitan Museum. 
In this version, a socket cap screw is put through the center of the tor-
sion spring’s coil and into the perimeter strainer, providing a pivot point 
around which the spring can rotate. With this pivot point, preload ten-
sion can be easily adjusted by rotating the short end of the spring while 
the other end is held within a wooden cleat attached to the panel. Once 
the preload tension is set, it can be secured by holding the spring in place 
with a wood screw inserted into the strainer. Other modifications to the 
Metropolitan Museum’s version include placing the spring’s extended 
arm closer to the panel surface, eliminating a bend in the spring, and 
placing a pin through the wooden cleat to provide a pivot point for the 
end of the spring arm. This helps to reduce the amount of friction and 
facilitates movement of the spring within the cleat during lateral move-
ment and changes in deflection.

F ig u re  3

Spring piston mechanism with spherical 
knuckle joint and half  sphere within a Teflon 
cup. The mechanism was developed by 
Franco Del Zotto. Photo: Reproduced by per-
mission of  Franco Del Zotto.

F ig u re  4

Conical spring mechanism developed at the 
Opificio delle Pietre Dure e Laboratori di 
Restauro, Florence. Drawings: Opificio delle 
Pietre Dure e Laboratori di Restauro.
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In 1992 Ciro Castelli and the OPD developed and published a con-
ical spring mechanism that fits within a perimeter strainer (Aldrovandi  
et al. 1992) (fig. 4) and was used on Beccafumi's Cataletto della Misericordia. 
The conical spring mechanism continued to evolve with periodic modifi-
cations, with the eventual addition of a pivot (Buzzegoli, Castelli, and Di 
Lorenzo 2004). The incorporation of shallower conical springs permitted a 
smaller mechanism for use on smaller, thinner northern oak panels. Like 
Franco Del Zotto’s mechanisms, these conical spring mechanisms control 
deflection movement much more efficiently.

Designing a New  
Spring Mechanism

 The review of the development of spring mechanisms helped to clarify 
and refine goals for a new spring mechanism specifically designed for use 
on thin panels. In addition to the previously stated goals of simplicity and 
efficiency, it was clear that any new mechanism needed to be as small as 
possible to keep the overall dimensions to a minimum. Throughout the 
development process, 3-D CAD software was used to help in the visual-
ization of ideas. In this way, many problems could be resolved before  
any expense was incurred in creating a prototype. In several instances, 
virtual prototypes were completely revised or rejected before physical 
proto types were actually machined. This process helped save time when 
design changes were made, helped in the visualization of every aspect of 
a design, and helped reduce costs. 

An important aim for any new tensioner design was a reduc-
tion in overall depth, compared to earlier perpendicular-oriented spring 
mechanisms. This was achieved by rotating the spring movement 
90º, from perpendicular to horizontal. This 90º change in spring move-
ment was accomplished by the use of a flexible connection between the 
spring and the anchor on the panel. With this flexible connection, a vari-
ety of different spring types could be experimented with, while the over-
all height could be reduced to a minimum. 

The early spring mechanism designs tested a variety of spring 
types, methods of preloading of tension, and attachment to the panel. 
These early mechanisms explored the use of linear extension springs 
and spiral springs. The earliest linear extension spring design placed the 
spring parallel to the panel within a square-section tube, attaching one 
end of the extension spring to the panel anchor with a flexible connec-
tion and attaching the other end of the extension spring to a threaded 
mechanism that could be turned to adjust the preload tension of the 
spring. Because space was needed to accommodate an expanding spring, 
the mechanism proved to be too long. To reduce the overall length, the 
extension spring was eventually wrapped around and connected to a hub 
with preload tension adjusted by rotating and securing the hub with a set 
screw. Testing revealed distortion and uneven extension of the spring as 
it wrapped and extended around the hub; this was a possible source of 
binding and unpredictability in performance.

We chose not to employ the extension spring to wrap around the 
hub. Instead, a shorter and stiffer linear extension spring was repositioned 
and connected to a bead chain that redirected the movement around 
the hub. Various configurations were explored, and the linear extension 
spring design evolved into quite a complex mechanism (fig. 5). In the final 
design of this type, the extension spring was connected to a post on an 
eccentric hub. The other end of the extension spring was connected to a 
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cable and to a capstan that could be turned to preload spring tension. A 
slotted fin on the eccentric hub held a bead chain connected to the anchor 
button on the panel. The inclusion of the slotted fin on the hub proved 
to be an effective safety release. If the hub rotated beyond 2 cm (0.8 in.), 
unduly increasing the tension, the slotted fin would release the bead chain 
from the spring mechanism, preventing damage to the panel. Another 
element in this design was the inclusion of calibrated marks around the 
hub which could be tracked to determine the amount of panel movement.

Ultimately, the linear extension springs were abandoned as a com-
ponent of the design for several important reasons: the many parts and 
linkages, as well as the hub system to accommodate the expanding length 
of the spring, made for a mechanism that was exceedingly complex, with 
multiple potential areas of failure. The large number of parts and involved 
assembly would increase production costs. Additionally, the advantage 
gained in leverage by use of the capstan for adjusting preload tension consti-
tuted a potential danger. Direct one-to-one experience of the preloading of 
tension was thought to serve better as a safeguard against over-tensioning.

The spiral spring was also explored as a possibility. The first spi-
ral spring mechanism was mounted around a hub attached parallel to the 
panel. A flexible braided-wire cable was attached directly to the spring 
and connected to an anchor point on the panel. Tension was preloaded 
by turning the hub clockwise, and the tension was secured by tighten-
ing a set screw at the hub’s center. Deformation of the spiral spring in 
the earlier mechanisms was here avoided by placing the spring within a 
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Figure  5

Spring mechanism development: Linear 
extension spring on an eccentric hub with 
preload tensioning capstan. Drawing: Design 
Development Associates LLC.
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casing. The flexible connection was attached to the spring casing instead 
of directly to the spring. The spring casing could then rotate to accom-
modate deflection without deforming the spiral spring within it. The 
final version of the rotary spiral spring was an elegant and simple mecha-
nism (fig. 6). The spiral spring, housed within a spring casing, could be 
rotated to adjust preload tension with a simple twist of the thumb and 
forefinger and could be locked into place with the turn of a screw. A flex-
ible bead chain was connected to a slotted fin on the spring casing and to 
an anchor button on the panel. A gauge around the circumference of the 
hub could be used to track movement. The mechanism was designed to 
be preassembled, fully enclosed, and ready to be dropped into a perim-
eter strainer. It was small, with an overall depth of 12 mm (0.5 in.). A 
proto type of this spring mechanism was made and tested, and it per-
formed effectively. Ultimately, it proved too expensive to produce. 

These early designs helped to clarify the most effective spring 
mechanism elements. Although slightly more expensive, braided-wire 
cable was more reliable than bead chain for use as a flexible connection 
between the spring mechanism and the panel anchor. The most effective 
method of connection was by sliding a ball-ended flexible connection 
into a slotted metal anchor button adhered to the panel. If possible, it 
was important to experience physically the one-to-one tensioning when 
preloading tension. It was also clear, in addition to a shallow depth of the 
mechanism, overall length and width were key considerations. Long and 
wide mechanisms would limit the quantity and arrangement of mecha-
nisms within a perimeter strainer.

In an effort to reduce production costs, spring types were 
again reviewed to see if there were less expensive options. One of the 
most common spring types is the linear compression spring. It comes 
in  thousands of different stiffnesses, lengths, and materials, providing 
a near-infinite variety of tension possibilities. Earlier, a linear exten-
sion spring mechanism placed within a square-section tube was rejected 
because the mechanism, overall, was too long. An extension spring would 
require space for itself plus the maximum-allowed extended length, 
either linearly within a long housing or wrapped around a hub. However, 

F ig u re  6

Spring mechanism development: Rotary spiral 
spring. Drawing: Design Development 
Associates LLC.
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a compression spring is at its longest when at rest. By modifying the early 
linear extension spring design and instead using a compression spring, 
the mechanism length could be significantly reduced.

The final mechanism designs explored the use of linear com-
pression springs housed within brass tubes. These final designs, with 
their use of compression springs, are similar to the spring piston systems 
developed by Ciro Castelli and Franco Del Zotto, except for one signifi-
cant difference. In the Italian designs, movement of the panel is regulated 
by perpendicular compression of the spring via a stiff threaded post that 
runs through the center of the spring coil. Movement in the new design 
is translated through a flexible braided-wire cable connection. This flex-
ible connection permits the movement to be translated 90° to horizontal, 
thus allowing for considerably shallower overall depth. Because the con-
nection point is made with a ball-ended flexible braided-wire cable, it can 
also swivel easily to accommodate lateral movement and deflection of 
the panel.

To distinguish the final version of the spring mechanism from 
earlier versions, it is referred to as a spring tensioner; it is shorter, shal-
lower, and narrower than the previous designs. The penultimate spring 
tensioner design is housed within a square-section tube with two nar-
row slots milled on the top face. The compression spring sits between 
a piston plate and a tension-adjusting set screw. A flexible braided-wire 
cable running through the length of the spring passes through a center-
ing Delrin (polyoxymethylene) cap and connects the piston plate to the 
slotted anchor button. The braided-wire cable is a fixed, predetermined 
length and provides a maximum displacement of 20 mm (0.8 in.). When 
the mechanism is at 5 mm (0.2 in.) above the panel, the spring is at 
rest. A modest amount of preload tension can be introduced simply by 
increasing the height of the mechanism by a few millimeters. Tension 
can be further adjusted by sliding the set screw along the first slot toward 
or away from the piston plate and tightening with a hex key. As tension 
on the spring changes, the piston plate, painted red, slides along the tube 
and is visible within the second slot. Gauge marks along the slot can be 
used to track one-to-one movement of the piston plate and the spring. 

The spring tensioner is fully enclosed and preassembled with a 
linear compression spring appropriate for a wide range of uses. The com-
pression spring, however, is easily substituted. This, combined with the 
preload tensioning aspect, provides a versatile yet simple spring mecha-
nism. Its short length (55 mm, or 2.2 in.) and narrow diameter (10 mm, 
or 0.4 in.) allow for greater flexibility when the quantity and layout of the 
mechanisms within a perimeter strainer are determined. For example, 
the tensioners can be placed side by side in opposite directions so that the 
connection points are closer together, if required. 

Although the tensioner can be used in a variety of ways, it is 
designed to be placed within a perimeter strainer constructed to match the 
curvature of the panel. The number and layout of the tensioners and the 
number and orientation of the crossbars (if any) should be predetermined 
when the perimeter strainers are designed. Quantity and layout of the ten-
sioners may be debatable, but generally, more should be placed along the 
cross-grain direction. Care should be taken not to orient tensioners and 
the holes that pass through the strainer in a way that will weaken the cor-
ner and cross-bar joints. Before the perimeter strainer is assembled, holes 
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should be drilled and tracks routed to accommodate each tensioner. Holes 
are drilled through the thickness of the perimeter strainer at the predeter-
mined anchor points using a Forstner drill bit. Tracks are then routed in 
one pass with a power router set at a predetermined depth. The perimeter 
strainer can then be assembled and glued. Once completed, the strainer is 
placed onto the panel, and the locations of the holes are traced. The brass 
anchor buttons are then glued to the panel with the slot oriented per-
pendicular, or near perpendicular, to the grain (to prevent the ball-ended 
cable from dislodging during lateral movement). After the adhesive has 
cured, each tensioner is set into place by sliding the ball-end of the flexible 
braided-wire cable into the slot of the anchor button. The tensioner is then 
seated into the routed track and secured with a wood screw. Once it is in 
place, preload tension can be adjusted with a hex key.

The prototype of the square-sectioned spring tensioner was 
first used on Adam by Albrecht Dürer at the Prado Museum (see George 
Bisacca and José de la Fuente Martínez, “The Treatment of Dürer’s 
Adam and Eve Panels at the Prado Museum,” in this volume). The cur-
rent version of the tensioner is manufactured and distributed by Design 
Development Associates (figs. 7 and 8).2 It uses round-section tube with 
only one milled window for both the pre-tensioning screw and for read-
ing the red piston plate. 

F ig u re  8  (r i g h t)

Spring tensioners placed within a perimeter 
strainer supporting a thinned, horizontal-
grain fifteenth-century Venetian panel approx-
imately 50 × 40 cm (19.7 × 15.7 in.). Photo: 
George Bisacca.

F ig u re  7  ( b e l o w)

Spring tensioner with linear compression 
spring seated in a perimeter strainer (top), 
and cutaway view (bottom). Drawings: 
Design Development Associates LLC.
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Notes
 1  This mechanism was developed in collaboration with Dimitri Galitzine, coauthor of 

this paper.

 2  Design Development Associates LLC, www.desdev.net. 

References
 Aldrovandi, Alfredo, Nicoletta Bracci, Paola Bracco, Ciro Castelli, Ottavio Ciappi, Marco 

Ciatti, Mauro Parri et al. 1992. Ricerche e interventi su alcuni dipinti di Domenico Beccafumi. 
OPD Restauro 4:28–50.

 Basile, Giuseppe, Eugenio Mancinelli, and Filippo Trevisani. 1993. Sistemi di sostegno e con-
trollo nei dipinti su tavola: Qualche esempio (e qualche problema). OPD Restauro 5:35–50. 

 Buzzegoli, Ezio, Ciro Castelli, and Andrea Di Lorenzo. 2004. Il “Compianto su Cristo morto” 
del Botticelli dal Museo Poldi Pezzoli di Milano: Note di minimo intervento e indagini 
 diagnostiche non invasive. OPD Restauro 16:15–30.

 Castelli, Ciro. 1987. Proposta per un nuovo tipo di traversa per dipinti su tavola. OPD Restauro 

2:78–80. 

 . 1998. The restoration of panel painting supports: Some case histories. In The Structural 

Conservation of Panel Paintings: Proceedings of a Symposium at the J. Paul Getty Museum, 24–28 

April 1995, ed. Kathleen Dardes and Andrea Rothe, 316–40. Los Angeles: Getty Conservation 
Institute.

 Castelli, Ciro, and Marco Ciatti. 1989. Proposta di intervento su particolari supporti lignei. 
OPD Restauro 1:108–11. 

 Del Zotto, Franco, and Francesca Tonini. 1993. Practical solutions to preserve panel paint-
ings: Preliminary report on structural mechanisms. In ICOM Committee for Conservation, Tenth 

Triennial Meeting, Washington, DC, USA, 22–27 August 1993: Preprints, ed. Janet Bridgland, 683–
89. Paris: ICOM Committee for Conservation.



69

PROOF    1  2  3  4  5  6

This paper discusses the conservation treatment, undertaken between 2000 and 
2006, of four panel paintings from the collection of the Kunsthistorisches Museum 
in Vienna. All of the panels were thinned and cradled during the nineteenth 
century. Warping and cracks had occurred because of shrinkage of the wood. 
In addition, flaking of the paint film and other negative effects made treatment 
inevitable. Because the wood panels had been thinned to a fraction of their origi-
nal thickness, the construction of an auxiliary support system was necessary. 
The aim was to fabricate a secondary support that could be applied easily, with-
out loss of original material, that would be completely reversible, and that would 
have sufficient flexibility to allow for the movement of wood under changing 
climatic conditions. The system selected is based on aluminum panels that have 
openings to allow access and visual control of the reverse of the painting. The 
design of the supporting units evolved incrementally: an adjustable system with 
a screw mechanism was followed by a more sophisticated, spring-loaded version 
that could be modified according to the size and weight of the panel. Although 
the springs allow movement of the wood panel in three dimensions, the system 
is strong enough to support the panel securely. In the latest version of the design, 
leaf springs were equipped with strain gauges to monitor the movement of the 
panel perpendicular to the front. Under construction (but not yet implemented) is 
an improved version that collects data for online  processing or digital storage on a 
flash card or similar electronic storage medium. 

Introduction
 Prior to the foundation of the Kunsthistorisches Museum (KHM) in 

Vienna, the imperial collection of the Hapsburg family was displayed in 
the Belvedere Palace in Vienna. It was common practice in that period 
for original panels to be reduced in thickness and to be fitted with cra-
dles. On this practice, Gerald Kaspar wrote, “The time during which  
the highest number of cradles were executed seems to coincide with the 
directorship of Josef Rebell (1825–28) and his successor Johann Krafft 
(1828–57), both having been artists and professors at the Academy. 
Unfortunately, we have no precise record of their activities. Only the 
numerous cradled panels bear witness to their activities” (Kaspar 1994, 
40). Oberthaler adds that cradling “not only resulted in the loss of the 
original backs of the panels, it also meant the loss of valuable historical 
and technological information. Regrettable also is the difficult condition 
in which the weakened and cradled panels are now” (Oberthaler 

The Development of Flexible Auxiliary Support 
Systems for Panel Paintings and the Monitoring  
of Panel Movement by Strain Gauges

Abstract  

Ingrid Hopfner
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1996, 29). These observations hold true for the four paintings by Pietro 
Perugino, Jan Gossaert, Agnolo Bronzino, and Vincenzo Catena that are 
the subject of this paper.

According to Erhard Stöbe (Stöbe 1999, 55), the paintings from 
the Belvedere, as well as those in the Kunsthistorisches Museum, can be 
divided into four groups: 

1. untreated objects with original painting on reverse
2. various older reinforcements glued onto reduced supports
3. cradles made under Josef Rebell (1825–28) and for the Imperial Gallery
4. softer cradles for divided and reduced supports applied between about 

1930 and 1953 (Franz Sochor)

Today’s conservators face the following main problems caused 
by the cradles: because of their having been thinned, the panels react 
more rapidly to climatic changes, and the overall static system is now out 
of balance. In most cases the panels, which now have an average thick-
ness of 4–12 mm (0.2–0.5 in.), show a concave distortion rather than the 
more usual convex warp. The resulting tensions can cause a special form 
of warping (the “washboard effect”) or cracks. The effects on the paint 
film are destabilization, blistering, and paint loss.

Case Study 1: Perugino’s 
Virgin and Child with Two 
Female Saints (Saint Rosa 
and Saint Catherine)

 Description 

In most cases, after the cradle is removed, the static capacity of the 
thinned panel is insufficient, and stabilization by an auxiliary sup-
port system is necessary. The development of the support system I 
have devised proceeded in steps, the f irst version having been imple-
mented in 2000–2002 on a painting by Pietro Perugino, Virgin and 
Child with Two Female Saints (Saint Rosa and Saint Catherine) (KHM inv. 
no. 132, 86.6 × 62.8 cm [34.1 × 24.7 in.]), of 1493/95, and subsequently 
in 2003–4 on a painting by Jan Gossaert, Saint Luke Painting the Virgin 
(discussed below).

Perugino’s Virgin and Child with Two Female Saints came to the 
Imperial and Royal Picture Gallery from the Ecclesiastical Treasury in 
1780. The appearance of the painting was impaired by flaking and losses 
to the paint layer, pronounced contraction crackle, solvent damage, abra-
sion of the paint caused by previous unskilled attempts at cleaning, and 
disfiguring retouching. Restoration of the painting was made necessary 
by the occurrence of cracks in the panel and local adhesion problems 
affecting the ground and paint layers (Schaffer 2002/3).

Before restoration, the painting was subjected to scientific exam-
ination by means of paint and binding medium analysis, X-radiography, 
and infrared reflectography. Around 1824, the picture, which is on a sin-
gle poplar panel 4–6 mm (0.2 in.) thick with vertical grain, was fitted 
with a cradle composed of eight fixed vertical members and ten cross bat-
tens. The cradle prevented the panel from adjusting to environmental 
changes, causing both stress to the wood and damage to the paint layer. 
It was thus necessary to remove the cradle. After the flaking paint was 
stabilized with sturgeon glue, the paint surface was secured with 
Japanese paper and Elvacite 2044 (a polybutylmethacrylate-based syn-
thetic resin). A silicone imprint of the panel surface was taken on a low-
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pressure table. The painting was protected with plastic foil and then fixed 
on this silicone bed to allow the cross battens to be safely sawed from the 
cradle and the glued wood sections to be removed. After the edges were 
released from the silicone bed, the panel showed a slight convex warping. 
The warping prior to and after the removal of the cradle was monitored 
with a surface-measuring device with a laser instrument.1 

Weakened points of the panel were secured with pieces of thin 
veneer. This method was first applied by Kaspar during the restoration of 
Albrecht Dürer’s Allerheiligenbild (Landauer Altar) and modified, primarily 
to allow for easy removal (Kaspar 1994, 45).

Auxiliary Support System

The essential idea was to provide support to the thinned wood panels 
and, at the same time, to allow for the inevitable slight movements 
caused by climatic changes. All materials included in the construction  
of the panel should meet the following requirements:

•	 The	panel	must	be	made	of	stable,	inorganic	materials.
•	 The	application	must	be	noninvasive.
•	 Each	addition	must	be	reversible	without	adding	mechanical	stresses	

to the panel.
•	 The	construction	must	be	in	proportion	with	the	size	and	weight	of	

the panel.
•	 No	part	of	the	construction	(with	the	exception	of	the	connecting	

posts) should be in contact with the reverse side of the panel.
•	 The	back	of	the	panel	must	be	visible.
•	 Although	the	panel	must	be	stable,	the	support	should	allow	for	slight	

movements via the connecting posts.
•	 The	precise	positions	of	the	connecting	posts	are	dictated	by	the	con-

dition of the panel (additional support in weakened areas or near joins 
or cracks).

•	 Irregularities	and	unevenness	of	the	panel	can	be	compensated	for.
•	 The	supporting	units	and	the	panel	have	to	be	removable.
•	 The	whole	system	can	be	enlarged.

With the cradle removed, the position of the supporting units 
was chosen according to the structure of the wood panel. First, the 
wood surface was primed with hydroxypropylcellulose (Klucel G dis-
solved in ethanol), then an intermediate layer of a thin polyester fabric 
(Multi-Tetex TR art. Nr.PES-4/5, 100% polyester) was adhered with Beva 
371 film.2 This should allow for the easy removal of the small pieces of 
veneer,3 which were finally attached with Beva 371 film applied with a 
warm spatula. 

The advantages of using these materials to create the connection 
are multiple:

•	 it	is	a	flexible	connection	that	compensates	for	irregularities	of	the	
panel;

•	 it	acts	as	a	predetermined	separation	point;
•	 it	is	easily	reversible;
•	 replacement	of	a	supporting	unit	is	easily	possible.
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The back of a Velcro strip must be able to adhere to Beva 371 film. 
Empirical tests have demonstrated that a 2 × 2 cm (0.8 × 0.8 in.) Velcro 
component can permanently withstand a 4.5 kg (9.9 lb.) shear load with 
minimal movement, and an approximately 3 kg (6.6 lb.) load perpendicu-
lar to the point of attachment.

Before the additional support panel was applied, cracks in the 
wood panel itself were glued. For this operation, an intermediate alu-
minum panel, attached to the supporting units already in place, was 
used. It provided stability and at the same time functioned as a gluing 
framework.

The support panel of the Perugino is made of an aluminum-resin 
compound material, Alucobond,4 and the connection to the wood panel 
consists of a number of connecting supporting units that are in equilib-
rium in the neutral position. In contrast with the earlier rigid cradles, the 
connection between the wood panel and the secondary support is flex-
ible; by means of the adjustment screws, it allows regulated movement of 
the panel in both concave and convex tendencies.

These supporting units are fixed to the wood panel in a com-
pletely reversible way by means of a thin wood veneer, Beva 371 film, 
and Velcro fastening, and if necessary, they may be exchanged with 
minimal stress to the painting. The aluminum rear panel has openings to 
give access to the reverse of the panel. It is not in direct contact with the 
original panel and thus allows for equal climatic conditions on both sides 
of the painting. For maximum stabilization of the climatic conditions, 
the painting rests in a climate case. This is also the case for the three 
paintings that are discussed below.

Case Study 2: Gossaert’s 
Saint Luke Painting the Virgin

 Description

Jan Gossaert’s painting from about 1520, Saint Luke Painting the Virgin 
(KHM inv. no. 894, 109.2 × 81.8 cm [43.0 × 32.2 in.]), was restored 
between November 2003 and February 2004 (Hopfner 2005). Both tech-
nical and aesthetic considerations made the treatment necessary. There 
were cracks at the upper edge of the panel and flaking of the paint 
layer. The panel consists of three vertically joined members. In the early 
nineteenth century, the panel was thinned to 5–7 mm (0.2–0.3 in.) and 
mounted with a cradle. To reduce the tensions in the panel, it was neces-
sary to remove the cradle and apply a flexible support system.

Conservation of the Panel

Prior to the removal of the cradle, all the points where tiny flaking and 
losses of paint had occurred needed to be stabilized. Overpainted areas 
and older fills were removed, as was an additional narrow strip of wood 
at the lower edge. Only around the cracks was the paint film secured 
with Japanese paper and Elvacite 2044 (acrylic resin) dissolved in white 
spirit. In this treatment, the front of the painting, which was protected 
by two layers of polyethylene foil (10–25 µm thick), was bedded in fine 
sand. The advantages over the silicone bed are twofold: the panel need 
not be fixed at the edges, and the panel is allowed to move slightly while 
the cradle is removed, so that no additional tensions can occur; and 
should the convex curvature increase, additional sand can be added  
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at the edges to ensure sufficient support. After the removal of the cra-
dle, the panel was kept in an environment of 18°C–20°C and a relative 
humidity (RH) of 52%–54%, and it showed a moderate convex curvature. 
As in case study 1, the panel joins were secured with a wood veneer. 
Strips of 2 × 5 cm (0.8 × 2.0 in.) were applied with Beva 371 film along a 
total length of 216 cm (85.0 in.).

Auxiliary Support System

The construction of the second auxiliary support system was similar 
to the aforementioned unit. A 3 mm (0.1 in.) Alucobond panel with 
rectangular openings was reinforced with T-profiles on the reverse and 
L-shaped profiles fixed at the edges (fig. 1). In addition, there are L-shaped 
profiles that are adjustable in height and support the edges of the paint-
ing. Narrow strips of balsa wood, individually sized according to the 
warping of the panel, act as a buffer between the aluminum profiles 
and the edges of the paint layer. The wood panel is supported by fixed 
connecting posts with square plates. Most of these supporting units are 
placed near the two joins in the wood panel. As in case study 1, the panel 
and the supporting units are connected with Velcro fastening and Beva 
371 film. The shafts of the fixed supporting units protrude from the panel 
and are fixed with nuts.

A series of loose support posts with small circular plates is 
mounted close to the edges of the wood panel, but the posts are not 
connected to it. The plates are connected to the adjustment screws by 
means of ball-and-socket joints. This sort of joint is preferable because it 
adjusts itself to the sometimes uneven structure of the wood panel, and 
it follows the tiny movements of the wood. If the curvature of the panel 
changes due to climatic fluctuations, these posts can be readjusted easily. 
The whole construction allows access to the reverse of the painting and 
can be removed without loss of original material.

F ig u re  1 

Saint Luke Painting the Virgin by Jan Gossaert 
(Flemish, ca. 1471–1532), ca. 1520. Oil on 
panel, 109.2 × 81.8 cm (43.0 × 32.2 in.). 
Kunsthistorisches Museum, Vienna, 894. The 
auxiliary support panel (left), a fixed support-
ing unit (top), and the shafts of  the loose sup-
porting units (center and bottom right) are 
threaded for fine adjustment. Photos: 
© Kunsthistorisches Museum, Vienna.
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Conclusion: Improvements 
Compared to the Perugino 
Support System

 •	 	fewer	fixed	connecting	posts	but	additional	loose	supports	at	the	
perimeter

•	 connecting	posts	with	a	ball-and-socket	joint
•	 round	plates	instead	of	square	ones
•	 loose	support	posts	that	can	easily	be	readjusted	if	the	curvature	of	the	

panel changes

Case Study 3: Bronzino’s 
Holy Family with Saint Anne 
and Saint John the Baptist

 Description

Agnolo Bronzino’s painting Holy Family with Saint Anne and Saint John 
the Baptist (KHM inv. no. 183, 124.5 × 99.2 cm [49.0 × 39.1 in.]), of 
around 1545/46, came to Vienna in 1792 from the archducal collection in 
Florence (Hopfner 2008). The poplar panel was reduced in thickness (it 
now measures 7.3–8.4 mm [0.3 in.]) and was given a cradle. The weight of 
the wood panel now is reduced to approximately 4.5 kg (9.9 lb.), whereas 
the cradle, which consisted of thirteen fixed vertical members and four-
teen cross battens, amounted to 8.5 kg (18.7 lb.).

The conservation problems of the painting were comparable to 
those in cases 1 and 2: the warping of the panel led to numerous pinpoint 
losses; the panel surface showed concave warping in the lateral direction; 
small cracks occurred in the paint film close to the upper edge; addition-
ally, the curious structure of the paint has led to the formation of a circu-
lar craquelure pattern. The goals of the treatment, which was executed 
from October 2004 to November 2006, were the creation of structurally 
favorable conditions for the panel and the removal of the earlier interven-
tions from the paint layer.

For the restoration of Bronzino’s painting, the auxiliary sup-
port system was improved: The rigid support system now consists of an 
aluminum honeycomb composite panel, and the painting is held by two 
types of spring-loaded supporting units that are reversible without the 
need to remove the entire auxiliary support. In case of alterations of  
the wood panel due to climatic changes, the supporting units now can  
be easily readjusted.

Treatment of the Panel

After the paint film was stabilized and the insect channels filled,5 the 
edge of the panel was stabilized with Paraloid B-72. Prior to the removal 
of the cradle, the paint film was secured with Japanese paper and 
Elvacite 2044.

As in case study 2, the painting was placed in a sand bed while 
the cradle was removed. This arrangement enabled visual assessment 
of the warping. Moreover, the dimensional changes of the panel that 
occurred during this process were monitored by strain gauges. These 
were fixed to the back of the panel in four places and revealed changes in 
a range of only 22–129 µm.6

After the removal of the cradle, the panel was allowed to adjust 
for six weeks in an atmosphere of 53%–56% RH and a temperature of 
20°C–22°C. It took on a slightly convex curvature; no attempts were 
made to straighten it out.

Originally, each joint of the large panel was reinforced with three 
tenons, which were secured by two dowels each. After the reduction of 
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the panel, there remained only traces of these tenons and the dowels. For 
static reasons, the joints were reinforced as described in case study 2.7

Auxiliary Support System: Improvement  
of the Connecting Elements

The framework is formed by a 6 mm (0.2 in.) aluminum honeycomb 
panel8 with a series of rectangular openings. The construction with sup-
porting T-bars on the back and L-shaped profiles at the edges is similar to 
case study 2. This time, the supporting units are independent construc-
tions, which can be prefabricated and mounted on the panel wherever 
necessary (fig. 2). The units are removable without the need to take off 
the whole construction. Their number may be increased or reduced 
even after the conservation treatment. As the overall thickness of the 
construction is determined only by the height of the supporting units, 
the system can also be applied to large and heavy formats with a thicker 
panel tray, without increasing the depth of the whole construction.

The units are spring-loaded9 and have a neutral position at 
which the two springs are in equilibrium (fig. 3). When the screw with 

F ig u re  3 

All elements of  the spring-loaded supporting 
unit. In its neutral position, the two springs 
are in equilibrium. Illustrations: © Roman 
Pehack.

F ig u re  2

Holy Family with Saint Anne and Saint John the 

Baptist by Agnolo Bronzino (Italian, 1503–
1572), ca. 1545/46. Oil on panel, 124.5 ×  
99.2 cm (49.0 × 39.1 in.). Kunsthistorisches 
Museum, Vienna, 183. The auxiliary support 
panel is seen on the left. Note the differences 
in the now-independent construction of   
the supporting units (right). Photos: 
© Kunsthistorisches Museum, Vienna.
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the plate affixed to the wood panel is pushed or pulled, it gives way, 
which means that one of the springs expands while the other is com-
pressed. This allows for a controlled movement of the panel in cases of 
environmental change.

First, a test panel of poplar was made that had exactly the same 
dimensions as the original panel. This dummy panel was used to adjust 
the strength of the springs via trial and error. The goal was to calibrate 
the springs such that they were rigid enough to carry the panel securely 
but also allowed movements caused by environmental changes. In the 
end, the springs were adjusted accordingly: supporting units that could 
carry more weight were used in the center of the panel, and more exten-
sible ones were used at the periphery. This combination gives support 
where it is needed—namely, in the center—and allows movement where 
it mainly occurs, namely at the two outer sides of the wood panel.10

The connection between the supporting units and the wood 
panel is identical to the solution in case study 2. In addition to the 
fixed units, a number of the unattached supporting units were used as 
described above.

Case Study 4: Catena’s 
Portrait of a Man with a Book

 The fourth and improved version of the support system was applied to 
Vincenzo Catena’s painting Portrait of a Man with a Book (KHM inv. no. 
87, 79.1 × 59.5 cm [31.1 × 23.4 in.]) of around 1520, and was implemented 
in 2005 and 2006. The goal was to find a means to both stabilize and 
monitor the tiny movements of the thinned panel triggered by environ-
mental changes. The supporting elements were equipped with strain 
gauges, which could record movements in three dimensions.

The original poplar panel consists of a single board, and it 
now has a thickness of 5.5–7.0 mm (0.2–0.3 in.). The cradle presum-
ably was applied in the early nineteenth century and weighed 3.3 kg 
(7.3 lb.), while the original panel was reduced to a weight of 1 kg (2.2 lb.). 
The preliminary treatment of the panel was identical to the measures 
described earlier.

After the removal of the cradle and prior to the construction 
of the support system, the warping of the panel was monitored over a 
period of three months. The environmental conditions were 54%–57% 
RH at a temperature of 20°C–22°C.

Auxiliary Support System

A description of the technical construction of the supporting panel can 
be omitted, as it is identical to case study 3. Because of the smaller for-
mat, the number of supporting units could be reduced. It was the inten-
tion to modify the supporting units so that the movement of the wood 
panel perpendicular to the surface could be monitored and recorded. 
Therefore, the cone-shaped springs used in case study 3 were replaced 
by two parallel-mounted leaf springs provided with resistance strain 
gauges11 on both sides of the springs (fig. 4). The data are processed by 
a multichannel simultaneous-data conditioning system,12 which allows 
online and off-line measurement. The sensors enabled the measure-
ment of the direction and the amount of panel movement; the system 
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can record slight movements due to environmental changes, as well as 
shocks and vibrations during shipment.

Once again, the strength of the springs was tested with different 
mock-ups. In the final version, the painting was supported by eight par-
allelograms. After installation, the system was reset and the data saved. 
The online mode allowed permanent monitoring during work, exhibi-
tion, or shipment. In off-line mode, the data were processed by a statistics 
program.13

Capabilities and Advantages of the Data System

•	 Documentation of the range of movement and the forces involved is 
possible.

•	 The	data	allow	an	evaluation	of	the	efficiency	of	the	support	system.
•	 The	results	provide	insight	into	the	static	properties	of	the	wood	

panel; they can give information on the position of the painting in the 
frame as well as on the distortion caused by temperature, humidity, or 
external forces during transport.

Discussion of the Diagram

Figure 5 illustrates the movement of the panel while the painting is 
moved from a vertical position to a horizontal one and back. Externally 
induced vibrations from the easel are also discernible. It is clearly  visible 

Figure  4

Portrait of  a Man with a Book by Vincenzo 
Catena (Italian, ca. 1470–1531), ca. 1520. Oil 
on panel, 79.1 × 59.5 cm (31.1 × 23.4 in.). 
Kunsthistorisches Museum, Vienna, 87. The 
auxiliary support panel is seen on the left. 
The supporting elements now have two 
 parallel-mounted leaf  springs (right), some  
of  which were equipped with resistance  
strain gauges to monitor movement. Photos: 
© Kunsthistorisches Museum, Vienna.
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that all of the supporting units yield nearly equally. It is additionally 
possible to calculate the load carried by each supporting point when the 
painting is moved.

In 2006 the Catena painting was shipped to the National Gallery 
in Washington DC for the exhibition Bellini, Giorgione, Titian, and the 
Renaissance of Venetian Painting. No data could be recorded during ship-
ment because there was no datalogger available, and use of the online 
mode was not possible because of safety considerations. Recording was 
continued in Vienna after the Washington exhibition, and we were able 
to record both the movements of the wood panel and the environmen-
tal conditions over a longer period of time (fig. 6). One interesting side 
benefit of the monitoring system is that very light vibrations, such as 
occurred when the painting was touched, could also be recorded and be 
exactly traceable, thanks to the time axis.

Conclusion and  
Future Ideas

 The logging of data provided by strain gauges provides a powerful tool 
for a better understanding of the dynamics of panel paintings, and it 
allows for an improvement of our conservation methods. It gives insight 
into the behavior of wood panels in different climatic environments and 
during shipment. In the future, this physical data should be supple-
mented by corresponding measurements of humidity and temperature.  
A model where these data could be stored over weeks or months on a 
flash card or similar digital storage medium would be desirable. 

A further improvement would entail the development of inde-
pendent support and measuring units. This would result in increased 
flexibility in the planning and construction of the secondary panel. The 
supporting elements could be placed more selectively and be positioned 
according to the condition of the wood panel, without interfering with 
the measuring units.
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Movement of  the panel of  Catena’s Portrait 

of  a Man with a Book. Graphs of  data from 
the eight sensors show movement as the 
panel responds to different positions of  the 
painting.
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Notes
 1  Triangulation laser instrument, MEL M5/100, range: 100 mm (3.9 in.), resolution: 30 µm. 

The measuring device was provided by Dr. Peter Klein and Dr. Klaus Dreiner.

 2  Beva 371 is an adhesive often used in conservation. It is a mixture of synthetic resins and 
microcrystalline wax and was developed by Gustav A. Berger around 1970.

Figure  6

Catena’s Portrait of  a Man with a Book wired in 
a gallery of  the Kunsthistorisches Museum. 
Photo: © Kunsthistorisches Museum, Vienna.
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   3  Walnut veneer with a thickness of 0.3 mm (0.01 in.). This was sanded, treated with Paraloid 
B-67, and sanded again for maximum smoothness.

   4  Alucobond is a sandwich of two sheets of aluminum with a core of polyethylene; it  
has a matte surface. An Oddy test by our Conservation Science Department gave a   
negative result.

   5  A fill material made of club moss spores and Plexisol P550 TB 40% was used. Plexisol P550 
is a thermoplastic synthetic resin (Tg 25°C) with a high viscosity; it is soluble in nonpolar 
solvents (white spirit).

   6  The measuring equipment and the software support were provided by Hottinger Baldwin 
Messtechnik GmbH (HBM), Lehmböckgasse 63/2, 1230 Vienna, Austria. www.hbm.com. 

   7  In the area where the 5 × 2 cm (2.0 × 0.8 in.) wood veneer was applied with Beva 371 film 
along a total length of 2 × 124.5 cm (0.8 × 49.0 in.), the wood was initially treated with 
hydroxypropylcellulose (Klucel G dissolved in ethanol).

   8  For the construction, a 6 mm (0.2 in.) thick Alucore honeycomb panel, provided by the 
Alusuisse-Austria Company, was used. Early in 2005, an Oddy test no. 56/04 was performed 
in the museum’s Conservation Science Department, which indicated that the panel emits 
no corrosive components.

   9  Rudolf Tmej GmbH, Factory for Technical Springs. Conical helical springs: inner dimen-
sions 12 + 0.5/–0 mm / 25 + 2/–0 mm; wire thickness 1.5 mm diameter; total 5 coils; 
unstressed length (L0) = 15 mm; force at 0.5 L0 F1 = 5.0 kPa.

 10  Roman Pehack planned and executed this construction. 

 11  Type 3/350LE11V, resistance: 350 ohm +/–0.35%, k-factor: 2.05 +/–1%, cross sensitivity: –0.1%.

 12  Spider 8 with Catman software provided by HBM (see note 6).

 13 Measurement accuracy: 0.001 mm; 1 g = 0.1 N.

Materials and Suppliers
 Alucore and Alucobond, Alusuisse-Austria GmbH, Slamastraße 43, 1230 Vienna, Austria. 

www.alusuisse.at.

 Beva 371 film (25 µm thick), Kremer Pigmente GmbH and Co. KG, Hauptstraße 41–47, D-88317 
Aichstetten/Allgäu, Germany. www.kremer-pigmente.com.

 Cell Rubber (closed and open), Franz Nuschei KG, Neubaugasse 31, Postfach 90, 1071 Vienna, 
Austria. www.nuschei.com.

 Club moss spores, Kremer Pigmente GmbH and Co. KG, Hauptstraße 41–47, D-88317 
Aichstetten/Allgäu, Germany. www.kremer-pigmente.com. 

 Elvacite 2044, Lucite International Speciality Polymer and Resins Ltd., Horndale Ave., 
Newton Aycliffe, County Durham DL5 6YE, UK. www.luciteinternational.com.

 Plexisol P550 40%, Lascaux Colours and Restauro, Barbara Diethelm AG, Zürichstraße 42, 
CH-8306 Brüttisellen, Switzerland. www.lascaux.ch.

 Polyester fabric (Multi-Tetex TR art. Nr.PES 4/5, 100% polyester), Putz Drucktechnik Ges 
m.b.H., Shuttleworthstr. 27–29, 1210 Vienna, Austria. www.putz.at.

 Silicone rubber, Elastosil M 4670 A+B, Wacker Chemie GmbH, Max-Scheidhauf-Str. 25, 
D-87437 Kempten, Germany. www.wacker.com. 

 Strain gauges, Hottinger Baldwin Messtechnik GmbH, Lehmböckgasse 63/2, 1230 Vienna, 
Austria. www.hbm.com.

 Technical springs, Rudolf Tmej GmbH, Factory for Technical Springs, Nordwestbahnstraße 
77–79, 1200 Vienna, Austria. www.tmej.at.
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This paper presents case studies exemplifying how varied structural conserva-
tion techniques from different regional traditions proved to be very useful in the 
design of the treatments shown. Four treatments are described. The first two rep-
resent well-established traditions in the treatment of panels, one of Italian origin 
and the other British. The third and fourth treatments are departures from these 
systems and show how adaptations were made to meet the particular needs of 
each painting. The mechanics of each treatment are not the primary focus here. 
Instead, the reasoning behind the choice of structural systems for a particular 
issue or problem is addressed. 

Introduction
   Ideas are like rabbits. You get a couple and learn how to 

 handle them, and pretty soon you have a dozen.
—john steinbeck

Longstanding traditions in making panel paintings developed through-
out the centuries in Europe. Variations in craftsmanship, availability of 
materials, and cultural context encouraged the development of wooden 
painting supports with distinct regional characteristics. The care and 
treatment of panel paintings has developed in tandem with these tradi-
tions, both in methodology and in practice. 

By contrast, there are no such long-established traditions for 
the making or the treatments of panel paintings in the United States. 
Furthermore, the relative youth of the United States required that 
American collectors and museums primarily look abroad for artworks. 
As a result, while running a private practice in New York City, I saw 
no one type of panel tradition that dominated. I treated panels of many 
types and of different origins. These included Egyptian Fayums, early 
Italian and northern European paintings, Latin American paintings, and 
colonial and nineteenth-century American paintings, as well as modern 
and contemporary paintings of many varied formats. The sets of issues 
that these paintings presented were equally wide ranging, as were the 
environments in which they would eventually exist. Some belonged to 
institutions and others to private clients. Some were likely to be kept in 
stable environmental conditions, while others were destined for areas 
with unstable relative humidity (RH). As a result, creativity and flexibil-
ity were required in devising treatments and setting conditions for the 
works’ preservation in the future. 

A Hybrid Approach to the Structural  
Treatment of Panel Paintings: Case Studies  
from American Collections 

Abstract  

Monica Griesbach 
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The ability to choose from a broad repertoire of techniques was 
indispensable when I treated this spectrum of painting types. This essay 
will show that techniques from different regional traditions proved to be 
very useful in the designing of treatments. The mechanics of each treat-
ment will not be the primary focus here. Instead, the reasoning behind 
the choice of structural systems will be addressed. 

Four treatments are described. The first two represent well-
established traditions in the treatment of panels, one of Italian origin 
and the other British. The third and fourth projects are departures from 
these systems and show how adaptations were made to meet the particu-
lar needs of each project.

Case Study 1
 The first case is a large Tuscan panel on poplar by Sebastiano Mainardi 

(fig. 1), The Virgin and Child Enthroned with Saint Justus of Volterra and Saint 
Justina (1507). The painting belongs to the Indianapolis Museum of Art, 
where it had been off public view for about forty years because of its poor 
structural condition and visual appearance.

The large, extensively insect-tunneled poplar support measures 
160 cm high by 151 cm wide (63.0 × 59.4 in.). It was previously thinned 
to a thickness of approximately 8 mm (0.3 in.) and was mounted on a 
heavy mahogany cradle. Records dating from 1952 to the present tell of 
 continued problems with extensive buckling, blistering, cleavage, and 
flaking, with loss to the paint and ground layers. Luckily, the primary 
areas of the image were spared the worst damage and are in relatively 

F ig u re  1

Sebastiano Mainardi (Italian, 1466–1513), The 

Virgin and Child Enthroned with Saint Justus of  

Volterra and Saint Justina, 1507. Oil on wood, 
160 × 151 cm (63.0 × 59.4 in.). In raking light 
before treatment; shown with vertical separa-
tion in the support. Indianapolis Museum of  
Art, Indianapolis, 51.58. Photo: Courtesy of  
Indianapolis Museum of  Art.
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good condition. Treatments were carried out in 1952, 1965, and 1969. 
These included consolidation, thinning of the movable horizontal cradle 
members, coating of the back with wax, and various restorations to the 
paint layer. Despite being in a stable environment, the painting contin-
ued to deteriorate, and its panel required treatment.

Once the cradle was removed and the splits repaired, the paint-
ing had little structural integrity of its own. This was because of its large 
size, combined with its extreme thinness and the deteriorated condition 
of the wood. 

An Italian support system developed at the Opificio delle Pietre 
Dure in Florence was chosen for this panel. The technical aspects of this 
system will only be briefly outlined, as it is well described in previous 
publications and is far better represented by other participants of this 
symposium. 

With this system, the panel is held against a custom-built solid 
wood strainer that is shaped to match the curvature of the panel. The 
panel is attached to the strainer by many custom-made and custom-sized 
spring mechanisms (in this case, one hundred). The system permits the 
panel to safely flex in response to slight variations in temperature and 
humidity while providing the necessary restraint and support. 

These characteristics are essential when the conservator 
addresses the structural needs of extremely thinned panels that pre-
sent some movement and take on a natural curvature but cannot safely 
hold their own weight. When this system is chosen, however, consid-
eration must be given to the fact that with it, the range of flexibility is 
limited by the established curvature of the strainer and the limits of the 
spring system. 

This system was chosen because the panel was flimsy and limp, 
weighed down by its own weight and unable to support itself. It needed 
a solid support that would establish a baseline curvature and carry the 
weight, allowing the release of the forces that were causing the paint 
layer to blister. In this particular case, the strainer and spring mecha-
nisms worked well. The overall movement of the panel was not extreme 
because the panel could no longer react as a single large panel of healthy 
wood due to its relative thinness and highly deteriorated state. 

Now that the structural work is completed, the painting can be 
safely and easily handled by conservators at the museum (fig. 2).

Case Study 2
 The second case is a painting belonging to a private collection. It is a 

Flemish panel dating to the seventeenth century. It measures approxi-
mately 85 cm high by 115 cm wide (33.5 × 45.3 in.), and the grain runs 
horizontal to the image. It was constructed of three very high quality 
boards of oak. The panel had been thinned to approximately 5 mm 
(0.2 in.) and had been cradled. 

The paint and ground layers exhibited extensive flaking, tenting, 
and losses along three wide horizontal bands, spanning the length of the 
painting. These damages were caused by compression of the paint layers 
from the movement of the wood support due to changes in RH. Records 
showed that the painting had already undergone multiple restoration 
campaigns, only to have the same problems reappear. 
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After releasing the thin panel from the restraint of its second-
ary support, its movement was monitored over a period of a few months 
under conditions of stable RH. It was noted that even with slight varia-
tions in the environment, the panel exhibited considerable movement, 
ranging from almost complete flattening to a pronounced curve. 

Considering that the movement of the wood would exceed that 
allowed by a spring strainer such as the one used on the Mainardi, it was 
decided that a system developed by Ray Marchant at the Hamilton Kerr 
Institute London Studio would be better suited to the needs of this par-
ticular painting.

As with the previous case, the intricacies of this system will not 
be addressed here, as it is described in the proceedings of the 1995 Getty 
panel paintings symposium, The Structural Conservation of Panel Paintings. 
However, briefly, this system (fig. 3) consists of wing-shaped flexible 
 battens made of Sitka spruce that are held to the panel by four retaining 
strips. These are held in place, parallel to the grain of the board, with 
slotted retaining blocks that are glued to the board. Flexible secondary 
battens are attached at two points to each of the wing-shaped battens. 
Pressure is exerted from the back at each of these springs by a sheet of 
Plexiglas that is attached to the back of the frame. The downside of this 
system is that because the support is flexible, it relies on the frame to 
provide the necessary stability for the safe handling of the painting. This 
drawback, however, is offset by the fact that the movement of the panel 
is not limited by the range of the previously described spring mechanism. 

Not limiting the movement of the panel was essential because—
in contrast to the Mainardi panel, which was made of severely weakened 

Figure  2

Sebastiano Mainardi, The Virgin and Child 

Enthroned with Saint Justus of  Volterra and Saint 

Justina. The reverse after structural treatment, 
showing Italian support system developed at 
the Opificio delle Pietre Dure in Florence. 
Photos: Courtesy of  Indianapolis Museum 
of Art.
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poplar—the oak of the Flemish painting was strong and in beautiful con-
dition, despite being flimsy and very thin. As such, the panel reacted to 
changes in RH as a single board with one homogeneous curve. The large 
size of the panel in combination with its thinness meant that the range of 
change in its curvature would be much greater than that of the Mainardi. 
This factor was especially relevant to this painting, as it belongs to a 
private collection and is unfortunately destined to be kept in a relatively 
uncontrolled environment, where it will be subjected to changes in RH. 

The next two case studies are derivations from the support sys-
tems discussed above. The purpose of including these is not to show new 
techniques but, rather, to illustrate how elements can be drawn from 
the other systems and tailored to suit the specific needs of a particular 
work of art. To define these needs, consideration is given not only to the 
physical qualities of the works of art but also to their context and their 
environment, as well as to the restraints and resources available to the 
conservator at the time of the treatment.

Case Study 3
 This is a group of three curious small paintings by the American artist 

Joseph Decker (fig. 4). They are roughly dated to between 1883 and 1885. 
The three are owned by a museum that wishes to remain anonymous. 
Once exhibited, all three paintings will be displayed together.

Each depicts the head of a young boy, mouth wide open, 
engaged in various activities. Their titles describe the activities: Boy at 
Dentist, Boy Eating Berries, and Boy Smoking. They are all painted on art-
ist’s palettes. 

The treatment of these paintings not only required the design 
of a support that would stabilize and preserve the structures but also 
presented an interesting challenge because of the unusual nature of the 
works. An important consideration in the design of the supports was to 
maintain the integrity of the palettes, not only as paintings but also as 
painted objects. The new support system therefore needed to be easily 

Figure  3

Seventeenth-century Flemish oak panel. The 
reverse after structural treatment, showing 
system developed by Ray Marchant at the 
Hamilton Kerr Institute London Studio. 
Photo: Monica Griesbach.
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removable. It also needed to incorporate a system by which the palettes 
could be mounted into whatever display would be subsequently designed 
by the museum.

The three paintings were treated simultaneously. However, only 
one of them, Boy Smoking, is addressed here, as it is the only palette made 
of wood. The other two artworks were painted on paperboard supports. 

The support of Boy Smoking is a single rectangular board of 
mahogany with the grain running vertically with respect to the pictorial 
image. The hole in the palette is beveled along its lower edge, transform-
ing the ergonomically contoured thumbhole into the lower lip of the boy. 
It is small, measuring 34.5 cm high by 24 cm wide (13.6 × 9.4 in.). It is 
approximately 3 mm (0.1 in.) thick. 

The mahogany board had numerous splits running in the grain 
direction. Most of the splits had been glued back together in a previous 
restoration; however, portions of these splits had reopened, and there 
were new ones as well. The areas surrounding the open splits had taken 
on different curvatures compared to the overall bow of the panel. The 
panel exhibited only very slight movement of the wood when its curva-
ture was monitored in a controlled environment with varying RH.

After the splits were repaired, an attached f lexible support was 
designed and constructed as an adaptation of the system used by Ray 
Marchant and Simon Bobak. The new system consists of eight wing-
shaped f lexible battens made of Sitka spruce (fig. 5). They are held 
together by three retaining strips made of German oak. The system was 
adapted to make the support easily removable by pinning the support 
to the mahogany panel with custom-built, felted-brass fittings that clip 
onto the palette at six points. The brass fittings are attached to the f lex-
ible support in such a way that three of the six clips can slide up and 
down, allowing for the painting to be removed easily from its mount. 
Hanging clips were then attached to the mount so that it could be hung 
to a wall or other display case. The visible portions of the clips that  
hold the painting in place were toned to match the surrounding areas  
of the painting.

Figure  4

Joseph Decker (American, 1853–1924), Boy at 

Dentist (left), Boy Eating Berries (center), and 

Boy Smoking (right), 1883–85. Boy at Dentist 
and Boy Eating Berries, oil on paperboard pal-
ettes, 40.64 × 30.48 cm (16.0 × 12.0 in.); Boy 

Smoking, oil on mahogany palette, 34.29 × 
24.13 cm (13.5 × 9.5 in.). Photos: Monica 
Griesbach.
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This system worked well, as it provided a slight restraint to the 
movement of the mahogany board and allowed it to be safely mounted 
in any type of display. It also allowed for easy removal of the system, 
so that the artwork could still be appreciated as an object. However, it 
works only because the palette is so small and can be safely handled with 
care even without the support. 

Similar systems were constructed for the two other paintings in 
the group—the only difference being that the new auxiliary supports did 
not restrain the curvature of the boards. Instead, they simply hold the 
palettes onto a solid support shaped to the exact contours of the boards.

Case Study 4
 The fourth treatment is a Florentine cassone panel, Journey of the 

Queen of Sheba, by Apollonio di Giovanni (ca. 1460). It is owned by 
the Birmingham Museum of Art, in Birmingham, Alabama. The panel 
measures approximately 43 cm high and 176 cm wide (16.9 × 69.3 in.)  
and has been thinned to approximately 8 mm (0.3 in.). The grain runs 
horizontally.

The poplar panel has extensive worm damage throughout. It 
had been cradled and was consequently suffering from continual flaking 
of the paint and multiple splits in the support. Although the structural 
integrity of the panel was compromised by the worm tunneling, the 
panel did take on a homogeneous curve after the splits were repaired. 
Because its height was not so extreme in relation to its thinness, it was 
structurally cohesive in its vertical profile. Its most salient problem  
was that its width combined with its thinness made it extremely difficult 

Figure  5

Joseph Decker, Boy Smoking. The reverse after 
structural treatment, showing an adapted 
structural system. Photo: Monica Griesbach.
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to handle. The panel also exhibited a considerable amount of movement 
when its curvature was monitored. 

The design of a new support system was influenced by the resto - 
rations previously carried out on the panel. At some point in the past, 
the panel had been cradled. During another restoration campaign, the 
cradle was removed, and four movable crossbars were installed in its 
place. Soon after the crossbars were added, new splits developed in areas 
surrounding the crossbars. Also, the crossbars offered no support to 
counteract the twisting of the panel along its length, and in fact, they 
exacerbated the problem. Another important factor in the design of the 
support was that the painting needed to be treated under considerable 
time constraints and with restricted access to tools and materials. 

Based on all of these factors, a support was designed as an 
 adaptation of a system learned from George Bisacca. In this system, a 
fiberglass-reinforced Feather-Board is used as a lightweight support that 
does not need to be attached to the panel itself.

It is held against the reverse of the painting by flexible clips. An 
example of this system is on a small work by the American painter Miner 
Kilbourne Kellog that belongs to the National Academy Museum in New 
York, to which the author applied this system (fig. 6).

This system works beautifully with small paintings that can 
be easily handled outside of their frame because of their small size and 
structural cohesiveness. It consists of a single layer of Feather-Board, a 
lightweight fiberglass sheet cut in the shape of multiple wings, that is 
held against the reverse of the painting by a central wood spine that runs 
centered along the grain of the panel. It provides a delicate restraint to 
the movement of the panel and is extremely simple to make; there is 
little need for woodworking tools. 

This system was adapted so that rather than being held against 
the panel by the framing elements, the system (fig. 7) was attached to the 
back of the painting at the horizontal central axis. A solid wood spine 
provided a safe means of handling the painting and supporting it in the 
frame, while the fiberglass wings offered some restraint and support of 
the panel across its vertical section.

Figure  6

Miner Kilbourne Kellog (American, 1814–
1889), Circassian Girl, n.d. Oil on wood, 
23.5 × 17.5 cm (9.25 × 6.9 in.). The reverse, 
after panel work, shows an adapted structural 
system. National Academy of  Design, New 
York, Bequest of  James A. Suydam, 1865,  
692-P. Photos: Monica Griesbach.
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As with the previous example, the Feather-Board was cut in the 
shape of multiple wings. In this case, there are two layers with seventeen 
wings on each side. The wings were cut so that the flanges of the top 
layer would cover the openings between the flanges of the bottom layer. 
Square holes were cut out along the central axis of the boards. These 
holes correspond to the placements of small square wood pegs that were 
glued at approximately 10 cm (3.9 in.) intervals along the length of the 
central axis of the back of the painting. Once the layers of Feather-Board 
were fitted over the small wood blocks, the central solid wood spine 
was glued to the ends of the pegs, sandwiching in the Feather-Board and 
holding the layers against the back of the painting.

This system allows the painting to be easily handled outside of 
its frame. It also offers a mechanism by which it can “hang” in its frame 
by supporting the weight of the painting on either side of the spine. The 
painting is held up against the frame by flexible brackets. Figure 8 illus-
trates how the painting now fits in the frame. It is worth mentioning 
that, as with all the systems discussed, the manner in which the painting 
is fitted in the frame is essential to the proper functioning of the system. 

The last two systems shown are systems that are not necessar-
ily meant to be repeated exactly. The main purpose for including these 
treatments is to illustrate the benefits of adapting panel support systems 
to suit the specific needs of individual paintings, giving consideration to 
the environments in which the paintings are likely to exist. 

Flexible spring clip (attached to frame)

Wood block (attached to frame)

Solid wood spine

Feather-Board support

Panel

Figure  7

Apollonio di Giovanni (Italian, ca. 1415 or 
1417–1465), Journey of  the Queen of  Sheba, 
ca. 1460. Tempera on wood, 43.2 × 175.9 cm 
(17.0 × 69.25 in.). The reverse during struc-
tural treatment, showing an adapted system. 
Birmingham Museum of  Art, Birmingham, 
Alabama, 61.95. Photos: Monica Griesbach.

F ig u re  8

The adapted system used on the Journey of  the 

Queen of  Sheba. Drawing: Monica Griesbach.
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Conclusion
 Choosing to specialize in the field of structural work on panel paintings, 

particularly when educated in the United States where the specialty is 
notably absent in the training programs, requires that conservators in 
training be resourceful and creative in acquiring practical experience. It 
usually requires that they seek out panel paintings conservators in other 
countries in order to acquire the essential skills and knowledge for prac-
tice. Such training provides valuable opportunities to observe and learn 
from the numerous and varied regional approaches. 

Knowledge of a broad range of techniques was essential in 
designing the structural systems shown. Furthermore, working in private 
practice, the conservator often faces inevitable challenges brought about 
by constraints that are outside of the strictly physical requirements of the 
work of art. Having a wide vocabulary to draw from enables the conser-
vator to be equipped to improvise in an effective and responsible way, 
addressing the needs of each painting on a case-by-case basis. 

For the author, working in such a way would not have been pos-
sible without having been fortunate enough to have worked with and 
learned from some of the best experts in our field. Further opportunities 
for exchanges in techniques and approaches, such as that provided by 
this symposium, can only increase the technical vocabulary available to 
those working in this field. 

Materials and Suppliers
 Feather-Board, a fiberglass-reinforced material made in Sweden, imported by Danoka 

International (sole U.S. importer), PO Box 564, Mound, MN 55364, USA.
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This paper is intended as an introduction to furniture and its conservation 
issues for professionals dealing with panel paintings. It discusses the construc-
tion of oak doors of cabinets in the Netherlands in the sixteenth and seventeenth 
centuries, and by systematic observation, it explores their relation to damage 
caused by changes in humidity. In particular, the influence of wooden boards 
attached cross-grain onto panels is considered. This issue relates to the con-
struction and condition of a poplar panel of the Tabernacolo di Linaioli by 
Fra Angelico, created in Florence in 1433. Clearly, cross-grain supports may 
cause damage when panels shrink, but there is also evidence that when wooden 
auxiliary supports cover a substantial area of the panel and are well glued, the 
panel can absorb the tensions that would lead to shrinkage. Further research on 
old panels is required, to which a collaborative project by the Rijksmuseum, the 
Instituut Collectie Nederland (ICN), and University of Amsterdam will contrib-
ute. The second part of the article is devoted to the conservation treatment of 
two doors of a cabinet with floral marquetry, dated to 1690, by the Dutch master 
cabinetmaker Jan van Mekeren. A plea is made for preserving instead of trying 
to improve original constructions, because their quality should not be under-
estimated, and the authenticity of panels as well as of furniture is of paramount 
importance. 

Introduction
 This article is an introduction to issues in furniture conservation for pro-

fessionals dealing with panel paintings. The amazingly well-preserved 
central panel of the altarpiece by Fra Angelico known as the Tabernacolo 
dei Linaioli (1433), in the Museo San Marco in Florence, was the inspira-
tion for comparing its condition to panels in furniture. By observing and 
comparing the condition of actual objects, this article attempts to find 
out more about the movement of wood in response to climate variations 
and construction. What sort of damage do we find—but also, what has 
withstood time well? A selection of paneled doors of oak cabinets from 
the sixteenth and seventeenth centuries in the Netherlands is discussed. 
To give an insight into the conservation approach and ethical consider-
ations, the second half of this article is devoted to the treatment of two 
marquetry doors from a cabinet of the late seventeenth century.

Paneled Doors
 The construction of panels and furniture starts with the selection of a tree 

with good-quality timber. After the tree is cut down, wood has to be 

Panels in Furniture: Observations  
and Conservation Issues

Abstract  

Paul van Duin
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transported, seasoned well, and dried, and great care must be taken to cut 
boards from a trunk in such a way that in time they do not deform or 
warp (Gérard and Glatigny 1997; Piena 2000). The Fra Angelico panel is 
made of poplar, and the cabinets discussed in this article are constructed 
of oak. Both woods have excellent properties and were therefore com-
monly used by craftsmen, poplar being favored in Italy and oak in the 
Netherlands. Oak came from old forests with slowly grown and straight 
trees. Because of oak’s popularity for furniture as well as for houses and 
ships, trees from these forests were harvested extensively. The oak used 
for the cabinets discussed below is so-called quartered oak, with growth 
rings perpendicular to the surface. The rays, which run from the center  
of the trunk toward the bark, are clearly visible as shiny spots. Quartered, 
or radial, oak is therefore not only very durable but also decorative. 

In furniture and larger panel paintings such as the Tabernacolo 
dei Linaioli, wooden components are fixed to each other at 90° angles. 
The purpose is to make stronger constructions and to keep panels in the 
correct, usually flat, shape. In response to fluctuations in humidity, unre-
stricted wood moves in radial and tangential directions but moves to only 
a negligible extent in the longitudinal direction. As a result of lower levels 
of humidity, wood wants to shrink. If a crossbar or stretcher is attached to 
a panel, it prevents the wood from shrinking freely. The forces that lead 
to shrinkage are very large and often cause damage in the form of cracks 
and/or warping of the panel. One could say that when exposed to lower 
levels of humidity, the panels may become their own enemies. 

This knowledge—mostly passed on orally and a product of the 
immense experience of the craftsmen who worked with timber—was 
often underestimated in later centuries when people thought they knew 
better. A good example of what can go wrong in this respect are the 
many panels that have been thinned down and cradled and that now 
exhibit many more problems than panels that were left untreated. We, 
modern people from the age of technology, can only learn from that by 
being more considerate and avoiding “improvements” in construction.

Tabernacolo dei Linaioli, 
1433

 The central panel of the very large Tabernacolo dei Linaioli is 289 cm high, 
177 cm wide, and 19.5 cm deep (113.8 × 69.7 × 7.7 in.), including the 
frame, which forms an integral part of the panel (fig. 1). The panel is 
made entirely of poplar and consists of five vertical boards that run  
the full height of the central panel. They are 3 cm (1.2 in.) thick and 
25–40 cm (9.8–15.7 in.) wide, butt-joined and glued together. Four hori-
zontal boards, also 3 cm (1.2 in.) thick and 33–45 cm (13.0–17.7 in.) wide 
are firmly attached to the back with glue and wrought iron nails; in this 
way about 60% of the panel is covered with cross-grain wood. Along the 
edges, narrower, vertical pieces, as well as triangular blocks, are fixed 
(fig. 2). At the front of the panel, a heavy 13.5 cm (5.3 in.) thick arched 
molding is applied with glue and nails. The base of the structure is a 
wooden plank (3 × 26 × 177 cm; 1.2 × 10.2 × 69.7 in.) that sustains the 
weight of the whole construction.

The construction is original, apart from the hinges, which have 
been replaced in the past. There is some evidence of previous conserva-
tion: along the cracks, some retouchings have become visible, and the 
back shows evidence of glue blocks along the cracks and many whitish 
spots. There is no indication of structural treatments. The damage in the 
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Figure  1

The central panel of  the 
Tabernacolo dei Linaioli by Fra 
Angelico (Florentine, ca. 1400–
1455), 1433. Front and back. 
Poplar, 289 × 177 × 19.5 cm  
(113.8 × 69.7 × 7.7 in.) (includ - 
ing frame). Museo San Marco, 
Florence, inv. 1890 n. 879. Photos: 
Archivio Photografico, Opificio 
delle Pietre Dure, Florence. 

F ig u re  2

X-ray of  the central panel of  the Tabernacolo 

dei Linaioli. Image: Archivio Photografico, 
Opificio delle Pietre Dure, Florence.
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form of shrinkage cracks is very limited—two cracks with a maximum 
total width of 0.4 cm (0.2 in.), equivalent to 0.25% shrinkage, are vis-
ible at the back and on the X-ray. They consist of two partly opened butt 
joints on either side of the middle board; one crack continues within that 
board. The cracks stop toward the top, where the panel is fully covered 
with cross-grain stretchers. 

Archival Cabinet,  
1500–1550

 One of the earliest cabinets in the collection of the Rijksmuseum in 
Amsterdam is an archival cabinet made for the Dom church in Utrecht 
(Lunsingh Scheurleer 1952). It is very large, 224 cm high, 354 cm wide, 
and 91 cm deep (88.2 × 139.4 × 35.8 in.), with four doors, and it is entirely 
made of good-quality quartered oak. The doors are 185 cm high, 83 cm 
wide, and 5 cm thick (72.8 × 32.7 × 2.0 in.) and consist of three vertical 
boards, 2.5 cm (1.0 in.) thick and 25–30 cm (9.8–11.8 in.) wide. A frame-
work is applied to the front with wrought iron nails and consists of five 
2.5 cm thick and 18.5 cm wide (1.0 × 7.3 in.) horizontal stretchers with 
vertical stiles on either side and in between (fig. 3). This means that 
almost 50% of each vertical board is covered with cross-grain bars. The 
decoration is simple; the framework has carved quatrefoil ornaments 
around the square recesses.

The doors are stable and have a very slight horizontal warp with 
0.5 cm (0.2 in.) deflection. The damage is limited to the joints between 
the boards, which have opened up by 0.4 cm (0.2 in.), equivalent to 
almost 1% shrinkage. Also, the miters have opened by about 0.1 cm 
(0.04 in.). The open joints have been covered in the past with thin strips 
of plywood, probably to prevent dust from entering the interior. The 

F ig u re  3

The right door of  the archival cabinet made 
for the Dom church in Utrecht, 1500–1550. 
Oak, door: 185 × 83 × 5 cm (72.8 × 32.7 × 
2.0 in.). Rijksmuseum, Amsterdam,  
BK-NM-125. Photo: Rijksmuseum, 
Amsterdam.
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open joints are only visible in the recessed areas at the front. They are 
not disturbing and are not causing further damage. Conservation treat-
ment is therefore not considered necessary.

Cabinet, 1607
 Made some hundred years later than the Dom cabinet, this cabinet is 

232 cm high, 229 cm wide, and 85 cm deep (91.3 × 90.2 × 33.5 in.) 
(Baarsen 1993; 2007). The date is part of the ornamentation in the archi-
trave. All woodwork is of high quality and made of quartered oak. The 
cabinet has two large doors, 175 cm high, 69 and 81 cm wide, and 3.5 cm 
thick (68.9 × 27.2/31.9 × 1.4 in.) (fig. 4a). In contrast to the doors of the 
archival cabinet, these doors consist of a frame containing two panels of 
70 by 49 cm (27.6 × 19.3 in.). The panels have a beveled edge and are set 
into a groove. The panels themselves are constructed in a way similar to 
that of the previous doors; they consist of two 0.9 cm thick and 24 cm 
wide (0.4 × 9.4 in.) boards onto which thin oak moldings are glued. The 
boards are tongue-and-groove joined, the joints being exposed along  
the beveled edges. The moldings are thin and vary from 1.0 to 0.1 cm 
(0.4–0.04 in.) in thickness and are glued onto the boards, covering 33%  
of them with cross-grain wood. 

The doors are straight, stable, and very well preserved. They 
show no damage, except for some short cracks, approximately 0.1 cm 
(0.04 in.) wide, along the edges of the interior of some of the panels. The 
mitered joints are all firmly closed, but in some cases the vertical mold-
ings have moved slightly inward. As the panels are set into a frame, they 
can expand and contract more freely, and closer inspection reveals that 
the panels have shrunk by 0.3 cm (0.1 in.), which is equivalent to 0.6%. 
This shrinkage is evident along the edge of the panels, where the wood 
that was previously inside the groove is now exposed and has a slightly 
darker color. The cabinet has recently received conservation treatment 
in which the moldings were checked and if (partly) loose were reglued. 
This was only necessary in a few cases; most moldings were still firmly 
stuck. In the past, some nails were used to enhance the fixing of mold-
ings and central ornaments. These have not caused further damage and 
were preserved.

Cabinet, Northern 
Netherlands, 1650–70

 Typical for the mid-seventeenth century is a cabinet with two large 
doors crowned by carved arches above tall flat panels (Baarsen 1993; 
2007). This cabinet is decorated with ebony veneered fields in the archi-
trave, pilasters, and door frames (fig. 4b). The cabinet is 200 cm high, 
173 cm wide, and 74 cm deep (78.7 × 68.1 × 29.1 in.); the doors, which are 
140 cm high and 55 and 70 cm wide (55.1 × 21.7/27.6 in.), have panels set 
into a frame. The frame is up to 3 cm (1.2 in.) thick. The doors have large 
panels, 128.5 cm high and 43 cm wide (50.6 × 16.9 in.), consisting of two 
boards, 21 cm wide and 0.9 cm thick (8.3 × 0.4 in.). They are tongue-and-
groove joined and fit into a rebate of the frame, and they are secured 
with a beading, possibly of later date. The boards have nearly identical 
grain patterns, indicating that they were positioned in the trunk next to 
each other.

The doors are stable and straight. Shrinkage is not apparent 
at first sight, but darker wood along the edges of the panels shows that 
they have shrunk up to 0.45 cm (0.2 in.), equivalent to 1%. Apart from 
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a replaced ornament hiding the keyhole, the exterior of the doors is 
unchanged, but on the inside, previous conservation treatment is evi-
dent. Cross-grain stretchers have been slightly recessed and glued onto 
the boards and frame. The right door has a repaired crack in the top of 
the right board. Further conservation treatment is not considered since 
the doors are stable, and although we do not much like the new stretch-
ers, they are not visible to the public, as the cabinet is displayed with 
closed doors.

Comparison of the 
Condition of the Panels

 It is hypothesized that the good condition of the Tabernacolo dei Linaioli 
and the 1607 door panels is due to the high amount of cross-grain wood 
that is still firmly glued to the vertical boards. The 1% shrinkage of the 
doors of the other cabinets is considerably more. The later stretchers 
applied to the back of the panels of the cabinet dated to 1650–70 have 
caused no further damage, indicating that the shrinkage had taken place 
before they were applied. When did this shrinkage take place? This is not 
easy to answer, as we do not know the conditions in which the cabinets 
were kept, how often they were moved, and how carefully this was done. 
The doors with panels set into frames are still straight, whereas the 
doors consisting of backboards onto which moldings have been applied 
are slightly warped. This has occurred because the front of the boards 
was constrained by the horizontal moldings and could not shrink as 
much as the back of the boards. The construction of the Tabernacolo 

a b

Figures  4a  and  4b

Cabinet doors. The right door of  a cabinet, 
Netherlands, 1607 (a). Oak, 175 × 81 ×  
3.5 cm (68.9 × 31.9 × 1.4 in.). Rijksmuseum, 
BK-16071; the right door of  a cabinet, 
Netherlands, 1650–70 (b). Rijksmuseum, 
Amsterdam, BK-1959-47. Photos: 
Rijksmuseum, Amsterdam.
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 differs in that respect, as it has stretchers on the back as well as the 
engaged arched frame on the front—meaning that the vertical boards  
are constrained on two sides. If the assumption that a large percentage  
of cross-grain applications can help to prevent shrinkage is correct, this 
will, of course, only work for as long as the glue does not fail.

Conservation of the  
Van Mekeren Cabinet

 The Van Mekeren cabinet is dated by dendrochronology to ca. 1695 and 
has floral marquetry on the front and sides very much like the popular 
still lifes that were painted by artists such as Van Huysum, De Heem, 
and many others in the seventeenth and eighteenth centuries (Baarsen 
1993; 2007). The cabinet is constructed of oak and veneered with ebony, 
kingwood, and indigenous and tropical veneers for the marquetry (fig. 5) 
(Van Loosdrecht 2002). It is 205 cm high, 173 cm wide, and 61 cm deep 
(80.7 × 68.1 × 24.0 in.). Jan van Mekeren (1658–1733) became a master 
cabinetmaker in Amsterdam in 1687 and produced many cabinets and 
tables in this fashion (Lunsingh Scheurleer 1941). The cabinet conforms 
to a very popular type of furniture in the Netherlands in the late seven-
teenth century: a stand supporting a cabinet with flat surfaces between 
small moldings at the top and bottom. Variation in appearance was 
achieved by applying different types of decoration: painted surfaces, mar-
quetry of many kinds of veneer, and materials like tortoiseshell, ivory, 
pewter, Asian and European lacquerwork, and even embroidery. Flat 
doors appear like panels, but their construction is much more compli-
cated, as they are not contained by a frame. Cabinetmakers experimented 

F ig u re  5

Right door of  the Van Mekeren cabinet, 
Netherlands, ca. 1695. Oak veneered with 
ebony, kingwood, and marquetry of  indige-
nous and tropical veneers, door: 110 × 80 × 
3.5 cm (43.3 × 31.5 × 1.4 in.). Rijksmuseum, 
Amsterdam, BK-1964-12. The detail on the 
right shows the condition before conserva-
tion. Photos: Rijksmuseum, Amsterdam.
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with construction methods to obtain durable flat doors that could be 
 decorated on both sides. To prevent warping, the construction of doors 
always consists of horizontal and vertical boards. For a flat door, the 
joints between the boards have to be concealed underneath the decora-
tive material. Cabinetmakers used various construction methods to 
achieve this (De Vlam 1993; Baarsen and Folkers 1992). Most commonly, 
cleated ends were used, where cross-grain stretchers are fixed against 
either end of the vertical boards. The cleats can vary considerably in 
width. Compared to the panels of the oak cabinets discussed earlier  
in this article, the surface area of the joints between the vertical boards 
and the cross-grain wood is much smaller. Often the boards have moved 
in relation to the cleats, and this movement is shown along their joint. 
The joints between the vertical boards have opened up because of shrink-
age and failure of glue. The gap between the vertical boards is always 
wider toward the middle of the boards; near the cleats the boards have 
shrunk less (Van Duin 1993a; 1993b). This implies that to a certain extent 
they can absorb the forces that lead to shrinkage. 

The doors of the Van Mekeren cabinet are 110 cm high, 80 cm 
wide, and 3.5 cm thick (43.3 × 31.5 × 1.4 in.). They are not constructed 
with cleated ends but consist of a sandwich construction of two thin oak 
panels with a frame, stretchers, and glue blocks in between the panels 
(Breebaart and van Duin, forthcoming). The front and interior panel of 
each door consist of three butt-joined boards onto which the marquetry 
is applied. The frame has miter joints and contains five cross-grain mem-
bers. In the remaining spaces, thirty rectangular glue blocks are used, 
placed parallel to the grain direction across the joints of the wooden 
boards and placed cross-grain in the middle of the boards. In this way a 
light door was constructed in which the boards are kept flat and joints 
are reinforced by cross-grain members and glue blocks. 

The condition before conservation showed that the joints of 
the boards had opened, and glue joints between the boards and most of 
the members had come apart. Total shrinkage was 0.3–0.5 cm (0.1–0.2 
in.), equivalent to 0.6%. Interestingly, cracks did not continue through 
the marquetry tabletop where the veneer has been applied cross-grain. 
The cracks had been filled and retouched during a previous conserva-
tion treatment, and four nails were inserted through the boards into 
the stretchers. The cracks had since opened a little more, and the filling 
material had discolored. As the cracks run straight through the floral 
marquetry, conservation treatment was considered for aesthetic reasons, 
as well as to avoid the risk of further damage to the marquetry alongside 
the cracks. Various options were discussed, and eventually, after inves-
tigating the construction with X-ray, we decided to dismantle the doors 
in order to close the gap between the boards, and to reglue the original 
joints between the boards, stretchers, and glue blocks. Although disman-
tling the construction can be regarded as invasive, it made it possible to 
stabilize the door while maintaining the original construction. 

Treatment started by swelling the glue underneath the veneer 
on the sides of the doors with moist tissue on top of the veneer, and by 
subsequently lifting the veneer with a thin knife. With methylated spir-
its and a thin knife, the remaining glue bonds between the three front 
boards and the stretchers were separated (fig. 6). The backboards were 
originally glued and also nailed with square wrought iron nails onto the 
stretchers. The tips of the nails just penetrated through the  stretchers 
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and were heated by us with a soldering iron in an attempt to loosen  
the bond with the wood. The two outer backboards were then lifted; the  
middle backboard was not removed (fig. 7). All joints were cleaned by  
removing the old glue and fillings with a damp cloth and a heated 
spatula. No wood was removed. The nail holes in the stretchers were 
elongated in order to accommodate the original nails. This allowed us 
to move the boards sideways by some millimeters in order to close the 
joints with the middle board and to reglue them onto the stretchers. We 
used animal glue, the same kind of glue that was used originally. In con-
trast to PVA or other synthetic glues, animal glue is easily reversible and 
removable. It was unavoidable to shorten the miter joints of the frame by 
approximately 0.2 cm (0.08 in.) on either side, as the doors had become 
narrower by closing the joints between the boards. Subsequently, the 
joints between the three front boards were cleaned and reglued. Loose 
pieces of marquetry along the joints were fitted into place and reglued 
at the same time—a procedure that took advantage of the animal glue, 
which becomes fluid again with a little heat. In this way, the pieces of 

Figure  6

Detail of  the right door of  the Van Mekeren 
cabinet during conservation. One of  the front 
boards has been removed, and the interior of  
the door with stretchers and glue blocks is 
visible. Photo: Rijksmuseum, Amsterdam.

F ig u re  7

The stretchers and the middle backboard of  
the right door of  the Van Mekeren cabinet. 
Photo: Rijksmuseum, Amsterdam.
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marquetry could be pressed into the right position (fig. 8). The glue 
blocks were reglued into their original position, and finally the front 
panel was reglued to the other half of the door. This was complicated 
because the surface area that had to be glued was large, and everything 
had to fit well together. Before gluing, the front panel had a slight warp, 
but this was easily pressed flat during gluing. Missing pieces of marque-
try were cut and replaced. The cabinet had been french-polished during 
a previous treatment. This polish was removed with a cloth moistened 
with methylated spirits. The earliest remaining finish was preserved, and 
the surface was sealed with glue size. On top of this, several thin layers 
of beeswax were applied and polished to a silk gloss. The old cracks are 
hardly visible. Hairline cracks within the ebony veneer remain but  
are not disturbing.

The treatment was finished in 1999, and the cabinet has since 
been on display in the Rijksmuseum. The cabinet is now part of a long-
term research project of the Netherlands Institute for Cultural Heritage, 
the Rijksmuseum, and the University of Amsterdam to monitor the influ-
ence of fluctuations in the museum climate on wooden objects such as 
furniture and panel paintings. So far the cabinet’s condition has been 
very stable. Privately owned cabinets with a similar construction have 
been recently restored in the Netherlands, where sliding mechanisms 
were introduced to prevent new damage by movement of the wood 
(Greebe 1994). Whether these mechanisms function better than the 
reglued original construction is open to discussion. The original authen-
tic construction is, of course, preferable in a museum setting.

Conclusion
 Finding a definite explanation for the good condition of the Tabernacolo 

dei Linaioli is not easy. The oak cabinet dated to 1607 is in comparable 
condition and shows less shrinkage damage than the other cabinets 

Figure  8

The front boards of  the right door of  the  
Van Mekeren cabinet in the process of   
being reassembled and reglued. Photo: 
Rijksmuseum, Amsterdam. 
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 discussed. The assumption is that a sufficient amount of well-glued cross-
grain timber helps to prevent shrinkage cracks. This question needs fur-
ther research. As conservators, we tend to focus too much on damage. It 
is easier to explain damage than to explain why no damage has occurred. 
In fact, all the cabinets discussed have survived very well. For example, 
although the construction of the Van Mekeren doors had become unsta-
ble, the marquetry was still firmly adhered to the oak boards. The animal 
glue easily survived the past three hundred years. These objects were 
 evidently made with carefully selected, high-quality materials and with 
great skill and care. Therefore, the author would like to conclude with a 
plea for preserving the authenticity not just of the decorative layers but 
also of the wood, nails, and frames. We can see from the many thinned 
and cradled panel paintings that people had little confidence in the 
wooden support. The problems that do arise from these alterations prove 
that relatively intact, original panels have survived much better, as have 
the Dürer panels of Adam and Eve from the Prado show (see George 
Bisacca and José de la Fuente Martínez, “The Treatment of Dürer’s Adam 
and Eve Panels at the Prado Museum,” in this volume).

More research is needed to understand how old wooden objects 
such as panels and furniture react to changes in humidity. Research 
should also include the systematic comparison of the conditions of 
greater numbers of panels and furniture. The joint research program 
of the Rijksmuseum, the Instituut Collectie Nederland (ICN), and the 
University of Amsterdam, all housed in the new Atelierbuilding, aims to 
contribute to this.
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Violins might appear to have little in common with panel paintings, as their 
function is to produce sound. Rosined horsehair rubbed against a string can pro-
duce a sound of extraordinary tonal range and volume. Similar to panel paint-
ings, instruments are made of wood and decorated on one side—not usually 
with paint but with fine varnish, which not only enhances the aesthetic quality 
of the material used but offers protection in everyday use. The thinly carved pan-
els have to resist enormous pressure from the strings as well as adjust to climatic 
conditions. They have done this in some cases for nearly five centuries: the earli-
est violin with a dated label, by Andrea Amati, bears the date of 1564.

This paper will examine from the perspective of a violin maker and 
restorer the following concerns: tools and methods for repairing cracks, causes of 
cracks, procedures for gluing cracks in perfect alignment, crack reinforcements, 
and methods to ensure that the repair will not cause future problems. 

The violin is a perfected and economic solution to an engineering prob-
lem, and no part is without its function. In order to maintain these instruments 
as both working tools and aesthetic creations, it is crucial to understand the 
methods and sequence of construction, the effects of humidity, and the move-
ment of the wood.

I am a violin maker, and in this essay I will discuss some of the tools 
and methods required to repair cracks that occur most frequently in 
violins. The function of a violin is to produce sound; rosined horse-

hair rubbed against a string can produce a sound of extraordinary tonal 
range and volume. Similar to panel paintings, instruments are made of 
wood and decorated on one side—not usually with paint but with fine 
varnish, which not only enhances the aesthetic quality of the material 
used but offers protection in everyday use. The thinly carved parts, in 
places as thin as 1 mm (0.04 in.), have to resist enormous pressure from 
the strings as well as adjust to climatic conditions.

History and Construction
 The violin has changed little in 450 years, apart from modification to the 

neck and fingerboard in response to string technology and adjustments 
to facilitate ever-increasing virtuosic repertoire. The violin was first cre-
ated in Italy in the mid-1500s, and Andrea Amati of Cremona (born ca. 
1505) is credited with the earliest instrument bearing a dated label. This 

Restoration—A Sound Practice

Abstract  

Jonathan Woolston
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violin was part of a commission of thirty-eight instruments for Charles 
IX of France and was most likely inspired by his mother, Catherine de 
Médicis, who would have been well aware of the musical scene in Italy at 
this time. Amati would have already been well established as a maker of 
this type of instrument. At this point, the violin was already quite highly 
evolved, and it can be assumed that many instruments of inferior quality 
or early prototypes have not survived (fig. 1).

The violin owes its longevity to the careful choice of materi-
als, the construction methods, the quality of varnish, and the choice of 
animal glue. The ideal woods—spruce for the front and maple for the 
backsides and scroll—are still used because of their strength and tonal 
performance. A hot-melt animal glue, heated to about 60ºC (145ºF) in 
a double boiler, just below the strength of the wood itself, is flexible, 
reversible, and reactivated with water.

Quite remarkably, the instruments made today use the same 
materials and construction methods as in Amati’s time, and they are 
made to basically the same specifications. Each string is able to be bowed 
individually while the musician comfortably supports the instrument 
with the left hand and stops the string to sound appropriate notes. 

The sound holes, often referred to as f holes, are positioned 
precisely and allow movement of the bridge. These f holes are shaped in 
such a way as to allow for this flexure without risk of cracks occurring 

Figure  1

Andrea Amati, “Piccolo” violin, 1564. The 
instrument was commissioned for France’s 
Charles IX. Tuille House Museum and Art 
Gallery. Photos: Tuille House Museum and  
Art Gallery.



106

PROOF    1  2  3  4  5  6

Wo o l s t o n

at the extreme edges. The f holes also conveniently allow for the fitting 
of the soundpost, which couples the front to the back acoustically and 
mechanically (fig. 2).

The purfling, the black-white-black wooden inlay around the 
perimeter of the violin, is placed directly above the rib line and serves 
partly as an acoustic hinge; it is, of course, decorative, but it is also func-
tional, since it reduces the likelihood of cracks propagating from the 
outer edges, the places where the instrument is most vulnerable to get-
ting knocked.

The arching of the front and back plates offers strong but flexible 
support for the string tension, which is of the order of 25 kg (55 lb.) with 
a bridge loading of about 10 kg (22 lb.). There are quite a few instruments 
that have withstood these forces as well as the rigors of a performing life, 
including being transported in historical conveyances through various 
geographical zones and under varying climatic conditions.

Causes of Cracks
 Cracks occur for several reasons: accidental, climatic, internal weakness 

of material, or previous restorer error. Changes in humidity give rise  
not only to dimensional changes but to changes in the properties of the 
material. Increases in moisture make wood more flexible, and in the case 
of the violin, this will affect the sound to a degree. The arching and thin-
ness of the plates also gives some tolerance to changes in humidity. The 
greatest changes happen to the front of the violin, and it is for this reason 
that the front is usually glued in place with a weaker solution of glue, so 
that, in extremes, the top will become unglued at points if under stress. 
A side that becomes open is quite easily glued back together with animal 
glue of the appropriate strength.

The changes that occur are not necessarily uniform and are 
dependent on many factors, including the dryness of the material when 
it was used. Other variables are the choice of tree, the timing of its fell-
ing, and how it was dried. These aspects were more carefully considered 

Figure  2

Cross section of  a violin, with various parts 
labeled: (a) bridge, (b) rib (1 mm, or 0.04 in. 
thick), (c) purfling, (d) sound post (6.5 mm, or 
0.26 in. diameter), (e) lining, and (f ) bass bar. 
The front is made of  spruce, Picea excelsa, and 
the back is made of  maple, Acer pseudoplata-

nus. Photo: Jonathan Woolston.



107R e s t o r a t i o n — A  S o u n d  P r a c t i c e

PROOF    1  2  3  4  5  6

when trees were felled and cut by hand. Great care is taken by violin 
makers to source the best material for their instruments, and restorers 
must also use similar high-quality material for repairs.

Shrinkage cracks in instruments are caused by decreases in 
humidity and usually start at the edge of the instrument. In order for 
these to be glued back together, first of all one has to release any tension 
there might be in the plate, which usually means releasing the rib-front 
seam in the general area of the crack. This is usually done with a thin 
stainless steel spatula and a thin application of industrial methylated spir-
its (IMS or denatured alcohol) positioned to run into this juncture. This 
has the effect of making the glue very brittle, and the seam will usually 
open quite easily. Usually a shrinkage crack will close up once the side 
is released; however, it is prudent to have a stretcher clamp adjusted and 
ready, just in case it is required. Stretcher clamps are ideal for repairing 
cracks from the outside (fig. 3). By shaping the stretcher bar to the contour 
of the plate, one can direct the force from the side by use of the screw. It 
is possible to control the level at which the crack is brought together by 
using wedges pushed in under the stretcher bar and a Perspex protector, 
which is placed above the varnished surface of the plate.

For more serious repairs requiring internal access, the top is 
removed by use of a thin stainless steel spatula, IMS, and patience. Before 
this is done, detailed measurements are taken for future reference. For 
clean fresh cracks, special care must be taken to not contaminate the 
crack with dirt from the surrounding area. The same care needs to be 
taken with old cracks. Before any work takes place on the crack site, the 

Figure  3

Stretcher clamps (top) and aluminum double-
swivel clamps (bottom) in use. Photos: 
Jonathan Woolston.
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repairer might consider gluing a stud at the end of the crack, which will 
help stop the crack from propagating while the crack is being flexed. 
(fig. 4). Old glue needs to be lightly soaked with a small piece of damp 
paper towel and gently stroked with a soft, short-bristled brush. Care 
should be taken not to completely saturate the area, as the wood will 
soften. Likewise, brushing too vigorously will remove fibers and damage 
edges. If there are many unsupported cracks to deal with, gluing support 
tabs (light studs) placed strategically can be beneficial. Specialist light-
weight clamps can be used to help keep the crack in register. For this 
purpose, a lightweight aluminum double-swivel clamp is used; this tool 
is different from most clamps purchased commercially, which only have 
one foot that swivels (fig. 3).

Block-and-Wedge 
Clamping System

 With the block-and-wedge clamping system, full control over the angle 
at which these cracks are brought together can be achieved (fig. 5). Even 
cracks that do not appear to join together and that may have been out of 

Figure  4

Crack repair with a stud positioned at the end 
of  the crack (foreground). A single block with 
a small cutout above the crack is placed 
behind the stud; it will be cut through for 
wedge insertion. Photo: Jonathan Woolston.

F ig u re  5

Control of  gluing angle with block-and-wedge 
clamping system, with J clamp (foreground); 
cap over block-and-wedge repair using J clamp 
and double-swivel clamps (behind). Photo: 
Jonathan Woolston. 
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register for years can often be coaxed back into alignment. This is very 
difficult to achieve unless one can have full control over the clamping 
pressure. It is crucial that the crack be glued in perfect alignment for the 
integrity of the vibrating system. Misaligned cracks are weak; they are 
prestressed; and they can also cause stresses to be focused elsewhere on 
the surface of the plate. Cracks that occur in the vicinity of, or as a result 
of, a misaligned crack can be problematic to repair successfully. Undoing 
the old repair and then regluing is sometimes the only solution.

This system of clamping can only be used when the front or 
the back has been removed, as it requires access to the inside surface 
of the instrument. Quite simply, two blocks are glued on either side of 
the crack; these can be chalk-fitted to the inside surface and then glued 
(fig. 6). Chalk fitting is a process in which one surface, in this case the 
top plate, is used as a reference, and chalk is applied. When the block is 
in contact, the chalk leaves a print, which is then removed with a scraper 
or edge tool. The process is repeated until the entire surface contacts. I 
tend to use quarter-cut spruce approximately 5 mm (0.2 in.) square (but it 
depends on the size of the job). The block is placed perpendicular to the 
grain of the front. Alternatively, one can use a single block with a small 
cutout positioned where the crack falls (fig. 4). The goal is to not have 
any glue fall into the crack. Several blocks can be strategically placed 
and glued. The top portion can be cut through when required with a fine 
Japanese pull saw, the curf of which designates the width of the aperture.

The J clamp can now be fitted in place. The J clamps are 
designed so that the screw is furthermost from the clamp foot—as 

F ig u re  6

Chalk fitting a cleat below an f  hole.  
Photo: Jonathan Woolston. 
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opposed to a G clamp, where the screw is in line with the clamp foot.  
A wedge can now be made to fit between the aperture made by the saw 
cut to control the angle at which the crack is brought together. The J 
clamp is positioned close to the surface of the plate for maximum effect. 
Each wedge needs to be numbered to correspond to the correct block 
and also marked so it can be quickly positioned at the correct depth. 
With a wedge in place and by lining up the crack at the correct angle, 
one can “cap” the two blocks with a single thin piece of wood (fig. 5). 
This procedure now makes the wedge redundant and might be help-
ful on one or two blocks; however, the angle cannot be altered except 
by removal of the cap. This system can be used in combination with 
stretcher clamps, if required.

With the crack lined up and wedges in place, it is possible to 
do a “wet run” with a little warm water brushed into the crack, which 
will line up all the wood fibers. The crack is then left to dry overnight. 
A straightedge (a piece of dark plastic with a perfectly straight edge) 
is used to check the levels of the outside and varnished surface of the 
crack—assuming that this is a good reference point. It might be that 
adjustments could be necessary, in which case another wet run might  
be required. It can be useful to glue strips of veneer between each set  
of posts, a step that will help to keep everything in register during glu-
ing. The lightweight double-swivel clamps can also be used for this 
purpose. These, however, must be removed within the hour, as they 
can create depressions in the outside surface. This happens because the 
clamps don’t allow the wood fibers to swell; so instead, they sink when 
the moisture leaves.

With everything in place and ready to go, it is time to glue. 
Glue is applied from the outside, the varnished side, as this avoids the 
problem of unnecessary glue on the inside, which in turn will swell  
the wood on the inside. For long cracks it might be necessary to glue in 
two stages. As can be seen in figure 7, inserting a wedge into the throat 
of the blocks in order to open the crack might be useful if one needs to 
f lex the crack in order to create capillary action to get the glue into the 
fissure. After the glue is allowed to dry, the clamps and blocks are care-
fully removed. Since the blocks are made of quartered spruce with the 

F ig u re  7

A crack being opened with a wedge in  
the throat of  the block. Photo: Jonathan 
Woolston. 
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grain perpendicular to the front, it should be possible to split most of a 
block away, removing the rest with a gouge or thumb plane. The final 
wood layer is removed with a little moist paper towel left on the area for 
twenty minutes.

Crack Reinforcements
 It is normal practice to cleat the crack with thin (approximately 0.6 mm, 

or 0.02 in.) blocks of wood. Spruce is used for the front, and spruce or 
willow for the back. The size and shape of these blocks depends on sev-
eral factors, such as thickness of the plate, wood loss in the crack, and 
quality of bond. In general, cleats are kept as small as possible. Cleats 
should be chalk-fitted only when the violin plate has had plenty of time 
to reach equilibrium. The grain is placed perpendicular to the grain of 
the front and split from a block; it is important to ensure that the gluing 
surface follows this split line so as to offer maximum strength. The cleats 
are approximately 2–3 mm (about 0.1 in.) thick, with the grain line run-
ning from the gluing surface up; they are chalk-fitted with the use of a 
knife and scraper. When you get a good chalk reading, you can glue 
them swiftly into the exact place using the double-swivel clamp, remov-
ing excess jelled glue with a stick and minimal water. When the glue is 
dry, the clamps are removed, and the cleats are trimmed to a feather 
edge at the ends (fig. 8). It is fairly important that the end of the cleat 
does not form an excessively stiff area at the edge; it is also important 
that the cleats do not line up or follow one specific grain line, as a crack 
could form should the instrument be knocked. 

Once the crack is cleated and trimmed, the crack is then sealed 
with a varnish made of dewaxed white shellac, sandarac, and mastic or 
copal that will also act as a filler varnish for small varnish losses. The dry 
resins in a 4:1:1 ratio are dissolved in alcohol in a warm bath. This var-
nish is laid on using the point (not too sharp) of a stick; the flow is con-
trolled with the speed of the stroke. The repairer can trim with a scraper 
laid as flat as possible, using gentle stroking action. 

The violin is a perfect ergonomic and economic solution to an 
engineering problem, each part having a function that contributes to the 

F ig u re  8

Feathering the edges of  the cleats with a 
gouge. (Note the old cleats on the left.) 
Photo: Jonathan Woolston.
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sound the instrument is designed to produce. It is crucial to understand 
the methods and sequence of construction, the effects of humidity,  
and the movement of wood in order to maintain these instruments as 
both working tools and artistic creations. Well-repaired cracks not only 
protect the structural integrity of the violin but also allow the instru-
ment to retain its tonal character. Because the materials used are worked 
so thinly, it would not be prudent to leave a crack in an open state for 
too long, as the adjacent sides would be free to move, and that movement 
might cause the crack to elongate and the edges of the crack to curl.
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The functional requirements of gap-filling adhesives for use in the structural 
conservation of panel paintings impose considerable constraints on the choice 
of materials for this purpose. Some degree of flexibility in the adhesive is con-
sidered an important material characteristic. The paper presents an evalua-
tion, based on accumulated personal experience from the practice of furniture 
conservation, of the properties and performance of a range of adhesive systems 
for gap-filling applications. Adhesive types considered include natural and syn-
thetic water-based materials: animal-hide glue and acrylic and polyvinyl acetate 
polymer emulsion products—the latter group comprising both regular white PVA 
glues and aliphatic resin glues (yellow carpenter’s glues), which have improved 
water resistance and setting properties. Other adhesive systems evaluated 
include hot melt products, such as ethylene vinyl acetate (EVA) and multiple-
component reactive systems of several types: rigid epoxies, flexible epoxies, 
and room temperature vulcanization (RTV) silicones. The use of isolating 
layers, to aid reversibility or to prevent penetration of the gap-filling adhesive 
into the porous structure of the wood, is discussed in connection with specific 
adhesive types.

Introduction
 At the first Getty symposium on panel paintings conservation in 1995, 

I surveyed adhesives commonly employed within conservation for the 
treatment of wooden objects (Williams 1998). In that discussion, a dis-
tinction was made between “simple” fractures in the wood (which 
require only the introduction of an appropriate adhesive into the disjoin, 
alignment of the gluing surfaces, and application of moderate compres-
sion to achieve a successful repair) and “complex” fractures that pre-
sented greater technical challenges to the conservator. Complex fractures 
were defined to include those in which the gluing surfaces are distorted 
or involve a void or gap, for example, because of shrinkage or damage to 
the wood adjacent to the fracture. Joining of complex, open (gapped) 
fractures is usually achieved by adhering a (shaped) wood fillet into the 
gap or by filling the gap with a bodied, low-shrinkage adhesive, or some-
times by a combination of these approaches. The functional require-
ments of gap-filling adhesives impose considerable constraints on the 
choice of materials for this purpose (Grattan and Barclay 1988; Young 
et al. 2002; see also Christina Young, Britta New, and Ray Marchant, 
“Experimental Evaluation of Adhesive-Filler Combinations for Joining 
Panel Paintings,” in this volume).

Some Experiences with Flexible Gap-Filling 
Adhesives for the Conservation of Wood Objects

Abstract  

Donald C. Williams
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In the reintegration of damaged wood panels, especially when 
the void is of a significant dimension, the adhesive must serve not only 
to “stick” the disjoined parts together, often while occupying more space 
than might be optimal for purely adhesive functions, but also to pro-
vide a sound base for subsequent visual reintegration (i.e., restoration). 
Successful repair or reassembly of sometimes delicate and deteriorated 
artifacts requires special consideration of the characteristics of adhesives, 
particularly from the points of view of flexibility, stability, deterioration, 
reversibility, and/or retreatability. Furthermore, the process of reinte-
gration must not increase stresses inherent in the system nor introduce 
new stresses. For example, in a tapered crack such as that illustrated in 
figure 1, the two sides of the terminus of the crack might be in intimate 
contact, but at the other end, there could be an opening of 10 or 20 mm. 
Any attempt to pull the larger open end of the crack into proximity (i.e., 
bringing points a and b together) is almost certain to translate into a 
levered fracture on the far side of the terminus/fulcrum, creating new 
and potentially catastrophic damage. In such instances, it is not solely 
adhesive reintegration that is really called for; rather, what is needed 
is a well-adhering, flexible fill material. Wood preservation specialists 
have observed countless examples in which an inappropriate fill has 
actually compounded the damage it was employed to alleviate. When 
stresses occur, often something has to give; preferably, this should be 
either the adhesive or the adhesive-substrate interface and not the fabric 
of the artifact itself. If a hard, stiff fill or adhesive material is used and 
humidity fluctuations generate stress beyond the elastic capacity of the 
wood, and if the hardness or dimensions of the fill are enough to exert 
adequate stress on the substrate, the wood fibers may be crushed or split 
by the hard, comparatively rheologically inert fill. To ensure that the fill/ 
adhesive material itself does not inflict further damage to the artifact, it 
is therefore preferable to select a gap-filling adhesive that is more flexible 
than the wood, softer than the wood, or more inclined to fail along the 
adhesive-adherend interface (Young et al. 2002). 

Potential
fracture

Existing
fracture

a b

Fulcrum

F ig u re  1

Tapered open crack. If  the fracture is closed 
at points a and b, it is likely that the stress will 
be transferred beyond the terminus, and a 
new fracture may open opposite the earlier 
void. Image: Courtesy of  the Museum 
Conservation Institute, Smithsonian 
Institution.
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Adhesives for the 
Conservation of Fractured 
Wood Panels

 The general scope of adhesives for conservation of wooden artifacts has 
been presented elsewhere, and those fields need not be replowed here 
(Williams 1998). Instead, let us focus on the role of f lexible gap-filling 
adhesives in the conservation of fractured wood panels. Reviewing the 
properties and uses of adhesives for wood conservation falls within  
the larger question of the goals and strategies for any particular con-
servation treatment. A structured problem-solving framework is an 
extremely useful and effective tool for determining an efficient, 
sequential path of activities. Over the course of the past two decades  
of my own practice, I have developed a model in which, in essence, any 
question of artifact care—including selection of materials and methods 
for joining wood—can be resolved by weighing three competing pairs 
of considerations:

1. the nature and needs of the object versus the nature and needs  
of the user;

2. the “perfect” desired outcome versus the limits of technology (and 
reality);

3. the desire for ethical treatments versus resource limitations.

Given the variable nature of objects and their condition, of users, 
and of situations, it is possible—likely, even—that for any conservation 
problem there exist a number of valid, viable treatment options and 
materials—rather than there being a single “ideal” treatment path. To 
take an example from furniture conservation, consider two identical 
historic chairs: one serves purely for display in a gallery and merely need 
support its own weight, and yet an identical chair serves a utilitarian 
function and thus must support not only its own weight but that of an 
occupant as well. In these two examples, it is probable that dramatically 
different approaches to conservation would be considered acceptable, 
since they would necessarily take into account the different functions of 
the objects.

The ideal adhesive for conservation gluing is one that would be 
perfectly stable over time, be easily applied and manipulated, be readily 
removable if further treatment were later required, and be able to form 
an adhesive bond strong enough to allow the object to fulfill its function 
yet weak enough to be the sacrificial boundary in case of applied stress. 
Obviously, no single material fulfills all of these requirements, and thus 
there is no ideal wood conservation adhesive. Instead, the conservator 
uses a range of adhesives with generally known characteristics.

When a gap filler is applied to any cavity within wooden arti-
facts, an isolating barrier coating on the surface of the void is almost 
always used. This is done in order to insulate the original material from 
penetration or contamination, provide greater latitude in the choices of 
new materials introduced into the artifact, and supply a margin at which 
removal of the new material can be safely accomplished, if necessary. If 
the proper barrier coating is chosen, a thermosetting filling material can 
be employed.

The choices for a material to perform simultaneously as an adhe-
sive and as a suitably flexible gap-filling material for fractured wood are 
fairly well defined, and what follows is a summary of the theoretical and 
practical benefits and drawbacks of several options, from an experiential 
point of view:
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1. hot animal-hide glue without isolating layer
2. synthetic emulsion adhesive (polyvinyl acetate, PVA) with Paraloid 

B-72 isolating layer
3. rigid reactive (epoxy) with hide glue isolating layer
4. flexible reactive (epoxy) with hide glue isolating layer
5. flexible reactive (room temperature vulcanization silicone, or RTV 

silicone) with paste wax isolating layer
6. phase change (molten ethylene vinyl acetate, EVA) with hydroxypro-

pylmethyl cellulose (HPMC), or similar, isolating layer

Hide Glue
 For generations, the reflexive default for adhesive selection for wood 

repair has been hot animal-hide glue. Its beneficial properties are mani-
fold: it is nontoxic; it can be modified for almost any set of working 
 properties desired; it is extremely strong; it is stable under reasonable 
environmental conditions (intact glue lines of several centuries’ duration 
are not uncommon); and it is easily reversible. Details of the production 
of glues and of their preparation, manipulation, and use are widely avail-
able elsewhere (De Beukelaer, Powell, and Bahlmann 1930; Fernbach 
1907; Rose and von Endt 1984).

Hide glue comes in a variety of numbered grades, based on the 
molecular weight of the protein chains composing the gelatin matrix; 
the higher the grade number, the higher the average molecular weight. 
Longer protein chains (higher “gram strength” grades) absorb signifi-
cantly more water per given mass than do those of shorter length (lower 
gram strength). Accordingly, shrinkage on drying is greater for higher 
gram strength grades. When fully dry, most hide glues used by wood 
artisans form an extremely hard material. This hardness renders the glue 
resistant to creep, but if it is thick enough, it may become very brittle, 
especially at low moisture contents. The flexibility of a dried glue mass 
depends upon the molecular weight—i.e., upon the grade. Lower grades 
remain more pliable when dry than do the higher grades, and the latter 
are very susceptible to fracture when the glue deposit exceeds ~1 mm. 

Hide glue is easily plasticized, most commonly with glycerine 
at a ~10:1 w/w ratio of dried glue granules to glycerine. Glycerine is 
an efficient and inexpensive means of accomplishing the goal, and it 
actually enhances the specific adhesion—the “stickiness”—of the glue. 
Unfortunately, the migration and slight volatility of glycerine eventually 
render the glue line hard and brittle. Another excellent option is to incor-
porate, as a plasticizer, low-molecular-weight polyvinyl alcohol, rather 
than glycerine, into the aqueous glue solution. 

The hardening of the hot animal-hide glue from the wet state is 
a two-step process: initial gelation on cooling, followed by loss of solvent 
(water). However, as with all solvent-release processes, the glue mass will 
shrink during drying in an amount equal to the solvent-loss volume. This 
shrinkage behavior effectively renders hot animal-hide glue, used alone 
without any additives, an unacceptable gap-filling adhesive for treatment 
of splits with voids in wood panels. To compensate partially for this vol-
ume loss, hide glue can be bulked with a variety of inert materials. Even 
then, I do not usually find the performance adequate to the task of gap 
filling, as the resulting material may still be too brittle, hard, or powdery.

Another shortcoming of hide glue as a gap-filling adhesive is its 
hygroscopic nature: its stability and properties vary significantly in rela-



117

PROOF    1  2  3  4  5  6

S o m e  E x p e r i e n c e s  w i t h  F l e x i b l e  G a p - F i l l i n g  A d h e s i v e s  
f o r  t h e  C o n s e r va t i o n  o f  Wo o d  O b j e c t s

tion to changes in environmental moisture. Desiccation may lead to the 
glue becoming extremely brittle and prone to fracture, even with very 
little applied strain; raised humidity levels may lead to the glue softening 
and becoming susceptible to plastic deformation. 

PVA and Acrylic Emulsions
 Today’s most widely used general-purpose wood glues are based on aque-

ous emulsions of polyvinyl acetate or similar formulations (acrylics) com-
monly known as white glues. Emulsion glues, whether PVA or acrylic, 
consist of spherical polymer droplets suspended in an aqueous phase with 
the aid of surfactants. They solidify through the loss of water, which 
causes the polymer spheres to fuse into a larger continuous mass. These 
glues are widely available in different forms and for different applications 
from the major craft adhesives manufacturers, such as the North 
American brands Elmers and Titebond and the British Evo-Stik Resin W, 
as well as many others; they are easily obtained, require essentially no 
preparation, provide a moderate work time and easy cleanup with water, 
and generally have good shelf and functional lives. As with other glues, 
the best bond line for emulsion glues is very thin. Due to their thermo-
plastic tendencies, they may deform or fracture if the glue line is too 
thick and if the stresses are sufficiently great.

In some PVA emulsion glues, sometimes called aliphatic resin 
glue or yellow carpenter’s glue (e.g., Titebond II Premium Wood Glue, 
Elmers Carpenter’s Wood Glue Max), the formulations are modified to 
promote cross-linking, increase viscosity, and confer water resistance. 
They are primarily beneficial as waterproof products suited to exterior 
use and quicker set times—in some cases, minutes versus hours. The two 
types of PVA adhesives have different grip characteristics before initial 
set, with “white” PVAs generally exhibiting more slip during assembly 
and “yellow” glues having more initial grip. The greater viscosity of 
yellow glues leads to their use as gap-filling adhesives. One widespread 
practice in the restoration trade is to mix PVA emulsion, whether white 
or yellow, with wood flour to create a filling putty.

My observations suggest that emulsion glues shrink more than 
is commonly acknowledged. In addition, fully cured PVA emulsion 
masses are considerably harder than low-density wood. These glues 
remain, to a low degree, soluble and reversible (depending on the degree 
of intercellular penetration). White glues can usually be softened with 
a water-surfactant solution and are generally removable with a variety 
of organic solvents. Yellow glues usually require an organic solvent to 
soften and swell them, but they are generally considered to be partially 
reversible.

In many respects, acrylic emulsion adhesives (Rhoplex/Primal 
grades, Jade 403N) are much like PVA emulsions in appearance, use, 
and drying process. The advantage of acrylic emulsions is that they can 
be obtained in a wider variety of formulations with specific properties, 
including mechanical properties and solubility characteristics of the 
dried film.

Multiple-Component 
Reactive Adhesives

 Classes of adhesives in this category include urea-formaldehyde (e.g., 
DAP Weldwood Plastic Resin Glue), phenol formaldehyde (DAP 
Weldwood Marine Resorcinol), epoxy (e.g., West System epoxy), 
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 polyester (most commercial “fiberglass” resins), polyurethane (Gorilla 
Glue is the most widely known commercial product), and other formula-
tions. Multicomponent adhesives possess great strength in a wide variety 
of circumstances. They can be less susceptible to thermal, physical, or 
chemically induced failure. Because of their mechanism for hardening, 
epoxies show negligible shrinkage, while urea formulations shrink only 
very slightly. As such, these adhesives may be good gap fillers, especially 
when modified with bulking agents. Despite these qualities, the use of 
these polymers as conservation adhesives is not widely accepted in wood 
conservation circles because of their intractable, irreversible nature 
(Rivers and Umney 2003, 159–60, 442; Williams 1998). Some of these 
cross-linked network polymers can be swelled with solvents, but usually 
they must be removed mechanically, potentially causing severe damage 
to the substrate or to adjacent surfaces. In addition, while strong and 
robust when relatively new, they may begin to break down in a short 
period of time (a few years), especially when exposed to strong light. My 
experience indicates that if they are protected from light exposure or 
modified with light-blocking additives, they can last for many decades.

Rigid Epoxy
 Epoxy systems have the benefit of being readily available and moderately 

priced for even high-performance applications. When first prepared, most 
rigid epoxies are relatively low-viscosity, easily absorbed liquids that 
cross-link and harden in place. In my experience, the most common 
epoxy resin used by American conservators for wood conservation is the 
West System epoxy (Gougeon Brothers Inc.). As a practical matter, prod-
ucts of this type are irreversible once they have penetrated into a porous 
substrate via wicking, which is a common occurrence with this type of 
adhesive. The wicking problem is preventable by the application of an 
easily reversible barrier coating to the wood substrate, allowing for rea-
sonably nondamaging removal of the cured adhesive/fill. Furthermore, 
rigid epoxies are much harder than wood, and if they are used as gap- 
filling components, they are bound to eventually exacerbate any frac-
tures. Even bulked carvable epoxy demonstrates this tendency. These 
and other functionally related systems are adequate—but generally not 
flexible—gap-filling adhesives used widely in the lower, less-sophisticated 
rungs of the furniture restoration ladder, where cross-linked polyester 
auto body filler is also used sometimes as a fill for fractures. Over time, 
the result is more widespread damage. Better overall results should be 
possible with the addition of lightweight bulking agents, such as glass or 
phenolic microballoons or fumed silica, but that does not necessarily 
overcome the hardness or brittleness inherent in fully cured thermoset 
formulations. Bulked formulations tend to have an exceedingly high vis-
cosity and are not particularly useful as regular adhesives; they are, 
rather, useful solely as gap fillers. 

Flexible Epoxy
 One new material with growing impact in many industrial applications is 

formulated “flexible” epoxy. Provided the flexibility remains integral to 
the formulation over a long working life span, this material seems an 
excellent option for flexible gap-filling applications in conservation, 
under the right conditions of use. 
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The flexible epoxy product I have employed is Marine-Tex 
FlexSet, intended, as the name suggests, for the boat building and repair 
market. This product has a much higher initial viscosity than regular 
(liquid) rigid epoxy, and it works more like a flowing putty than a wick-
ing liquid. In order to use this gap filler, it must be forced into the void 
rather than allowed to flow into it. To introduce flexible epoxy into the 
void, an equine or spinal-tap syringe works well to force the viscous liq-
uid into the cavity (fig. 2). An excess of the filler material can be applied 
initially and the excess removed mechanically, once the flexible epoxy 
has started to cure. At the appropriate time (typically after about two 
hours), when the epoxy is firm but not yet fully stiff, the excess material 
can be shaved off; I use a sharpened ivory blade for this purpose (fig. 3).

As with the previously described use of regular epoxy, the glu-
ing interfaces must be generously coated with hot animal-hide glue or 
another similar, easily reversible barrier coating to prevent the epoxy 
from soaking into the wood (Anderson and Podmaniczky 1990).

RTV Silicone Rubber
 Simply put, room temperature vulcanization (RTV) silicone rubbers excel 

as flexible gap fillers for split panels and the like. Products of this type will 
be familiar to most conservators and include those from Polytek, Dow 
Corning, Smooth-On, and many other companies. In addition to being 
flexible and maintaining this property in the long term, RTV silicone con-
forms absolutely to whatever it contacts, assuring a “perfect fit” (and thus 
adhesion) for the fill. Used carefully and appropriately, silicones (especially 
the softer grades of the product) can form a functionally inert, flexible fill 
with sometimes astonishing tenacity and extensibility. 

Figure  2

Delivery of  the viscous flexible epoxy. 
Injection of  this epoxy requires a robust deliv-
ery system, in this case an equine syringe 
without needle. Photo: Courtesy of  the 
Museum Conservation Institute, Smithsonian 
Institution.
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On the negative side, silicones are rightly notorious as sources 
of contamination, and great care must be used in preparing, handling, 
and applying them. A generous application of a removable barrier coat-
ing of beeswax/paraffin/Stoddard solvent paste to the gluing margins 
and the adjoining surfaces is a way of circumventing this problem. Also, 
the “slickness,” or hydrophobicity, of some RTV silicones can make for 
difficulties with subsequent applications of inpainting materials. This 
problem can be overcome during the application by pouncing pigment 
into the surface before the silicone fully cures, or mitigated after the fact 
by a thin application of shellac in ethanol or propanol prior to inpainting. 
When fractures with wide voids are addressed, the “problem” of reactive 
silicone flowing until it cross-links (often measured in hours) is addressed 
by inserting a semi-rigid gasket/dam, usually polypropylene foam, into 
the void to dam the silicone, as shown in figure 4.

Another advantage of a cured silicone fill is that it can simply 
be removed from the void if that becomes necessary for any reason; and 
while the cured silicone can be gently pulled out of the void like a rubber 
band, a piece of string embedded in the fill allows this to be done more 
easily, if necessary.

Figure  3

A sharp-edged tool—the  shaped outer sheath 
of  an ivory tusk—used to shave off  excess 
flexible epoxy once the surface tack has gone. 
Photo: Courtesy of  the Museum 
Conservation Institute, Smithsonian 
Institution.

Barrier
coat

Wood substrate

Polypropylene
foam gasket

Wood substrate

Embedded
string

RTV
silicone

F ig u re  4

The gasket/silicone rubber fill system.
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Hot Melt Synthetics
 Hot melts flow well, do not shrink, and adhere to a wide variety of mate-

rials. They can be obtained in a number of different formulations, many 
of which are easily reversible with heat or organic solvents.

The formulation of these adhesives can be very specific regard-
ing the properties of the adhesive, not only when solid but also when 
liquid. The temperature to which these adhesives must be heated to flow 
is well above room temperature in most cases, and since these materi-
als solidify by cooling, their use is limited to the penetration that can be 
achieved in a brief time.

In the field of conservation, one particular polymeric material, 
ethylene vinyl acetate (EVA), has long been in use. This stable, archival-
quality adhesive is very easy to use and manipulate, and it accepts sub-
sequent solvent-based coatings very well. The two major configurations 
available are solid rods, which must be used/injected with a heated 
glue gun, and sheets, which can be used anywhere the gluing surfaces 
can be heated (BEVA 371 film, Loctite Hysol 1942 hot melt adhesives). 
Conveniently, however, hot melt adhesive sticks that bear the descrip-
tors “low temperature” and “nontoxic,” and which are almost certainly 
solid EVA, are commercially available from craft and art stores (fig. 5). I 
have purchased and used several brands of “nontoxic low temp” and “dual 
temp” hot melt adhesive sticks. In each case, from a review of the product 
literature and safety data sheets, it was apparent that the sole or primary 
ingredient of the formulation was EVA, especially for those hot melt adhe-
sives marketed specifically for assembling dried flower arrangements.

The ease and rapidity of this technique make it a strong favor-
ite for most of my gap-filling adhesive needs. By definition, this method 
utilizes molten material in the proximity of the artifact, and accord-
ingly, it requires that a heat-resistant but easily reversible isolating layer 
(methylcellulose) be applied to the adherend surfaces. Using an inexpen-
sive (under $10) glue gun and glue sticks, the conservator can inject the 
molten EVA into a void until the deposit is slightly proud of the surface 

F ig u re  5

Hot melt EVA adhesive. Photo: Courtesy  
of  the Museum Conservation Institute, 
Smithsonian Institution.
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(fig. 6). Once the EVA becomes firm, the excess can be shaved off level 
with the surrounding surface (fig. 7). An alternative way to finish off 
the glue line could involve wiping the surface with toluene on swabs or 
felt blocks, in order to create a polished surface. An EVA fill can be eas-
ily inpainted after the application of ethanol-, acetone-, or toluene-based 
solutions as a first sealing coat.

Conclusion
 When a wood conservation treatment requiring the use of a flexible gap-

filling material is undertaken, it is vital that the artifact be protected and 
isolated from the added material to the greatest possible extent, and that 
the newly added fill material mimic the mechanical properties of the 
adjoining substrate and remain stable over time, retaining these proper-
ties. The adhesive/fill system must be safely removable after the fact,  
if necessary. Attempting a conservation treatment requiring adhesive/ 
fill processes without first understanding every component of these 

Figure  6

Hot melt EVA adhesive injected into a void. 
The gap is filled so that the EVA is slightly 
proud of  the adjacent surface; it is then 
allowed to cool. Photo: Courtesy of  the 
Museum Conservation Institute, Smithsonian 
Institution.

F ig u re  7

A void filled with hot melt EVA adhesive after 
the excess has been shaved off  with a sharp-
edged tool. Photo: Courtesy of  the Museum 
Conservation Institute, Smithsonian 
Institution.
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 processes—wood, isolating layer/fill resin, and bulking agents—is a prac-
tice fraught with unnecessary risks. 

Based on my experience in conserving wooden objects, I rank 
the options for flexible gap-filling adhesives in my own work as follows:

1. molten EVA
2. flexible epoxy (tentative: this material is promising, but I need more 

experience to be fully convinced)
3. RTV silicone
4. bulked plasticized animal-hide glue
5. bulked rigid epoxy
6. bulked PVA

This ranking comes from my own experiences, which derive 
inevitably from working on particular types of objects. Other conser-
vators treating other object types and tackling different conservation 
problems might view the respective strengths and weaknesses of these 
materials differently and perhaps even consider different solutions; even 
so, I offer my experience of these materials in the hope that I might help 
other practitioners achieve successful outcomes.

Materials and Suppliers
 Animal-hide glues, Milligan and Higgins Corp., Maple Avenue P.O. Box 506, Johnstown, NY 

12095, USA. www.milligan1868.com.

 BEVA 371 film adhesive, available from Conservation Resources, www.conservation
resources.com; Talas, www.talasonline.com; Conservation Support Systems, conservation
supportsystems.com.

 DAP Weldwood Plastic Resin Glue and DAP Weldwood Marine Resorcinol, www.dap.com.

 Elmers white glue, Elmers Carpenter’s Wood Glue Max, www.elmers.com.

 Evo-Stik Resin W white glue, www.bostik.co.uk/diy/product/evo-stik/
Resin-W-Extra-Fast-Interior-Wood-Adhesive/4.

 Gorilla Glue, www.gorillaglue.com.

 Jade 403N polyvinyl acetate adhesive, available from Conservation Resources, www
.conservationresources.com; Talas, www.talasonline.com; Conservation Support Systems, 
 conservationsupportsystems.com.

 Loctite Hysol 1942 hot melt adhesive, www.henkelna.com/adhesives/.

 Low-temperature hot melt adhesives and guns, available at Michaels craft stores (nationwide 
chain). www.michaels.com.

 Marine-Tex FlexSet, www.marinetex.com/marinetexflexset.html.

 Rhoplex/Primal acrylic polymer emulsions, available from most conservation materials sup-
pliers: Conservation Resources, www.conservationresources.com; Talas, www.talasonline
.com; Conservation Support Systems, conservationsupportsystems.com; Kremer Pigments, 
www.kremerpigments.com.

 Silicone molding rubbers and casting resins, Polytek Corp., 55 Hilton Street, Easton, PA 
18042, USA. www.polytek.com; Smooth-On Corp., 2000 Saint John Street, Easton, PA 18042, 
USA. www.smoothon.com.

 Titebond White Glue, Titebond II Premium Wood Glue, www.titebond.com.

 West System epoxy, www.westsystem.com.

 A wide range of conservation-related supplies, Museum Services Corp., 385 Bridgepoint 
Way, South St. Paul, MN 55075, USA. www.museumservicescorporation.com. 
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This paper reports on an experimental evaluation of adhesive-filler combina-
tions for joining panel paintings. The samples and tests were chosen on the basis 
that the gap to be rejoined was not suitable for a wood fillet, or it was too large 
to join without the addition of filler to the adhesive. In the present tests, the 
most mechanically suitable combinations from the previous tests have been sub-
jected to thermal aging, and their properties are compared. Additionally, new 
combinations have been tested; they are based on materials used by conservators 
but not included in the original tests, and some combinations are ones that the 
authors consider to be suitable alternatives. Also investigated are the effect of 
priming the wood with a dilute adhesive and the influence of contaminants from 
residues of previous adhesives. The main criteria chosen to assess the suitability 
of the adhesive-filler combinations were strength of join, mode of join failure, 
workability, and mechanical stability.

Introduction and Context
 This paper evaluates the use of adhesive fillers, which provide structural 

integrity to a panel painting. It builds on previous research undertaken 
on this subject (Young et al. 2002). There is an adequate range of adhe-
sives that meet many requirements for the structural conservation of 
works of art. However, to the authors’ knowledge, proprietary adhesive 
fillers, approved for conservation, do not exist for wooden objects. Rather 
than use commercial fillers, one option is to choose a familiar adhesive, 
modifying it by adding fillers for the specific application. However, add-
ing fillers to these materials changes their mechanical properties, and 
therefore, their suitability needs to be assessed for specific types of treat-
ment. Fillers are often needed if the panel requires a rejoin of two boards 
that do not butt closely together, or a rejoin of two boards that have an 
irregular gap. For large gaps, wood fillets can be used, but for irregular 
gaps above 0.5 mm (0.02 in.), an adhesive filler is usually suitable because 
it both adheres the panel sections and provides bulk where sections are 
missing. The filler must allow some deformation without failing, even if 
the panel has an auxiliary structure restraining movement. The deforma-
tion is usually convex or concave warping of the panel under fluctuating 
relative humidity (RH). Since most panels are subject to some restraint, 
this will induce bending.

European panels of the Renaissance and Baroque periods were 
constructed of boards that were simply glued and butt-jointed, some-
times reinforced with dowels, fabric strips, or battens (Wadum 1998).  

Experimental Evaluation of Adhesive-Filler 
Combinations for Joining Panel Paintings

Abstract  

Christina Young, Britta New, and Ray Marchant 
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The bonding edges have small surface area relative to the size and 
weight of the planks, and hence the joint will be highly stressed. 

The quality of an adhesive joint will be affected by: surface 
contamination, porosity, coherence of surface, bonding pressure, mois-
ture content, ambient temperature on cure, and ambient RH on cure 
(Adams, Wake, and Comyn 1986, 218). For partial disjoins, surface prep-
aration is almost impossible. Frass from woodworm, failed adhesive, 
adhesive added during a prior treatment, varnish, and filler material all 
introduce contaminants that may compromise the joint. Even for com-
plete disjoins, contaminant material is hard to remove without damag-
ing ground and paint layers. Thus, a realistic prediction of joint behavior 
must take into account all the above factors. 

The practical problems of rejoining panel paintings and the 
equipment devised to assist in the processes have been outlined in the 
conservation literature (Kozlowski 1962; Reeve 1989; Brewer 1998). Other 
studies have highlighted the problems of irreversibility and the lack of 
long-term stability of most classes of adhesives (Bradley 1984; Howells 
et al. 1984; Down 1984; Down et al. 1996; Williams 1998). The continuing 
study at the Canadian Conservation Institute into the properties of adhe-
sives used in conservation provides invaluable information (Down 2009). 
However, there is little information on the mechanical performance for 
adhesives and fillers employed on panels. Research into fillers for wooden 
artifacts is pertinent to materials for treating paintings, even if the aims 
are not directly applicable (Grattan and Barclay 1988). Information on 
wood adhesives is available from the timber industry, but this material 
tends to concentrate on the fabrication applications; it is only relevant to 
conservation for understanding the general behavior of adhesives (Davis 
1997). Other research into structural adhesives and treatments has taken 
a different approach. It has focused on “developing effective joining tech-
niques that do not rely solely on the development of new adhesives” or 
the “assumption of an ‘eternal bond.’” This includes designing joints that 
may require future disassembly (Podany, Risser, and Sanchez 2009). 

The required structural and, hence, mechanical properties of the 
filler mixture are essentially the same as for the adhesive. The properties 
required for panel paintings will vary from case to case. However, for the 
scenario stated in this paper, the following criteria, discussed in detail 
elsewhere (Young et al. 2002), are suggested:

 1. good handling and curing characteristics; resistance to slumping dur-
ing application or curing 

 2. good wetting of the joint surfaces
 3. gap-filler strength commensurate with the wood surrounding the 

joint, reducing the risk of failures within the original wood 
 4. sufficient flexibility to accommodate hygroscopic movement in  

the original wood 
 5. ability to fail in a ductile manner and be resistant to rapid crack 

growth 
 6. stable mechanical properties over time
 7. inert to humidity and temperature changes, in terms of stiffness, 

strength, and resistance to fracture 
 8. minimal creep 
 9. removable
 10. resistant to fungal and bacterial attack
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 11. nontoxic 
 12. once cured, capable of being sanded or carved and providing a sur-

face that will accept either a surface filling or a coating (varnish or 
retouching media)

Methodology
 The experiments reported here were based on the experience gained 

by the authors from monitoring the curvature of panels in response  
to f luctuations in RH, using both traced profiles and 3-D electronic 
speckle pattern interferometry (ESPI) (Young and Hibberd 2000). These 
profiles are used to indicate the allowances required for anticipated 
dimensional response.

Figure 1 illustrates a typical instance of the kind of treatment in 
which this approach is adopted; here the painting undergoing repair of a 
recent split is a sixteenth-century English panel from a UK National Trust 
property, Trerice in Cornwall, which has a semicontrolled environment.1 
Observation of the panel as part of the conservation treatment showed that 
it exhibited a change in depth of curvature of 16 mm (0.6 in.) in response 
to a change in RH from 55% to 62%. This type of data has informed the 
parameters of the testing for the present research study, as will be shown 
later. The experiments reported here were designed to test the fillers under 
realistic loading conditions; thus, a four-point bend test was chosen to rep-
licate the forces on a panel subjected to environment-induced deformations.

The tests measured the stiffness (measure of flexibility) and 
strength of the gap filler subjected to bending forces. The changes in 
these properties with time (stability) were also assessed after periods 
of natural and thermal aging. As both the joint itself and the wood on 
either side experience the same bending moment, it is possible to ascer-
tain whether the filler or the wood fails first. The test allows visual 
inspection of the failure process. The load at which the joint fails dem-
onstrates the “practical” properties that might be expected for each 
adhesive and type of filler in a real situation. Additional tests were under-
taken to determine how contaminants affected the strength of the gap 
filler in this application.

Surface wetting is important for partial disjoins, where glue 
penetration is difficult. Priming with dilute adhesive aids penetration 
and provides a good bonding surface. Priming agents were tested in this 

Displacement

F ig u re  1

Sixteenth-century English panel painting 
 during rejoining of  the boards. Attributed  
to William Segar (English, active by 1589, 
d. 1633), Portrait of  a Lady, inscribed 
“Elizabeth I 1588.” Oil on panel, 60 × 49.5 cm 
(23.6 × 19.5 in.). Trerice (National Trust prop-
erty), Cornwall, UK.  Photo: Christina Young.
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ongoing research but are beyond the scope of this paper (Tellier 2002; 
Young 2009 [Getty podcast]).

Samples

The panel samples were constructed from 5 × 50 × 50 mm (0.2 × 2.0 × 
2.0 in.) naturally aged oak blocks, approximately radially cut from 
two pieces of oak; the samples are considered representative of some 
Netherlandish panel paintings. Samples for mechanical testing were pre-
pared by adhering two blocks together, with the growth rings approxi-
mately parallel to the join, as described in more detail below.

In these tests, the most suitable adhesive-filler combinations 
from the previous research have been subjected to thermal aging and 
their properties compared (Young et al. 2002). Additionally, new combi-
nations have been tested; they are based on materials used by conserva-
tors but not included in the original research, plus some combinations 
that the authors considered suitable alternatives. The adhesives to 
which fillers were added were Evo-Stik Resin W interior wood adhesive, 
Mowilith DMC427, and Jade 403N. Various samples of Lascaux BEVA 
371 and Paraloid B-72 with filler were prepared. However, cohesive and 
adhesive failure occurred at the curing stage. Araldite 1253, a proprietary 
wood filler that can be carved and sanded, was also tested, as it is used in 
conservation (tables 1 and 2). 

Adhesives were used in standard concentrations, and each filler 
mixture was added to 5 mL (0.17 oz) of adhesive. Sufficient filler was 
added to produce the handling properties of a workable paste with some 
degree of flow. Good results had previously been obtained using a 1:1 
mixture of coconut shell flour and phenolic resin microballoons as the 
filler (Young et al. 2002). This mixture was used as the standard for all 
the adhesives. Natural and thermal aging at 60°C of the joined blocks 
was carried out at 55% RH for different time periods.

Table  1   Materials used in the adhesive-filler combinations and 

their glass transition temperatures (Tg).

 
Material

 
Code

 
Composition

Tg (approx.)
°C

Adhesive

Evo-Stik Resin W interior  
 wood glue

RW Poly(vinyl acetate) 29–34*

Mowilith DMC427 DMC427 Vinyl acetate/dibutyl maleate copolymer 27–35*

Jade 403N JA Poly(vinyl acetate) 10.9*

Araldite 1253 EA1253 Epoxy 63 †

Hide glue Hg Collagen-derived proteinaceous glue —

Filler

Phenolic microballoons Mi Spherical balloons of  50 µm diameter —

Coconut shell flour Co Ground and sieved coconut husks —

Filler in EA1253 — Silica/titanium dioxide/iron oxide/  
phenolic resin

 —

*  By dynamic mechanical analysis (DMA) (personal communication, Alan Phenix, 2009). 

†  Manufacturer’s stated value.
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Table  2  Adhesive-filler combinations.

Adhesive Filler 1 Filler  2 Code Preparation

Evo-Stik Resin W 
 interior wood glue

phenolic microballoons coconut shell flour RWCoMi Fillers 1:1 (w/w) 
1 g in 5 mL adhesive 

Mowilith DMC427 phenolic microballoons coconut shell flour DM427CoMi Fillers 1:1 (w/w) 
1 g in 5 mL adhesive 

Jade 403N phenolic microballoons coconut shell flour JACoMi Fillers 1:1 (w/w) 
1 g in 5 mL adhesive 

Araldite 1253     —    — EA1253 2-part applied 1:1 as per instructions

Contaminants

Filled Resin W and Araldite 1253 were tested with contaminants repre-
sentative of glue residues from an original or treated join, consolidant, 
or varnish. Resin W was also tested as a hairline join (no filler) with the 
contaminants (table 3). The contaminants were Paraloid B-72, dammar, 
BEVA 371, and hide glue.

Sample Preparation

Low-tack adhesive tape was applied to the top and bottom faces of each 
wooden block to prevent penetration of the filler mixture into these faces. 
An additional strip of tape was attached between a pair of blocks on the 
underside faces to align them 2 mm (0.08 in.) apart. This operation also 
prevented loss of mixtures with low viscosity. The mixture was first 
brushed along the edges to be adhered. The blocks were then clamped in 
a polytetrafluoroethylene (PTFE) jig to maintain alignment, and the gap 
was overfilled with the mixture. After twenty-four hours, the blocks were 
released and the tape across each pair removed. They were then inverted 
and left to ensure complete curing. Finally, the excess filler was pared 
away, and the protective tape was removed. Samples with contaminants 
had the contaminant brushed onto the edges first; it was then left to dry 
for twenty-four hours before the adhesive mixture was applied.

Sample Names

In the following discussion, samples are coded with the first letters for 
the adhesives Araldite 1253 (EA1253), Evo-Stik Resin W (RW), Mowilith 
DMC427, and Jade 403N ( JA). An added filler is identified as CoMi (coco-
nut shell flour and microballoons filler), and a contaminant is identified 
as B72 (Paraloid B-72), Dam (dammar), Be (BEVA 371), or Hg (hide glue) 
(see tables 1–3). For example, RWCoMiHg is Resin W adhesive (RW) 

Table  3  Contaminants applied to wood blocks.

Contaminant Code Preparation

Beva 371 Be Thinly brushed on surface as provided by manufacturer (Lascaux)

Dammar Dam Thinly brushed on surface; 30% in Shellsol D40  

Hide glue Hg Thinly brushed on surface; 20% w:v solution in water 

Paraloid B-72 B72 Thinly brushed on surface; 10% w:v solution in Shellsol A100 
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with coconut shell flour and microballoons filler (CoMi), with a contami-
nant of hide glue (Hg) on the edges of the wooden block.

Experimental Procedure

The mechanical properties of the samples were investigated with a 
four-point bend test. Tests were performed on an Instron 4301 machine 
at 55% +/– 3% RH and 20oC +/– 2oC. The samples were supported on 
the lower rollers of the four-point bend jig. The moving crosshead was 
lowered at 5 mm/min (0.2 in./min), so that the upper rollers created a 
bending moment (fig. 2). The displacement of the top rollers, the com-
pressive force, the temperature, and RH were all recorded. Samples were 
photographed after testing to confirm the mode of failure and aid in the 
failure analysis.

Depending on the ease with which good-quality joints could 
be achieved, between three and eight samples were tested for each 
 adhesive-filler combination. The results also note the failure mode: 
whether the fracture was ductile or brittle, and whether wood was 
removed as the joint failed—such damage being indicated if any wood 
were visible on the fracture surfaces of the adhesive. Where failure 
occurred along the wood-adhesive interface (adhesive failure) or within 
the body of the adhesive (cohesive failure), the stiffness was calculated 
by taking the gradient of the initial linear section of load-displacement 
curves—i.e., tangent modulus at 20 N. The stiffness and peak load 
values were calculated and averaged for each type of joint. The peak 
load before bending failure was recorded and taken as a measure of the 
strength of the joint. This analysis is summarized in table 4.

In a number of tests, failure occurred in the wood at low load 
because of an inherent weakness in the block. Therefore, the measured 
stiffness did not represent the true stiffness of the wood or the adhesive; 
these results are not included in the present analysis. 

Results
 The maximum stiffness at 20 N for all samples was approximately 50 N/

mm. This stiffness primarily derives from the wood, as the joint is only  
a small proportion of the loaded sample. Two types of behavior occur 
during the bend test, depending on the flexural stiffness and cohesive 

Displacement

Figure  2

Wood block sample under four-point bend 
test. Photo: Christina Young.
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Table  4  Tangent modulus and peak load for naturally and thermally aged samples.

Material Aging Days
Tangent modulus 

(N/mm) Peak load (N)
Tangent modulus 
standard deviation

Peak load  
standard deviation

Gap filler

RWCoMi Natural
  2  7.8  15.8  2.0  0.4
 15 23.3  54.0  4.6  7.3
 30 39.7  96.7  0.7  2.8
122 39.9  90.7  3.5  0.6
470 54.7 140.8  1.9  7.0

   11* 27.1  68.6  0.5  6.0
Thermal 

 30 42.5  97.8  2.4  2.3
 60 48.9 131.7  1.1  8.7
120 52.3 168.4  7.3 14.4

EA1253 Natural
  2 56.7 135.7  6.7 24.4
  7 49.1 129.3  4.5 36.4
 15 41.9 138.1  6.0 16.6
 30 48.4 104.9  6.6 17.6
 59 49.2 114.4  6.9 30.4
122 52.4 129.5  1.9 31.3

Thermal
 30 51.2 116.2  2.5  6.2
 60 41.1 101.0  8.9  3.7

DMC427 Natural
  2  3.3  15.4  1.0  3.0
 15 10.4  29.2  1.5  2.7
 30 13.4  44.7  5.8  8.1
 56 27.5  58.8  8.4  5.7

JACoMi Thermal
 30 28.1  57.0  8.7 17.0
 60 32.2  70.7  0.6  6.1

Natural
 60 20.1  44.1

Thermal
 30 23.8  44.8  7.9   7.17
 60 11.4  40.2  2.3  6.5

Contaminant  
RWCoMi Natural  30 39.7  96.7  0.7  2.8
RWCoMiHg Natural  32 41.8  96.6 11.7  5.9
RWCoMiBe Natural  32 38.3  54.9 10.8  7.4
RWCoMiDam Natural  32 47.0  61.7 10.9  7.7
RWCoMiB72 Natural  32 46.3  84.8  5.5  3.3
EA1253 Natural  30 48.4 104.9  6.6 17.6
EA1253Hg Natural  32 48.2 124.3  4.5 10.6
EA1253Be Natural  32 42.4  76.7  7.3 10.1
EA1253Dam Natural  32 49.8  59.3 11.1  2.2
EA1253B72 Natural  32 44.8 129.7  5.1 10.0

Hairline  
RWBe Natural  31 45.0  28.4 10.9  3.3
RWB72 Natural  31 53.5 108.6 15.6 11.9
RWDam Natural  31 55.9  38.1 13.7 11.7
RWHg Natural  31 56.9 139.7  3.2  5.4

*Data from Young et al. 2002.
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strength of the gap filler relative to the wood. First, when the stiffness of 
the adhesive alone is equal to or above that of the wood, the wood bends 
around the rollers during the test. In this case, it is not possible to ascer-
tain conclusively the stiffness of the adhesive alone. Second, when the 
stiffness of the adhesive is less than that of the wood, the sample bends at 
the joint rather than across the points of contact at the rollers (fig. 2). The 
peak load of the wood had been found in previous tests to be in the range 
of 120–150 N (Tellier 2002, 15).

Data from the four-point bend tests are shown in figure 3, which 
illustrates the difference in load-displacement behavior for Resin W filled 
with coconut shell flour and microballoons, aged for different periods. In 
a four-point bend test, the bending force is created by the outer rollers 
pushing down on the sample, which is balanced on the two inner static 
rollers (fig. 2). Thus the load cell is in compression and returns a negative 
load value.

Fillers

Araldite 1253 (EA1253) 
During the tests, the wood started to bend about the rollers prior to 
failure because the stiffness of the EA1253 was equal to or greater than 
the wood. No change in stiffness or peak load occurred after natural or 
thermal aging (fig. 4a and table 4). The stiffness at 20 N is 49.6 +/– 4.9 N, 
and the peak load was 125.3 +/– 13 N. In one case the adhesive failed 
cohesively at 90 N. Brittle fracture occurred in all cases, often initiating 
in the wood and running into the wood-adhesive interface. The large 
variation in peak load is expected because failure initiates at points of 
weakness in the wood and the adhesive. Postfracture inspection showed 
that the EA1253 had produced an excellent bond with the wood, and the 
measured peak load is effectively that of the wood. 

The research published in 2002 included a wider range of adhe-
sives and mixtures, but no aging was undertaken (Young et al. 2002). 
Although the wood source differs in the current research, the general 
trend of the results is comparable. Therefore, it is appropriate to take both 
sets of data together to give a fuller understanding of gap-filler properties.

Figure  3

Load displacement versus aging for Resin W, 
coconut shell flour, and microballoons, show-
ing ductile-brittle failure transition. The load 
values are negative because of  the four-point 
bend test setup.
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Figures  4a–c

Tangent modulus and peak load trends: for 
naturally aged Araldite 1253 (a); for naturally 
and thermally aged Resin W, coconut shell 
flour, and microballoons (b) (error bars 
removed for clarity); and for naturally and 
thermally aged Mowilith DMC427, coconut 
shell flour, and microballoons (c).
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Resin W with Coconut Shell Flour and Microballoons Filler (RWCoMi)
Both stiffness and peak load increase with natural and thermal aging 
over a period of 470 and 122 days respectively (fig. 4b and table 4). In nei-
ther case can the exact relationship between these properties and time be 
established. The trend is approximately linear, with no obvious inflection 
of the curve for long exposure times (which would indicate that changes 
have stopped). However, the original load-displacement graph (fig. 3) 
shows the change from ductile to brittle fracture with time, indicated by 
the shorter displacement to complete loss of load and the more defined 
final fracture. This is confirmed by inspection of the fractured faces 
where failure had occurred at the interface of the wood (adherend) and 
adhesive, for the 470-day natural (peak load 140.8 N) and 120-day ther-
mal (168.4 N) samples. Failure at these loads also occurs when the wood 
has split. Thus, it is possible that the adhesive would increase further in 
peak load and stiffness with aging, but for these wood samples, the val-
ues would exceed that of the wood. This could be confirmed for the aged 
adhesives by carrying out ASTM D2095-96 (2008). One can see in figure 3 
that the displacement of 4–8 mm (0.16–0.31 in.) over 50 mm (2.0 in.)  
of the sample under test is commensurate with the displacement exhib-
ited by the panel over the same distance shown in figure 1 for a 7%  
change in RH. 

The stiffness values for the thermally aged and the 470-day natu-
rally aged samples are comparable with the mean value for EA1253 (both 
stiffer than the wood). The peak load values for the 60- and 120-day ther-
mally aged and the 470-day naturally aged samples are commensurate 
with the mean value for EA1253, as there is a brittle mode of fracture 
that runs along the interface and into the wood. Hence, aged RWCoMi 
behaves similarly to EA1253. Less damage to the wood occurs, as the 
bond with the wood is not as good as for EA1253, and thus, interfacial 
failure occurs preferentially. 

Mowilith DMC427 with Coconut Shell Flour and Microballoons Filler 
(DMC427CoMi) 
Both stiffness and peak load increase linearly with natural and thermal 
aging (fig. 4c and table 4). There is no obvious leveling off with time—a 
finding that suggests that further increases in properties would occur 
over longer periods. Interestingly, a comparison of thermal with natural 
aging, at 30 and 60 days, showed that stiffness and peak load increases 
are only slightly higher for thermal aging. In all cases, ductile, cohesive 
fracture occurs in the adhesive. However, the curves show a decrease 
in elastic deformation before fracture with increasing aging, which 
indicates a change to less ductile failure. Some adhesive failure at the 
interface occurs for a few samples, but there is no correlation with aging 
period. In one case, fractures also occurred within the wood along the 
boundary.

Jade 403N with Coconut Shell Flour and Microballoons Filler ( JACoMi)
For sample JACoMi, there were insufficient data to establish trends in 
stiffness and peak load with respect to time. Unexpectedly, the results 
show a decrease in stiffness between 30 days (23.8 N/mm) and 60 days 
(11.4 N/mm) of thermal aging, respectively. In these tests, ductile, cohe-
sive fracture occurred, resulting in a “tearing” of the adhesive. The 
adhesive was significantly weaker and less stiff than the wood. Sample 
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JACoMi is neither strong enough nor stiff enough for use as a gap filler, 
and it creeps at room temperature because it has a low glass transition 
temperature of 10.9ºC (table 1).

Contaminants with Fillers

All contaminants were tested after 32 days of natural aging and com-
pared to the gap-filler mixture without a contaminant for the same time 
period (fig. 5). 

Araldite 1253 (EA1253)
The uncontaminated samples failed by cohesive brittle fracture and  
also failed at the wood-adhesive interface (fig. 6a), with a peak load of 
104.9 N +/– 17.6 N. The high standard deviation indicates the variability 
of the initial point of failure. Inclusion of hide glue or Paraloid B-72 con-
taminant produced joints where failure occurred in the wood only with 
peak load values of 125.3 N +/– 10.6 N and 129.7 +/– 10.0 N, respectively 
(fig. 6b). Dammar-contaminated samples resulted in brittle fracture at 
the adhesive interface with a peak load of 59.3 N +/– 2.2 N. Samples 
 contaminated with BEVA 371 had brittle fracture at the interface adhe-
sive, within the wood, and, in one case, cohesively with a peak load of 
76.7 N +/– 10.1 N. Thus, dammar and BEVA 371 weakened the joint, 
while Paraloid B-72 and hide glue strengthened the joint. 

Resin W with Coconut Shell Flour and Microballoons Filler (RWCoMi) 
The uncontaminated samples failed by cohesive ductile fracture (fig. 6c), 
in one case accompanied by a slight splitting at the wood interface, with 
a peak load of 96.7 N +/– 2.8 N. Both hide glue and Paraloid B-72 con-
taminant samples failed in a cohesive ductile manner. The hide glue– 
contaminated sample had a peak load of 96.6 N +/– 5.9 N, which was 
very close to that of the uncontaminated samples; thus, it does not com-
promise the joint. Paraloid B-72 gives a slight reduction in the strength 
to a peak load of 84.8 N +/– 5.5 N. Dammar and BEVA 371 contaminants 

EA1253B72

EA1253Dam

EA1253Be
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EA1253 (30 days)

RWCoMiB72
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Figure  5

Tangent modulus and peak load for 32-day 
naturally aged adhesive fillers with contami-
nants. Samples are coded, with first letters 
indicating the adhesives Araldite 1253 
(EA1253) and Evo-Stik Resin W (RW); added 
fillers and contaminants are also identified 
(see text under “Sample Names”). The range 
for the peak load (120–150 N) of  wood tested 
as a continuous block is shown by the 
shaded area. 

a

b

c

F ig u re s  6 a – c

Failure modes of  wood samples: cohesive 
brittle fracture and bulk failure of  the wood 
occurring in uncontaminated sample bonded 
with Araldite 1253 (a); bulk failure of  the 
wood occurring in samples bonded with 
Araldite 1253 contaminated with hide glue or 
Paraloid B-72 (b); and cohesive ductile frac-
ture occurring in sample bonded with Resin 
W, coconut shell flour and microballoons 
(RwCoMi) (c). Photos: Christina Young.
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resulted in a mixture of cohesive ductile and brittle fracture with peak 
load values of 61.7 N +/–7.7 N and 54.9 N +/– 7.4 N, respectively. They 
both compromise the joint, leading to failure at lower loads, which are 
less predictable.

Contaminants with Hairline Joints

The results for hairline joints were consistent with those for Resin W 
with fillers and the same contaminants. Brittle failure in the wood 
occurred at a peak load of 139.7 N +/– 5.5 N for samples with hide glue 
contaminant. It is reasonable to suggest that the aqueous Resin W 
hydrates the hide glue and therefore forms a strong bond when adhered 
to the porous wood. For Paraloid B-72 contaminant, mainly brittle fail-
ure occurs at the contaminant-wood interface, with some loss of wood at 
a peak load of 108.6 N +/– 11.9 N. For dammar and BEVA 371 contami-
nant, adhesive failure occurs with peak load values of 38.1 N +/– 11.7 N 
(brittle) and 28.4 N +/– 3.3 N (ductile). 

Discussion and Conclusion
 In assessing the data from the thermally aged samples, it should be taken 

into account that, with the exception of the Araldite 1253, thermal aging 
was carried out above the glass transition temperatures of the pure 
 adhesives used (table 1). For many polymers the addition of filler raises 
the glass transition temperature (Chartoff 1981, 536–37). For standard- 
formulation polyvinyl acetate (PVA) wood adhesives, the addition of filler 
does not significantly change their glass transition temperature, but it 
does increase their stiffness and hardness (Qiao et al. 1999, 26). While 
thermal aging does not necessarily mimic the kinetics of molecular 
changes that occur in the natural aging of viscoelastic materials, the 
results show the same general trends as for the naturally aged samples. 
Thus, the results do provide a guide as to which materials are highly 
likely to change with age. However, the methodology for thermally 
aging viscoelastic materials needs to be investigated. 

Figure 7 shows a comparison of the maximum stiffness and peak 
load for the natural and thermally aged samples. Also plotted is the stiff-
ness of the wood (49.6 +/– 4.9 N/mm at 20 N) and the range and bulk 
wood failure load (av. = 129 N). If one assumes that the gap filler should 
have stiffness similar to that of the wood and a peak failure load just 
below that of the wood, then one can say that, for the type of gap-filler 
application described here, RWCoMi and EA1253 have the required stiff-
ness but are too strong for the cases in which a panel might exhibit large 
deformations.

Cohesive or adhesive failure, after curing and before testing, 
occurred for the stable acrylic (Paraloid B-72), PVA, and ethylene vinyl 
acetate (EVA) adhesives investigated, and therefore these are not suitable 
alternatives to commercial wood glues, wood fillers, and epoxies. Jade 
403N had inadequate stiffness to serve as a structural adhesive.

EA1253 produced a very good bond with the wood, resulting 
in brittle fracture in all cases, often initiating in the wood and running 
into the wood-adhesive interface. Contaminants dammar and BEVA 
371 weakened the joint, while Paraloid B-72 and hide glue strengthened 
the joint.
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For RWCoMi, stiffness and peak load increase with natural and 
thermal aging. Aged RWCoMi behaves similarly to EA1253. Less dam-
age to the wood occurs as the bond is not as good, and interfacial failure 
occurs preferentially. Hide glue and Paraloid B-72 contaminant samples 
failed in a cohesive ductile manner. Hide glue did not compromise the 
joint, while Paraloid B-72 gave a slight reduction in the strength of  
the joint. Dammar and BEVA 371 both compromised the joint, leading  
to less predictable failure at lower loads.

For DMC427CoMi, stiffness and peak load increase linearly 
with natural and thermal aging. The DMC427 copolymer formulation 
requires a separate study to determine its long-term stability and suit-
ability for conservation. However, assuming from the results presented 
here that any changes occur relatively early, the nature of its failure 
mode (ductile and cohesive) means that it may still be suitable in some 
applications, when compared to other PVAs of the required stiffness that 
become brittle.

Brittle adhesive failure occurred for all samples with hairline 
joints. Where Resin W and/or hide glue were present as an adhesive or 
contaminant, the failure was at the wood interface, and the material 
often removed a small sliver of wood on failure. The results for hairline 
joints are consistent with those for Resin W with fillers and the same 
contaminants. Dammar and BEVA 371 compromise the joint.

Podany showed that Paraloid B-72 did not impair the tensile 
and shear strength of a structural joint when used as a reversible bar-
rier layer between the substrate and a less reversible structural epoxy 
adhesive (Podany et al. 2001). These results have also been confirmed 
by Ellis (Ellis and Heginbotham 2004). Both findings are consistent with 
the data presented here for EA1252 and Paraloid B-72 when present as 
contaminants, where in these tests the acrylic resin strengthens the joint 
when it is subjected to bending. Their results, specifically aimed at the 
conservation of wooden objects, may imply that Paraloid B-72 could be 
applied as a reversible release layer for joining panel paintings, especially 
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Figure  7

Comparison of  the uncontaminated aged gap-
filler samples at their measured maximum 
stiffness and peak load. Samples are coded, 
with first letters indicating the adhesives 
Jade 403N ( JA), Mowilith DMC 427 (DMC 
427), and Evo-Stik Resin W (RW). The added 
filler is identified as coconut shell flour and 
microballoons (CoMi). The range for the 
peak load (80–170 N) at which wood failure 
occurred in the gap-filled blocks is shown by 
the shaded area.
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with EA1253. However, because in a hairline joint Paraloid B-72 led to an 
increase in strength and brittle fracture at the interface, further testing 
is required to establish safe parameters for its use. Preliminary tests have 
found that when microballoons are added to EA1253, the sample exhibits 
cohesive failure at a lower load. 

Given the presently available options for adhesive-filler com-
binations, the modification of epoxies, the use of release layers, and 
the development of stable stiffer PVAs warrant further investigation. 
Measurement of fatigue lifetimes of the gap fillers in joints, under small 
cyclic changes in RH and temperature, is also essential for understanding 
their long-term performance.
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Note
 1  The painting shown in figure 1 is constructed from two tangentially cut oak boards and is 

thought to have been thinned in the past, resulting in a current thickness of 2–4 mm (0.08–
0.16). The panel has a history of splitting and repair of the splits. In 1988 it underwent 
treatment for splits, during which operation a cradle, buttons, and strips of canvas were 
removed from the reverse, and cracks were realigned and rejoined using Cascamite (urea 
formaldehyde) adhesive. It was then reframed with a foam block panel tray and returned to 
Trerice for display. The conservation treatment illustrated in figure 1, however, was neces-
sitated after a subsequent heating failure at Trerice that resulted in a large change in RH, 
which caused new splits along the original central boards joint and other points of 
weakness.
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Panel paintings are frequently housed in microclimate packages when exhibited 
in less-than-ideal environments. At the “Museum Microclimate” conference in 
Copenhagen in November 2007, the author presented results of studies on the 
behavior of panel paintings in microclimate packages to which silica gel had 
been added (Richard 2007). These studies were undertaken to address a concern 
raised by some conservators and conservation scientists: since the adsorption 
properties of silica gel and the wooden support of the painting differ, might 
the disparity result in damage to the painting when a microclimate package is 
exposed to temperature variations? The author’s research indicates that, while 
silica gel is unnecessary in well-designed and well-constructed packages, add-
ing moderate quantities of properly conditioned silica gel is not only safe but 
potentially beneficial for packages with an air exchange rate that is higher than 
anticipated. Studies carried out since the Copenhagen conference lend further 
support to these findings.

Introduction
 Extensive research and practical experience have demonstrated that 

microclimate packages are an effective way to exhibit panel paintings  
in less-than-ideal environments (Wadum 1998). In an environmental  
test chamber, panel paintings enclosed in microclimate packages were 
exposed to variations in temperature and relative humidity (RH). During 
these experiments, the dimensional activity of the paintings was mea-
sured with strain gages, and the environments inside the packages were 
monitored with electronic sensors. Additionally, microclimate packages 
sent to other museums were monitored for temperature and RH within 
and outside the packages.

Many terms have been adopted over the years for these kinds of 
enclosures—clima-box, microclimate box, microclimate vitrine, microclimate 
frame—but the one presently in currency at the National Gallery of Art, 
Washington DC, is microclimate package. Initial designs from the early 
1980s, which enclosed both the painting and its frame, were large, heavy, 
and unattractive. In an effort to improve upon these designs, boxes were 
subsequently made of acrylic, glass, and/or metal to fit within the frame 
rabbet. While initial versions were less obtrusive, they were nonethe-
less heavy and often required enlarging the frame rabbet. Most micro-
climate packages today consist of a glazing material and lightweight 
barrier films. 

Further Studies on the Benefit of Adding Silica 
Gel to Microclimate Packages for Panel Paintings

Abstract  

Mervin Richard
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Figure 1 represents the basic design now favored at the National 
Gallery of Art. Two types of barrier films have proved successful: 
Marvelseal 360 and Mitsubishi PE/AL/PE/PET Sealing Foil. In most 
cases, a double layer of the laminate is used, with one layer adhered to 
the front and side of the glazing material and the other adhered to the 
inside surface. While various types of laminated glass and acrylic glazing 
materials have been employed, an antireflective, antistatic, clear-coated 
acrylic glazing is the preferred material today.

The choice of an appropriate adhesive is critical to making a 
well-sealed package. Over the past twenty-five years, many materials 
have been tested at the National Gallery of Art. Two hot melt adhesives 
manufactured by 3M—Scotch-Weld 3748 and 3797—have been especially 
effective. These materials were developed as high-performance, noncor-
rosive, hot melt adhesives for bonding plastics, including polyethylene 
and polypropylene, on electronic components. Recently 3M Scotch 
brand adhesive transfer tape (no. 908) has also proved effective. The 
acrylic adhesive has no carrier, is easily applied, and bonds well to glaz-
ing materials. 

A variety of approaches have been used to contain silica gel 
within microclimate packages. Silica gel panels made with polystyrene 
egg-crate lighting diffusers and polyester mesh fabrics were the norm 
in early packages. The quantity of silica gel placed in these panels typi-
cally ranged from 50% to 100% of the weight of the panel. In an effort 
to lessen the weight, silica gel panels were later made of acid-free blot-
ter paper and a paper honeycomb. The blotter was adhered to one side 
of the honeycomb with a polyvinyl acetate emulsion; silica gel was then 
added, and subsequently the panel was covered with a second layer of 
blotter paper. In recent years, one to two layers of the sheet-type Art 
Sorb have been used as a buffer. A piece of mat board or acid-free card-
board is often included to provide a margin of support to the rather 
f lexible Art Sorb sheet. These materials do not have the high buffering 
capacity of the earlier silica gel panels, a factor that should be considered 
when preparing microclimate packages for venues with extreme RH 
conditions.

The leakage rates of several packages, all following the design in 
figure 1, have been evaluated with a carbon dioxide monitor (Calver et al. 
2005). The observed air exchange rates for CO2 varied from 0.1 to 0.3 air 

Barrier foil Backing board
Mending plate
Foam pad

Silica gel panel 
or sheets

Foam or balsa wood

Glazing

Adhesive

Panel painting

Mat board

Figure  1

Design of  microclimate packages often  
used at the National Gallery of  Art, 
Washington DC.



142

PROOF    1  2  3  4  5  6

R i c h a r d

exchanges per day. This is quite good—indeed, significantly better than 
the air exchange rates of most museum display cases. Variations on this 
basic design—packages that travel without a frame, for example—have 
also tested successfully over the years. Package designs relying on gas-
kets, rather than on adhesives, to seal the metal foil laminate to the glaz-
ing material have proved less successful, exhibiting leakage rates in the 
range of 2 to 3 air exchanges per day.

Environmental Conditions 
in Microclimate Packages 
for Paintings on Loan

 The National Gallery of Art has used hundreds of microclimate pack-
ages for paintings on loan to other institutions. In many instances, 
environmental conditions, both inside and outside the package, were 
monitored with dataloggers. The RH in all of the monitored packages 
remained extremely stable. Following are two examples that were cho-
sen because they represent situations in which ambient conditions were 
unusually extreme. The results presented in figure 2 were recorded 
during the loan of a panel painting by Lorenzo Lotto to an exhibition 
with two venues.1 The painting was enclosed in a microclimate pack-
age similar to the one seen in figure 1. Two layers of sheet-type Art 
Sorb were included to increase the buffering capacity of the package. 
While the temperature remained reasonably stable, the RH in the 
ambient environment varied from approximately 40% to 72%. The RH 
inside the microclimate package remained very stable for the entire 
period of the loan.

Environmental conditions outside and within a microclimate 
package for a canvas painting by Robert Henri are shown in figure 3.2 
While this paper focuses on panel paintings, the Henri loan serves as 
a good example of a package without silica gel exposed to a relatively 
extreme environment that varied from 15% to 55% RH. While the pack-
age design was similar to that for the Lorenzo Lotto (fig. 2), the RH 
within the package was less stable. It gradually dropped from approxi-
mately 52% to 44% during the period of the loan. The decline in RH 
resulted from the daily exchange of air with the surrounding environ-
ment. Unquestionably, silica gel would have improved the performance 
of this package.
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Temperature and RH both inside and outside 
a microclimate package buffered with Art 
Sorb (panel painting by Lorenzo Lotto). 
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Physical Properties of 
Materials in Microclimate 
Packages

 The equilibrium moisture content (EMC) of all hygroscopic materials is 
affected by both temperature and RH. Wood has a higher moisture con-
tent in a cool, damp environment than it does in a hot, dry one. If the 
temperature remains constant while the RH increases, wood will adsorb 
water until a new equilibrium is reached. If the RH remains constant 
while the temperature increases, wood will desorb water until equilib-
rium is reestablished. Dimensional changes in the wood will accompany 
changes in moisture content. 

The dimensional response of wood to variations in RH is far 
greater than that observed with temperature; thus, the effect of tempera-
ture on panel paintings is often ignored. However, temperature should 
always be taken into consideration when panel paintings are transported in 
cold environments. Wood is a relatively susceptible material to temperature 
variations. The linear coefficient of radial expansion of white oak, Quercus 
alba, is 32 × 10-6 per degree C. By comparison, the coefficient for copper is 
only 17 × 10-6 per degree C. It has been demonstrated that the dimensional 
response of panel paintings in microclimate packages, albeit small, results 
almost exclusively from temperature fluctuations (Richard 1991; 2007). 

The physical properties of wood have been thoroughly studied. 
It is relatively easy to predict the moisture content and dimensional 
variations of wood surrounded by a large volume of air. Either a change 
in ambient RH at constant temperature or a change in temperature at 
constant RH will alter the moisture content of a panel painting. A panel 
painting exhibited in a room maintained at 25°C and 50% RH will have 
an EMC of approximately 9.1%. If the room temperature drops to 15°C 
without affecting the RH, the moisture content of the wood will gradu-
ally increase, to approximately 9.4%. 

It is important to understand that the circumstances are different 
when a panel painting is placed in a microclimate package. Since there 
is a small volume of air surrounding the panel, there is a tiny quantity 
of water available for sorption. Consider a panel enclosed in a micro-
climate package when the temperature decreases from 25°C to 15°C. 
The cooling wood will adsorb water from the air until equilibrium is 
 reestablished at a slightly lower RH. The final RH depends on the size of 
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Temperature and RH both inside and outside 
a microclimate package without silica gel 
(canvas painting by Robert Henri).
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the panel, the species of wood, and the volume of the package, but in this 
example it is assumed to be 48.5%. Given the small volume of air in the 
package, only a tiny quantity of water must be adsorbed to lower the RH 
to 48.5%. The moisture content of the wood remains nearly the same. 
Modern packing techniques for paintings take advantage of this phe-
nomenon by requiring paintings to be wrapped, usually in polyethylene 
sheeting, to create a moisture barrier. 

The Debate Regarding  
the Use of Silica Gel

 In 1966 Nathan Stolow published the results of his study of environments 
inside packing cases exposed to temperature variations during transit. 
He observed that for silica gel, unlike most hygroscopic materials, tem-
perature has a negligible effect on EMC (Stolow 1966, 11). Stolow saw this 
as an advantage, because it meant that silica gel could be used to stabilize 
the RH in packing cases during transit. Others recognized, however, that 
if Stolow were correct, stabilizing the RH with silica gel would alter the 
quantity of water sorbed by hygroscopic materials under temperature 
variations (Hackney 1987; Toishi 1994). The theory was that dimensional 
responses accompanying excessive adsorption or desorption could dam-
age works of art. Accordingly, word spread that silica gel should not be 
added to microclimate packages.

Research undertaken at the National Gallery of Art has shown 
that Stolow’s observations on the EMC of silica gel as a function of tem-
perature do not hold true for the silica gel products most often used 
by museums. The EMC of several types of silica gel, as well as other 
materials, has been studied with a water vapor sorption analyzer. Data 
extracted from Stolow’s publication is plotted in figure 4, along with 
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sorption curves for wood at 15°C, 25°C, and 40°C (Stolow 1966, 4; Forest 
Products Laboratory 1999, 3–7). While Stolow’s curves may accurately 
reflect the sorption behavior of the silica gel he evaluated, they differ 
from results obtained at the National Gallery of Art. The sorption prop-
erties of regular density silica gel and Art Sorb measured with the water 
vapor analyzer are found respectively in figures 5 and 6. These results 
demonstrate that the effect of temperature on silica gel is significant. In 
fact, the effect of temperature on silica gel is slightly greater than that 
on wood. 

Conclusion
 Microclimate packages are beneficial for panel paintings exhibited in less-

than-ideal environments. Silica gel is not required for well-constructed 
microclimate packages that contain a relatively small volume of air and 
that are exhibited in moderate environments. But if a microclimate pack-
age has significant leakage, a moderate quantity of properly conditioned 
silica gel will improve its performance without adversely affecting the 
encased painting. The dimensional changes that occur result from the 
thermal responses of the wood, not from moisture content variations. 

Notes
 1  Lorenzo Lotto (Italian, ca. 1480–1556/57), Saint Catherine, 1522. Oil on panel, 57.2 × 50.2 

cm (22.5 × 19.8 in.). National Gallery of Art, Washington DC, Samuel H. Kress Collection, 
1939.1.117.

 2  Robert Henri (American, 1865–1929), Catharine, 1913. Oil on canvas, 61 × 51 cm (24.0 × 
20.1 in.). National Gallery of Art, Washington DC, Given in memory of Mr. and Mrs. 
William J. Johnson, 1948.7.1.

Materials and Suppliers
 Art Sorb, Fuji Silysia Chemical, S.A., 2-1846 Kozoji-cho, Kasugai-shi, Aichi-ken, Japan 

487-0013.

 Marvelseal 360, Ludlow Corp., Laminating and Coating Division, 1 Minden Road, Homer LA 
71040, USA.

 Mitsubishi PE/AL/PE/PET Sealing Foil, Mitsubishi Polyester Film Inc., Polyester Film 
Division of Mitsubishi Plastics Inc., 2001 Hood Road, P.O. Box 1400, Greer, SC 29652, USA.

 Q5000SA Water Vapor Sorption Analyzer, TA Instruments, Corporate Headquarters, 159 
Lukens Drive, New Castle, DE 19720, USA.

 Scotch ATG Adhesive Transfer Tape 908, 3M Corporate Headquarters, 3M Center, St. Paul, 
MN 55144, USA.

 Scotch-Weld hot melt adhesives 3748 and 3797, 3M Corporate Headquarters, 3M Center, St. 
Paul, MN 55144, USA.
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Since the early 1990s, the practice of protecting panel paintings against short-
term environmental changes by housing individual objects in microclimate 
vitrines has become a widely used procedure in museums around the world. 
This paper provides a brief update on the use of microclimate vitrines for 
framed paintings, following up on a previous work on the use of the picture 
frame as the primary vitrine housing. Construction techniques and materi-
als for creating microclimate vitrines that use the picture frame are reviewed. 
Brief observations are also made on the use of buffering materials, on framing 
concerns, and on record keeping. New developments using the f lexible lami-
nate material Marvel Seal are introduced. Early examples of sealed packages 
from the National Gallery of Art in Washington DC are described, as is the 
construction of a sealed envelope microclimate vitrine system frequently used 
at the Metropolitan Museum of Art in New York. Outstanding questions con-
cerning the conditions inside sealed microclimate vitrines—issues such as 
temperature difference within the closed system; occurrences of condensation, 
bloom, and mold; and the effect of off-gassing on a work of art—are consid-
ered, as pointers to further research on this form of environmental protection 
for panel paintings.

Introduction
 Since the early 1990s, the Rijksmuseum in Amsterdam, as well as many 

other museums worldwide, has increased the use of microclimate 
vitrines to house paintings on wood panels and other sensitive works  
of art. Microclimate vitrines are used to protect paintings both during 
transit and while on temporary or permanent display. For paintings on 
wood panels, a closed sealed microclimate vitrine has been recognized as 
offering optimal protection from fluctuations in ambient relative humid-
ity (RH) and temperature. The large number of loans of panel paintings 
made yearly by the Rijksmuseum led to the development and use of a 
microclimate vitrine that utilizes the painting’s frame as the primary 
housing, a design that can be easily constructed in-house at minimal cost 
and with minimal effort (fig. 1). That design concept is one step in the 
ongoing development of methods for protecting panel paintings. This 
development continues in many institutions and has recently led to the 
use of the sealed envelope (fig. 2).

Microclimate Vitrines for Panel Paintings:  
An Update

Abstract  

Laurent Sozzani
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Background
 Researchers internationally have validated the viability of enclosing 

panel paintings into simple sealed microclimate vitrines. In Holland ini-
tial research into the behavior of microclimate vitrines was carried out 
by the working group Research Program Microclimates: Paintings on 
Panel and Canvas, results of which were presented at the International 
Institute for Conservation of Historic and Artistic Works (IIC) Congress 
held in Ottawa in 1994 (Wadum et al. 1994). The following year, at  
the 1995 Getty symposium “The Structural Conservation of Panel 
Paintings,” Jørgen Wadum presented an overview of the research and 
development of closed vitrines and microclimate systems for protecting 
works of art, from the early use of simple glazing and backings to mod-
ern closed microclimate systems and systems using inert gases (Wadum 
1998). The proceedings of the conference “Museum Microclimates,” held 
in Copenhagen in 2007, provide a good source of many up-to-date refer-
ences on the science of environmental systems for the care of works of 
art, including paintings (Padfield and Borchersen 2007). These publica-
tions are important reference texts for the background and research that 
have led to the current construction and use of individual microclimate 
vitrines for panel paintings. 

The use of microclimate vitrines and the principles of their con-
struction, often intuitive, have developed hand in hand with advances in 
conservation science. Designs now in use are continually reevaluated in 
relation to the growth of knowledge in the field. As conservation science 
develops, it helps to define, refine, and validate the creative applications 
of these general designs.

Figure  1

A microclimate vitrine that uses the painting’s 
frame as the housing. Gabriel Metsu (Dutch, 
1629–1667), The Old Drinker, ca. mid-17th 
 century. Oil on panel, 22.0 × 19.5 cm (8.7 × 
7.7 in.). Rijksmuseum, Amsterdam, SK-A-250. 
Photos: Laurent Sozzani.

F ig u re  2

An independent sealed envelope microclimate 
vitrine. Frans Post (Dutch, 1612–1680), 
Brazilian Landscape, ca. mid-17th century. 
Oil on panel, 22.5 × 28.0 cm (8.9 × 11.0 in.). 
Rijksmuseum, Amsterdam, SK-A-2333. 
Photos: Laurent Sozzani.
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The Microclimate Vitrine
 Microclimate housings for works of art have been developing since the 

beginnings of modern conservation in the mid-nineteenth century. An 
intact frame sealed in the late nineteenth century, housing a Turner 
painting at the Victoria and Albert Museum in London, is an early exam-
ple that is often cited (Hackney 2007). Microclimate vitrines for individ-
ual paintings have a practical modern history from the 1980s, and they 
have come into widespread use since the early 1990s. In summarizing the 
designs of completely closed microclimate housings, Wadum described 
schematically four different microclimate housings for paintings. These 
designs proceeded in development from a simple sealed box encasing an 
unframed painting, to one that encased the painting with its frame, and 
on to a small independent sealed box holding the painting and set into 
the frame (Wadum 1998). In each of these designs, a buffering material 
(usually a form of silica gel) was also enclosed with the painting. Further 
development led to the fourth design, an independent sealed box to be 
framed, containing the painting without extra buffering material—the 
exclusion of the extra buffering material being the result of research 
showing that in a well-sealed vitrine with minimal air volume, the mois-
ture equilibrium between the wood of the panel and the surrounding  
air is maintained with little moisture exchange as temperature varies 
(Kamba and Nishiura 1993; Wadum et al. 1994).

An important goal in the development of microclimate vitrines 
has been that the painting be framed with little or no change to its 
overall appearance, other than its being glazed. Considerable criticism 
was leveled at early closed systems because of the way the construction 
interfered with the aesthetic appearance of the framed painting, minimal 
visual reference to the vitrine being important not only to the single 
object but also to the continuity of an exhibition. 

Some of the basic designs and practical applications of micro-
climate vitrines, as well as their advantages and disadvantages, are sum-
marized in the following discussion.

The Picture Frame as the 
Primary Housing

 In 1997 I described an economical design for making a microclimate 
vitrine using the picture frame as the primary housing (Sozzani 1997). 
In this design the picture frame becomes a microclimate vitrine by 
 simply sealing it closed with glass and an impermeable backing board.  
There is no independent housing for the painting, only the sealed frame. 
However, if the interior of the frame is covered with an impermeable 
material, in essence an inert box is created. Variations of this simple 
design are now widely used in museums and private collections (fig. 3).

Specific Design Aspects: 
Changes, Advantages, and 
Disadvantages

 When an institution is faced with having to construct many vitrines, as 
often occurs in museums with active loan programs, simplification of  
the vitrine design and standardization of materials are important. At the 
Rijksmuseum, as with other similar collections, standardization is impor-
tant because of the large number of panel paintings that travel or, as is 
the case today in the Rijksmuseum, are on exhibit in small galleries with 
very large numbers of visitors. Even so, standardization is always only a 
starting point, as each painting and frame combination will pose its own 
requirements for configuring the various components of the vitrine.
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The Back Plate
 The first vitrines made in the Rijksmuseum that utilized the frame as 

the primary housing used stainless steel plates for closing the back. The 
edges of the metal plate were bent over to provide the rigidity needed for 
a good seal (Sozzani 1997). An alternative back plate material proposed at 
that time was polycarbonate twin-wall sheeting. However, by the time  
of publication, polycarbonate had already become the material of choice 
at the Rijksmuseum. Lightweight, semitransparent, and easy to cut, it 
became a viable substitute for the heavier and more costly metal plate. In 
order to seat the bent edges of the metal plate, a buildup on the back of 
the frame was always required. With the polycarbonate, a buildup is only 
necessary to accommodate the thickness of the painting. 

When the polycarbonate is used, aluminum strips are attached 
along the back edges of the polycarbonate. The aluminum has one 
rounded-over edge, similar to the bent edges of the steel plate. The bent 
edge adds rigidity to the strip, and when it is screwed down over the 
polycarbonate, it ensures that the neoprene gasket, which is attached 
to the inside of the plate, is evenly compressed against the back of the 
frame, giving a good seal. The aluminum is either painted or anodized 
black, and as a rule of thumb, the screws holding the back plate are no 
farther than 10 cm (3.9 in.) apart. This design allows the back to be easily 
opened and reclosed whenever necessary.

Polycarbonate backing plates have also been used without  
the aluminum strips. To prevent possible leakage, some designs have 
used aluminum tape to bridge the polycarbonate and the back of the 
frame (Instituut Collectie Nederland 2004). Though initial adhesion is 
strong, the tape is vulnerable to losing adhesion or tearing. 

On occasion, it can be necessary to open a vitrine during travel. 
A successful procedure of opening and resealing the vitrine depends on 
the understanding and capacity of the courier or technician present and 
on the availability of proper materials. A well-taped join, created with 
any of a variety of relatively impermeable tapes, should ensure a stable 
microclimate for at least the duration of the average loan exhibit. 

Aluminum edging

Canal plate

Neoprene seal

Cork positioning panel

Frame buildup

Panel painting

Spacer between panel 

and glass

Laminated safety glass

Neoprene seal

Wood frame



152

PROOF    1  2  3  4  5  6

S o z z a n i

Interior Taping
 Aluminum tape is often used to completely cover all exposed interior 

wood surfaces of a frame. The tape closes small holes and cracks, 
 creating a barrier to moisture exchange with or through the frame. 
Application of the tape can be tedious, and the tape can be difficult to 
remove. A thin low-tack tape placed directly on the wood below the alu-
minum tape can facilitate removal.

Appearance of the  
Back of the Frame

 A minor but important point to consider when adding a buildup to the 
back of the frame is the appearance. Even though it will generally be out 
of sight, it is important to take into consideration how it will look if 
viewed from the side. If the buildup has any height, it is visually more 
pleasing to cut the addition at a slight angle and then to tone it dark or to 
paint it with a traditional frame color, such as deep ocher (fig. 4).

Extra Buffering Material: 
Silica Gel and Museum 
Board

 In researching the use of silica gel, Mervin Richard has shown that there 
is little difference in dimensional changes of panels in well-sealed vitrines 
when silica gel is present and when it is not (Richard 2007). At the 
Rijksmuseum, as in many other institutions, silica gel is not used in 
sealed microclimate vitrines. This practice follows the notion that in a 
well-sealed vitrine, little moisture will be exchanged between the wood 
panel and the small volume of enclosed air when there are changes in 
temperature. Further, inclusion of silica gel may be undesirable if a 
microclimate vitrine remains at an elevated temperature, during which 
time the silica gel can become an unwanted sink, absorbing moisture 
being released from the panel. Conversely, a drop in temperature could 
trigger a release of moisture from the silica gel that could then condense 
on the inside of the glass or on the painting. 

When a wood picture frame is used as the vitrine housing, it is 
assumed that the exposed wood interior reduces the burden of  moisture 

Figure  3  (oppos i t e  page )

Cutaway view of  the basic configuration and 
elements of  a microclimate vitrine that uses 
the picture’s frame as the primary housing. 
Photo: Laurent Sozzani.

Figure  4

A buildup at the back of  the frame in the 
 process of  being painted. Note the sloping 
angle of  the outer edge of  the wood addition, 
a feature of  a traditional frame design. Photo: 
Laurent Sozzani.
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exchange between the panel and the air space within the vitrine. 
Covering the interior of the frame with aluminum tape eliminates this 
effect. Richard notes that, in order to replace this benefit, a thin sheet of 
museum board is placed behind the painting as a temperature-responsive 
buffer. Richard has also confirmed this to have a slight buffering action, 
slowing changes in RH.

Framing Basics
 It is recognized that framing can directly affect the stability of a panel 

painting. Although framing attachments are meant to be protective, 
when there are too many holding the panel in place, the movement of 
the wood can be restricted, and cracking and paint loss may occur. 

It is important that the painting be held securely without there 
being any restriction on potential dimensional changes, especially 
those perpendicular to the wood grain that might result from changes 
of internal moisture, even if in a closed system. Though more sophisti-
cated framing methods can be necessary for especially sensitive, frag-
ile panels, in general and in the simplest form, panel paintings at the 
Rijksmuseum are secured in their frames with either wood or metal 
blocks and cork or foam that are attached to the frame only (fig. 5). 
These blocks hold the panel solidly in position along only the central 
axis in the direction of the grain of the wood. This scheme allows free 
lateral expansion and contraction and does not restrict concave defor-
mation at the back of the panel. A panel with severe or complex surface 
deformation may also require special adaptation of the frame rabbet 
to accommodate the curvature. A simple added precaution, used occa-
sionally during transport of larger, f lexible panels, is to place soft foam 
blocks between the frame and panel to dampen movement without 
restricting dimensional changes.

Figure  5

A simple framing attachment along the cen-
tral axis, in the direction of  the wood grain  
of  the panel. Gerard van Honthorst (Dutch, 
1590–1656), Amelia van Solms, ca. 1647. Oil 
on panel, 74.3 × 59.8 cm (29.3 × 23.5 in.). 
Rijksmuseum, Amsterdam, SK-A-573. Photos: 
Laurent Sozzani.
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Developments Using 
Flexible Plastic Laminates 
for Vitrine Construction

 An alternative to using a solid backing plate and directly lining the frame 
rabbet with aluminum tape is to substitute both with impermeable lami-
nate sheeting. The National Gallery of Art in Washington DC has used 
flexible laminated moisture barrier films for microclimate packages since 
1992 (Richard 2007). 

On such film, Marvel Seal, is a versatile material used in com-
mercial packaging. It is also used to seal art objects for transport and 
to make enclosures for anoxic treatment of works of art. It is a nylon-
aluminum-polyethylene triple laminate that has the advantage of being 
very strong (from the nylon) and virtually 100% impermeable (from the 
aluminum). The polyethylene allows it to be heat-set to itself. Other simi-
lar impermeable plastic laminates, also used in packaging and in anoxic 
treatments, have the added advantage of being clear and can be used if 
visibility of the back of the object is desirable or necessary.

In one configuration used at the National Gallery, the Marvel 
Seal is sealed onto the glass and loosely lines the frame rabbet. The paint-
ing is secured in the frame, and a sheet of Marvel Seal is heat-sealed to 
the rabbet lining. This creates the closed microenvironment. A backing 
board attached to the frame protects the laminate sheeting. In another 
configuration, the Marvel Seal is attached to the glass, wrapped around 
the painting, and heat-set to transparent acrylic sheeting. Other institu-
tions have used Marvel Seal to line the inside of wood backings, render-
ing the wood impermeable.

Sealed Envelope 
Microclimate System

 The innovations that use laminated sheeting have led to the development 
of the “sealed envelope.” Simply stated, the sealed envelope is an indepen-
dent package of laminate attached to the glazing that contains the paint-
ing. This design can be routinely used and has the potential to reduce 
dramatically both the materials and the time necessary for enclosing a 
painting. Many designs rely in some way on the frame for construction. 
More recently, as with earlier criticism regarding aesthetic presentation, 
concern has arisen regarding the amount of alteration or intervention to 
the frame that is necessary when a frame is transformed into a micro-
climate vitrine. Keeping intervention to a minimum is of particular con-
cern when an antique or original frame is being used. Newer design 
concepts have now minimized this problem.

The sealed envelope is closely related to an earlier concept, also 
an independent enclosure, which is generally known as the Wight box, 
named after its manufacturer George Wight (Bossard and Richard 1989; 
Bossard 1990). It, however, uses a rigid metal box as the housing. In con-
trast, the new sealed package is constructed by attaching only the flexible 
laminate to the glazing. The laminate wraps around the painting and is 
sealed, enclosing the painting. The painting is then framed. Many institu-
tions have now adapted the method.

One great advantage over built-in-the-frame housing is that  
only minimal or no extra intervention to the frame is necessary. It is  
not necessary to enlarge the frame rabbet, as was often the case with the 
rigid box. Sealing the interior of the frame is no longer necessary, and a 
buildup on the reverse is only needed in frames with the most shallow 
rabbet, or when there is a desire to add protection to the package rather 
than to create the microclimate enclosure. 
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At the Metropolitan Museum of Art in New York, George Bisacca 
and Alan Miller have been refining the construction of the sealed enve-
lope since early discussions with Richard (see poster by M. Alan Miller, 
“Marvel Seal Envelopes at the Metropolitan Museum of Art,” in this 
volume). The basic materials for the sealed envelopes constructed at the 
Metropolitan Museum are glass, polyester tape, and Marvel Seal, plus 
spacers to separate the painting from the glass and any additional material 
necessary for centering the painting. In short, a tray is made by taping a 
strip of Marvel Seal around the edge of the glass. To reduce the possibil-
ity of leakage, tape is attached just over both the inside and the outside 
edges of the glass, sandwiching the Marvel Seal in between. The spacer 
and painting are set into the tray and covered with a back sheet of Marvel 
Seal. The strip is folded over and sealed closed with tape (figs. 6a and 6b). 

If the sealed envelope is carefully made, there should be no 
leaks, and when the plastic laminate is pulled tightly against the panel 
during closing, the panel and spacer should stay in position. If the glass, 
spacer, and/or painting differ in size, additional shims may be required at 
the sides to center the picture. Securing these extra pieces, as well as the 
spacer, also prevents them from shifting out of place. If necessary with a 
fragile or uneven panel, adding a piece of museum board into the enve-
lope behind the painting can provide a smooth, solid surface to aid in 
closing the package tightly. It may also be necessary to build up the inlay 
to conform to the configuration of a distorted panel. As with any general 
design, adaptations can always be expected.

A tight, solid, and secure construction is very important. Closing 
the package tightly around the contents reduces the air volume, thus 
maintaining the moisture equilibrium with the least amount of water 
migration. The package can be secured into the frame with normal hard-
ware. If necessary, after framing, the addition of a normal backing board 
can protect the plastic laminate. 

Record Keeping
 An important document that can travel with a microclimate vitrine is 

a description of the construction along with a diagram and/or photo. 
Opening a microclimate vitrine during a loan is undesirable, but it has occa-
sionally been necessary, usually to clean the glass or remove an unsightly 
piece of debris. Regardless of who has the responsibility for opening the 
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Figures  6a  and  6b 

A sealed envelope microclimate vitrine: 
Cutaway view of  the basic configuration and 
elements (a); the same package after comple-
tion (b). Photos: Laurent Sozzani.
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vitrine, a description explaining the construction is helpful: first, for evalu-
ating whether the problem is worth the effort; and second, for conveying 
what opening and reclosing the vitrine will entail. Also important is a label 
on the back plate indicating that the painting is housed in a microclimate 
vitrine and should not be opened without permission of the owner. 

Summary and Future 
Considerations

 The use of microclimate vitrines is widely accepted as a safe and nonin-
trusive conservation practice. However, problems have occurred that 
raise questions regarding long-term use of closed systems, and questions 
remain to be addressed. Differences in the environment (temperature, 
RH, and/or composition of the air) in front of and behind the painting 
due to lack of circulation will occur. Can the differences be great enough 
to cause a problem? Can the addition of a buffering material, be it silica 
gel or simple cardboard, accentuate any difference? 

Problems associated with excess moisture—such as condensation 
on the inside of the glass, development of mold, or bloom on the surface 
of the painting—have all been noted at the Rijksmuseum and by other 
users (figs. 7a and 7b). What conditions lead to these effects? It has been 
shown that elevated temperature will result in elevated RH in a closed 
system containing hygroscopic material. High RH followed by a drop in 
temperature can result in condensation accumulating on the inside of 
the glass, the cool surface of which would have an affinity for attracting 
moisture. What can or should be done to avoid these problems? 

Cleaning the interior and contents of the vitrine before assembly 
can reduce the possibility of mold development. Avoiding elevated tem-
peratures can also be a general precaution; however, closed vitrines are 
often used because the picture is being displayed in a room where tem-
perature fluctuations are outside the acceptable range. What are the lim-
its of acceptable fluctuations for panels in sealed microclimate vitrines? 

Another issue is that of off-gassing of materials enclosed in the 
vitrine. Can off-gassing of the adhesives, the gasket materials, any paint 
or other materials used, or compounds from the painting itself cause 
a problem or aggravate an inherent problem in the artwork? As off-
gassing occurs, will an equilibrium be reached that slows or stops the 
off-gassing? Or is there a need for the addition of a pollutant-absorbing 
material in the vitrine? Is it necessary to “air out” a closed system?  
Can being in a sealed vitrine ever be more dangerous for the object  
than being in the open air? 

These questions, and others that will inevitably arise, will even-
tually be answered by the research that continues in the area of closed 

a ba b

Figures  7a  and  7b 

Problems associated with excess moisture: 
Condensation on the inside of  the glass of  a 
vitrine, after the artwork had traveled to two 
loan venues (a); mold that developed in a 
vitrine that housed a painting on exhibit in an 
unclimatized castle in the Netherlands (b). 
Photos: Laurent Sozzani.
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systems for the conservation of our patrimony. However, for the present, 
a well-constructed, well-sealed vitrine with minimal internal air volume 
can be considered the best protection for a panel painting when it is in 
transit, or when it is kept in a less than stable environment. 
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Materials and Suppliers
 Luxar glass, www.luxar.ch/en/luxar/index.html. Search site for local distributors. 

 Barrier films: Marvel Seal 360 (aluminized polyethylene and nylon film) and FR1275B (alumi-
nized polypropylene film), available through many conservation suppliers. Both films resist the 
transmission of water vapor and other atmospheric gases.

  Schott Mirogard Protect Glass, www.schott.com. Search site for local distributors.
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Specimens simulating historic panel paintings were subjected to cycles of 
mechanical stretching and compression to imitate dimensional changes induced 
by repetitive fluctuations of relative humidity (RH) in the microenvironment of 
painted wood. Up to 36,000 cycles, equivalent to 100 years of diurnal fluctua-
tions, were performed in order to estimate the cumulative damage of strain cycles. 
Development of cracks in the decorative layer was monitored using a laser speckle 
decorrelation technique that enabled physical fracturing to be monitored at the 
microlevel before damage was discernible from the macroscopic perspective. Plots 
of cumulative crack length versus number of cycles causing that fracture were 
obtained. Strain of 0.15% was found to be tolerated by the specimens even for the 
maximum number of cycles, whereas strain of 0.25% produced initial cracking 
after 5000 cycles only. Therefore, strain of approximately 0.2%, close to the yield 
point of gesso, was confirmed as a critical level that the polychrome wood could 
endure without damage. Local variations in strain reflecting the anisotropic 
elongation of the wood substrate need to be determined to assess the magnitude of 
RH variations necessary to cause the critical strain. The slow response of panel 
paintings to rapid variations in RH and their usual deformation, which reduces 
the effective movement experienced by the decorative layer, as well as stress relax-
ation of gesso during long-term variations, all have a bearing on the susceptibility 
of painted wood panels to cracking due to cyclic environmental changes.

Introduction
 Uncontrolled variations of ambient temperature and relative humidity 

(RH) are the principal hazard to the preservation of panel paintings, 
which are frequently exposed to real-world, dynamically changing envi-
ronments. Materials that constitute panel paintings, such as hide glues, 
gesso, paints, and varnishes, respond to these variations by gaining mois-
ture when humidity is high and losing moisture when the surrounding 
air is dry. The materials respond dimensionally to the sorption and 
desorption of moisture; they shrink as they lose moisture and swell when 
they gain moisture. A notable effect is that panel materials each respond 
differently to the loss and gain of moisture, which induces high stress in 
the different layers of painting, leading to damage if the strength of a 
given material is exceeded. 

Substantial investigations have been undertaken to quantify 
mechanical properties and swelling response of materials that consti-
tute painted wooden objects (Mecklenburg, Tumosa, and Erhardt 1998; 

Allowable Microclimatic Variations for Painted 
Wood: Direct Tracing of Damage Development

Abstract  

Roman Kozłowski, Łukasz Bratasz, Łukasz Lasyk, and Michał Łukomski
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Richard, Mecklenburg, and Tumosa 1998). The yield points (that is, the 
strain levels at which materials begin to deform permanently) have been 
determined as 0.4% for woods, paints, and glues, and 0.25% for a brittle 
gesso found in historic panel paintings. Much higher strains—0.9% or 
greater—were found necessary to cause failure. Swelling responses of 
the panel materials were measured for a full range of RH and expressed 
as rates of dimensional response—that is, variations in strain per unit 
change in RH. While these rates are low, in the range of 40–60% RH, 
the wood and glue show dramatic increases outside the range when 
compared to far less responsive gesso and paint. The mismatch in the 
response of gesso and wood, especially in the most responsive tangen-
tial direction of the wood, has been identified as the worst-case condi-
tion: upon desiccation, the shrinkage of wood overrides that of the 
gesso, which undergoes compression, whereas upon wood swelling, 
the gesso layer experiences tension. If the uncontrolled changes in the 
dimensional change go beyond a critical level, the gesso can crack or 
delaminate. We have assumed that the strains induced by the mismatch 
in the dimensional response should not exceed a yield point for gesso, 
either in tension or compression. Therefore, allowable changes in RH 
were calculated as those inducing in the gesso layer a strain level of 
0.25%. As the rates of dimensional changes depend strongly on RH, the 
allowable RH variations were presented as functions of starting RH lev-
els; for example, the allowable increase of RH is 12% for a painting on 
a substrate of cottonwood (Populus spp.), equilibrated at 50% RH before 
tensile yielding in gesso occurs, while the allowable decrease in RH is 
17% before the compression yielding.

The approach just described, however, raises further questions. 
Is the yield criterion (0.25%) really a critical strain above which damage 
in gesso occurs? As stressed in the literature (Mecklenburg, Tumosa, 
and Erhardt 1998), the criterion is conservative, and it would be interest-
ing to explore to what extent it actually applies. Furthermore, the criti-
cal strains—both yield points and strains at failure—are measured in 
mechanical testing programs by loading the specimens and recording the 
stress-strain relationships. They represent, therefore, strains for deforma-
tion or failure in a single loading cycle only, whereas smaller repeated 
strains resulting from many cycles of humidity fluctuations may lead to 
fatigue fracture as a consequence of the cumulative strain effects. The 
necessity of a correction of critical strains due to fatigue from multiple 
fluctuations has already been stressed (Michalski 1991; 2009), but there 
has been little research in this area. Yet the continuous accumulation of 
slight changes, rather than infrequent serious damaging events, accounts 
for much of the deterioration of painted wood observed in museums and 
historic interiors.

The aim of the present paper has been to establish experimen-
tally the S-N relationships for specimens imitating historic panel paint-
ings, where S is strain leading to fracture of gesso, and N is the number 
of cycles that caused that fracture. Cycles of strain were produced by 
mechanical stretching and compression of the specimens, which simu-
lated dimensional changes induced by repetitive fluctuations of RH. 
Fracturing of the gesso layer was directly and accurately monitored with 
a laser speckle decorrelation technique, which is capable of monitoring 
physical damage at the microlevel before it is discernible visually.
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Materials and Methods
 Preparation of Specimens 

Lime wood (Tilia spp.) was selected as the wood substrate, as this wood 
species was widely used in central Europe in the past to produce wooden 
sculptures or supports for panel paintings, for reasons of availability and 
ease of processing. The specimens were cut from the outer part of the 
trunk and air-seasoned for three years under shelter. Their dimensions 
were 15 cm (5.9 in.) parallel to the grain and 7.5 cm (3.0 in.) transverse to 
the grain. The thickness of the specimens was 1 cm (0.4 in.). 

The wood substrates were sized with the rabbit-skin glue prior 
to being coated with gesso. The gesso was composed of rabbit-skin glue 
and ground chalk; the ratio of the inert solid to glue, expressed as the 
pigment-volume concentration (PVC), was 92%.  The PVC value was 
practically selected by a participating restorer as being that which has 
been commonly used in the restoration of panel paintings. Six coatings 
of gesso were applied, and the thickness of the dried gesso layer was 
approximately 1 mm (0.04 in.).

Strain Cycling 

The dimensional changes were mechanically simulated using the 
Universal Testing Machine from Hegewald and Peschke. The specimens 
were securely clamped in the machine, as shown in figure 1, and sub-
jected to stretching and compressing at selected amplitudes. The fre-
quency of the strain cycles was approximately 0.3 Hz, and the specimens 

Extensometer

Grain direction

F ig u re  1

A specimen imitating a historic panel painting 
subjected to cycles of  stretching and com-
pressing in a machine for mechanical testing. 
The specimen accommodates two testing 
fields: plain gesso and gesso covered with stiff 
and brittle alkyd paint. Photo: Roman 
Kozłowski.
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were subjected to 36,000 cycles (unless the specimen had been damaged 
before), approximately equivalent to one hundred years of diurnal cli-
matic fluctuations producing the same dimensional response. A MINI 
MFA2 extensometer from FM Mess- & Feinwerktechnik GmbH was 
used to monitor the strain of the specimens continuously; in this way 
an accurate measurement was obtained of the strain undergone by the 
area being monitored for damage development. The experiments were 
conducted under a constant RH of 50%, maintained in the laboratory by 
humidifying/dehumidifying equipment controlled by a humidistat. The 
specimens were taken out after a predetermined number of strain cycles, 
and the fracture development in the gesso was monitored by the speckle 
decorrelation technique.

Speckle Decorrelation 

A thorough description of the application of speckle methods for the 
analysis of panel paintings was published in a review paper by Ambrosini 
and Paoletti (Ambrosini and Paoletti 2004). In simple terms, a speckle 
pattern—a granular pattern of light and dark—is produced whenever 
a rough surface is illuminated by a laser source as a result of interfer-
ence between the source and the reflected light. When a deformation of 
the same order of magnitude as the wavelength of the laser is induced 
on the surface, a change in the speckle pattern occurs. In this study, a 
digital image correlation system for the analysis of speckle decorrela-
tion was developed using a continuous-work diode-pumped Nd:Yag laser 
(100 mW) from Power Technology, and a BCi4-6600 CCD camera from 
C-cam Technologies (6.6 MPixel; 2208 × 3000 pixels). The specimens 
were heated with a halogen lamp (the increase of the surface tempera-
ture was approximately 2–3oC), then the cooling process was registered. 
Immediately after the lamp was switched off, the speckle pattern on the 
gesso surface was recorded as a reference image, and then the consecu-
tive images recorded at time intervals below one minute were subtracted 
from the reference one and displayed on the computer monitor. If the 
images were perfectly correlated, they would cancel completely when 
subtracted. If there were some difference—in the present case, a differ-
ent deformation of fractured area on cooling—the defects were visible 
as bright areas. By way of example, figure 2 shows the development of 
fractures in the gesso layer traced by speckle decorrelation in the course 
of mechanical cycling of a specimen at a strain of 0.25%. The experiment 
shows that the speckle decorrelation technique can provide quantitative 
information about the number of cracks in the surface layer and their 
length. Consequently, an assessment of the cumulative damage as a func-
tion of the number of cycles was possible.

F ig u re  2 

Development of  gesso fracturing at four 
intervals in the course of  mechanical cycling 
of  a specimen at a strain of  0.25%, as visual-
ized by speckle decorrelation; the number of  
cycles is given on each image. The dimensions 
of  the areas covered by the images are 35 × 
35 mm (1.4 × 1.4 in.). The progressive devel-
opment of  crack networks generally perpen-
dicular to the direction of  the applied strain is 
clearly evident. (Note that images obtained  
by laser speckle decorrelation are, by nature, 
intrinsically grainy.) 
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Results and Discussion
 Figure 3 shows plots of the cumulative crack length versus the number of 

cycles for a range of strains between 0.15 and 0.5%. Three specimens 
were tested at each strain level. Good repeatability was observed in the 
number of strain cycles necessary to cause the first fracture on the virgin 
gesso, as illustrated by coincidence of the three sets of results for strain 
of 0.35% that are plotted in figure 3. The small number of specimens 
tested at each strain level does not allow for experimental uncertainty 
analysis. However, the difference in the number of cycles leading to  
the first fracture at strain levels of 0.4% (3 cycles) and 0.5% (10 cycles), 
respectively, provides some estimation of the uncertainty of the measure-
ments. The results indicate that the critical strain for gesso is approxi-
mately 0.2%: no fracture after 36,000 cycles (approximately equivalent  
to one hundred years of diurnal variations) was observed for strain of 
0.15%, whereas strain of 0.25% produced first cracking after 5000 cycles 
only. Strains of 0.4–0.5% caused fracturing in just a few cycles. 

Figure 4 shows an S-N curve for the specimens investigated, 
where S is the strain leading to fracture and N is the number of cycles 
to cause the first incidence of fracture at that strain. The general curve 
shape is sigmoid, starting from the stress for fracture in a single cycle or 
a few cycles, and dropping to a plateau where cyclic stress can be toler-
ated indefinitely; the strain of 0.15% was assumed to be close to that value 
for any practical assessment of the risk of damage. So the strain tolerable 
indefinitely is approximately one-third of the single-cycle fracture strain. 

The results have confirmed the assumption of earlier research 
that the yield point for gesso corresponds approximately to the critical 
strain above which damage appears. It should be recalled at this point 
that the yield point corresponds to the amount of strain at which the 
material, in this case gesso, goes beyond the elastic (fully reversible) 
region to the plastic (irreversible) region. Therefore, the yield point can 
be considered as a minimum strain at which any risk of nonrecoverable 
change in gesso appears. The results presented have confirmed that using 
the yield point of gesso to determine the allowable RH fluctuations is a 
fairly conservative approach, as several thousands of stretching cycles 
at the strain corresponding to the yield point were necessary to observe 

F ig u re  3

Cumulative crack length versus number of  
cycles for a range of  strains between 0.15% 
and 0.5%. Three sets of  results for strain of  
0.35% are plotted; they illustrate that a consis-
tent value for the number of  cycles leading to 
the first fracture on the virgin gesso is 
obtained in the experiments.
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the first incidence of cracking. In the tests of Vici, Mazzanti, and Uzielli 
(Vici, Mazzanti, and Uzielli 2006), the time required for a 4 cm (1.6 in.) 
thick poplar board to reach equilibrium to new humidity conditions was 
three months. Only four RH cycles per year, therefore, are able to subject 
the gesso to full strains corresponding to new equilibrium in the wood 
support for such a category of objects. Five thousand strain cycles needed 
for the first incidence of cracking to appear would correspond to a very 
long time of exposure of more than one thousand years. 

Conclusion
 The experimental approach involving mechanical stretching and com-

pression of specimens imitating historic panel paintings and monitoring 
the development of cracks in the gesso layer with the use of laser speckle 
decorrelation has allowed for better insight into the allowable levels of 
climate-induce strains in the environment of panel paintings. A strain of 
0.25%, corresponding to the yield point for gesso, was confirmed as the 
critical strain at which damage appears.  The investigations have also 
confirmed that the assessment is very conservative, as fracture at that 
strain has appeared only after several thousands of cycles. 

Assessing the magnitude of RH variations necessary to cause 
the critical strain on swelling or shrinkage requires further experimen-
tal research and numerical simulations. Local variations in strain in the 
gesso reflecting the anisotropic elongation of the wood substrate will be 
determined. Slow response of panels to short-term variations and their 
usual deformation, which reduces the effective movement undergone by 
the decorative layer, as well as relaxation of the gesso during the long-
term variations, will all have a bearing on the susceptibility of painted 
wood panels to cracking due to cyclic environmental changes and must 
be taken into account. The ultimate aim of the project is to establish 
realistic RH ranges that are safe for panel painting preservation. This, 
in turn, should allow for less restrictive environmental control, thereby 
enabling the use of less and simpler climate-control equipment and low-
ering maintenance and energy costs.
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Strain leading to fracture versus number of  
cycles to cause fracture at that strain.
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PROPAINT is a European research project in which the protection of paintings 
kept in microclimate (mc) frames is studied. Major air pollutants in museum 
environments are ozone, nitrogen dioxide, and organic acids. Volatile organic 
compounds (VOCs) are often observed in high concentrations inside mc-frames; 
however, their effects on artists’ materials are largely unknown. The level of 
external pollutants inside mc-frames will be low compared to the level in the ambi-
ent rooms because of large inner frame surface areas and a low air exchange rate. 
However, internally generated pollutants may occur at extremely high concentra-
tions if a source is present inside the frame. Pollution measurements conducted 
in thirteen mc-frames are reported in this paper. Inside the frames ozone was 
observed in the range of 0.5–6.0 μg m-3, and nitrogen dioxide was seen in the range 
of 0–4 μg m-3. Organic acids (the sum of acetic and formic acid) ranged between 
100 and 2100 μg m-3, and other VOCs ranged from 100 to 4500 μg m-3. A special 
“worst-case” mc-frame containing an emissive mock-up painting had extremely 
high concentrations: 2800 μg m-3 organic acids, and for other VOCs, 28,000 μg m-3. 
Organic acids were always observed in higher concentrations (10 times or more) 
inside the mc-frames than in the rooms. It is concluded that a low air exchange of 
mc-frames effectively protects against the ingress of external pollutants. However, 
care should be taken to avoid high emission of organic compounds from frame con-
struction materials—for example, by using inert materials for inner frame struc-
tures or by lining emissive surfaces with impermeable barrier films.

Introduction
 As part of the ongoing European research project PROPAINT 

(“Improved Protection of Paintings during Exhibition, Storage, and 
Transit,” February 2007–January 2010), a detailed study is being carried 
out on the protection for paintings achieved by microclimate frames  
(mc-frames) and varnishes (Grøntoft et al. 2008).

PROPAINT comprises seven partners, three subcontractors,  
and eight end-user art museums. The partners are research institutes and 
universities in the fields of air research, chemistry, and conservation; a 
conservation institute; conservation departments within museums with 
much activity in the field of exhibitions; and one international art trans-
port and frame design company, SIT Transportes Internacionales, Madrid. 
The art museums connected to the project as so-called end users primar-
ily offer one or more field test sites—e.g., an mc-frame in exhibition or 
in storage (fig. 1). Partners and end users are located throughout Europe, 
with the exception of one end-user museum located in Mexico.1  

Gaseous Pollutants inside Microclimate Frames: 
Results from the PROPAINT Project

Abstract  
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Microclimate frames are used in museums for the protection of 
paintings on exhibition, in storage, and in transit. Microclimate frames 
protect the paintings physically and against externally generated pollutants 
and provide climate buffering (Wadum 1998 and references therein). The 
positive effects are assumed to outweigh the negatives of added weight, 
difficulty of access, cost, and the risk of creating a less beneficial micro-
environment. Concern has been raised over the risk of trapping internally 
generated pollutants in very airtight mc-frames and the possible negative 

Figure  1

A PROPAINT test site at the National 
Museum in Kraków, Poland: A large display-
case-style mc-frame with panel painting (Lady 

with Ermine by Leonardo da Vinci). The inset 
photo shows how pollution samplers were 
placed inside the frame. Photos: PROPAINT.
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effect of these compounds on the enclosed works of art, a problem similar 
to that presented by display cases (Camuffo, Sturaro, and Valentino 2000).

This paper will discuss the issue of air pollutants and mc-frames, 
from the perspective of the ingress of external pollutants and of the gen-
eration of compounds inside the frames. Results are reported from the 
PROPAINT field measurement campaign.

Air Pollution: Sources  
and Effects

 A number of compounds are recognized as pollutants from their ability to 
cause deterioration of materials when present in the air and under certain 
conditions. Key pollutants include ozone and nitrogen dioxide, both origi-
nating almost entirely from outdoor sources, and organic acids, which are 
mainly generated indoors (Brimblecombe 1990; Hatchfield 2002; Tétreault 
2003). The sources of outdoor pollutants are atmospheric reactions and/or 
the combustion of fossil fuels, and these substances may act as oxidizing 
agents or cause acid hydrolysis. Ozone, for example, is a powerful oxidant. 
It is well known that ozone will oxidize traditional artists’ colorants. It 
attacks the double bonds in the chromophore groups of pigment and dye 
molecules, causing the color to fade (Shaver, Cass, and Druzik 1983; 
Whitmore, Cass, and Druzik 1987; Whitmore and Cass 1988; Cass et al. 
1989). Likewise, nitrogen dioxide causes fading effects of a range of pig-
ments, dyes, and iron-based inks (Whitmore and Cass 1989). 

Of the several hundreds of compounds generated in indoor 
environments, the most corrosive group of compounds is the organic 
acids. Acetic acid is released by decomposition of wood, and formic acid 
is also emitted from wood and oil paints or is the product of the oxida-
tion in air of formaldehyde (released from glue, paint, etc.). The sources 
are solely indoors. As they are emitted by furniture and construction 
materials, the organic acids are especially problematic in spaces where 
the surface-to-volume ratio of the emissive materials is high and  
where the air exchange rate is limited. Examples of damage caused 
by organic acids are corrosion of certain metals (Tennent, Tate, and 
Cannon 1993; Tennent and Baird 1992) or degradation of cellulose 
fibers. It has been reported from laboratory tests that paper loses fiber 
strength after exposure to acetic acid at high concentrations (3–200 mg/
m3) in air (Dupont and Tétreault 2000). 

Volatile organic compounds (VOCs) make up a large group of 
organic compounds, which readily exist in the vapor phase because  
of their high volatility. As for the organic acids, their sources are mainly 
the emission from construction materials, such as, for example, the emis-
sions from lacquers or paints, adhesive, or glue inside a frame. However, 
the importance of damage to materials caused by this group of com-
pounds is still uncertain. No direct link between the presence of VOCs 
and material deterioration has been established. The knowledge about 
possible negative effects of VOCs on artists’ materials and the related 
establishment of threshold levels for specific compounds are questions 
that warrant further investigation because of the importance for protec-
tion of works of art. The phenomenon of blurry deposits on the inside of 
frame glass has, however, been attributed to the evaporation of organic 
compounds (fatty acids) inside picture frames. The rate and direction of 
the recondensation of the compounds elsewhere inside the frame may be 
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controlled by temperature gradients, for example, between the glass and 
the painting’s surface, causing the so-called “ghost images” (Williams 
1989; Koller and Burmester 1990; Michalski 1990; Schilling, Carson, and 
Khanjian 1999). As the interest in VOCs has increased, research has been 
performed to determine their indoor sources in museum environments 
(Schieweck et al. 2005; Schieweck, Markewitz, and Salthammer 2007). 
Previously, VOCs have been identified in showcases (Blades 1999)  
and plastic storage containers (Larkin, Blades, and Makridou 2000).

It should be noted that for all the species of pollutants, thresh-
olds, or acceptably low levels, still need to be defined. It is generally 
acknowledged that external oxidizing pollutants can be accepted only 
in very low levels (a few µg m-3). The effect of VOCs, including organic 
acids, on artists’ materials is, however, still largely unknown. 

Pollution Pathways
 Air pollutants move around with the free airflow and will infiltrate a 

building from the outside through open doors and windows, ventilation 
ducts, and other routes of air exchange. As they are transported from one 
room to another or into a display case or picture frame, the pollutants 
will constantly decrease in concentration as they deposit to most surfaces 
met on the route. For internally generated compounds, the concentration 
in air may be high near the source of emission. As the pollutants move 
away from the source or from confined spaces into more and more open 
areas, they will at the same time become diluted, and the concentration 
will decrease.

On deposition on an object’s surface, a pollutant molecule may 
react by oxidation or by acid hydrolysis, depending on the pollutant 
compound and on the surface properties, including moisture conditions. 
The concentration and f lux of air pollutants to surfaces are therefore 
mainly controlled by two factors: the air exchange rate and the rate of 
surface reaction. 

For external pollutants, a simple mass balance model describes 
the decay in concentration as the pollutant moves from the ambient into 
an enclosed space (Weschler, Shields, and Naik 1989):

Ci =
Co × n

n + S
 

(1)

where Ci is the indoor concentration of pollutant (g m-3), Co is the outdoor 
concentration of pollutant (g m-3), n is the air exchange rate (s-1), and S is 
the surface removal rate (s-1).

The typical air exchange rate for a normal room is of the order 
of 0.5 to 2 room volumes per hour. However, higher ventilation rates  
are possible when mechanical ventilation is used. For low-activity  
spaces such as storage rooms, much lower air exchange rates have  
been observed in situations where no mechanical ventilation is used.

The surface removal rate S in equation 1 is important. It 
describes the rate at which air pollutants move from the air to deposit on 
surfaces. Most of a highly reactive pollutant, such as ozone, is removed 
indoors through this route. The surface removal rate is directly com-
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parable to the air exchange rate; if, for example, a room has a surface 
removal rate of 1 room volume per hour, then pollutants will deposit on 
the indoor surfaces at a rate equal to the removal rate of the pollutants 
by ventilation at 1 air change per hour. For normal museum rooms (gal-
leries, large storage rooms), the surface removal rate for ozone will usu-
ally be of the same order of magnitude as that of the air exchange. For a 
general discussion of pollution mass balances, see Ryhl-Svendsen 2006.

For indoor-generated compounds, a mass balance similar to 
equation 1 describes the concentration, which will occur at steady state, 
in the enclosed space of the emission source:

Ci = n + S

G
V

 
(2)

Where G is the generation rate of pollutant (g s-1), and V is the volume of 
the room (m3).

The mechanisms that determine the level of air pollution 
in a large gallery or inside a picture frame are the same in principle. 
However, the conditions in the two types of situations are very different. 

On a room scale, the surface area-to-volume ratio is typi-
cally low: on the order of 0.5–2 m2/m3, which allows ventilation 
(air exchange) to be the main factor controlling the pollution level. 
However, in rooms with large additional surface areas and/or with large 
amounts of reactive surface materials (carpets, curtains, etc.), the sur-
face reactions can become the most important factor in determining the 
mass balance.

In figure 2a, the dependency between air exchange rate and the 
pollution concentration inside a typical room is shown. Illustrated by one 
external (ozone) and one internal (acetic acid) compound, the steady state 
concentration in air is modeled for changing ventilation. The change  
in concentration is shown as percentage of the highest achievable concen-
tration at any ventilation rate, which for ozone is the outdoor level (“infi-
nite ventilation”) and for acetic acid is the buildup in concentration inside 
an enclosure when moving toward zero ventilation (“airtight”).

In a small and confined space, such as inside a picture frame  
or a display case, the surface area-to-volume ratio is much higher than 
for a room or a building; typically it is in the order of 50–200 m2/m3, so 
the microenvironment will be completely dominated by surface reac-
tions unless the space is intentionally ventilated at a very high rate. 
External compounds readily deposit on surfaces inside the frame as they 
enter. The high total deposition rate of ozone will constantly keep the 
concentration inside the frame at less than about 25% of the ambient 
level (fig. 2b). Internally generated compounds will, in contrast, remain 
in high concentrations despite the increasing ventilation rate, if a strong 
emission source is present. With strong emission sources of organic 
acids present inside a picture frame—such as wood, fresh lacquer, or 
adhesives—the internal concentration can therefore reach a level several 
orders of magnitude higher than that of the surrounding room environ-
ment. For acetic and formic acid, this can be several hundreds or thou-
sands of µg m-3.
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PROPAINT Field Tests
 As part of the PROPAINT project, the air pollution levels were measured 

inside and outside different state-of-the-art mc-frames located in muse-
ums across Europe, in Mexico, and at one international art transport and 
mc-frame producing company located in Spain. The results from the 
investigation of thirteen of these mc-frames are reported; their properties 
are given in table 1. Both new and older mc-frames were investigated, 
some with panels and some with canvas paintings. Four frames were 
tested empty, and one frame (the SIT mock-up) was a special “worst-case” 

Figures  2a  and  2b

The steady state concentration of  ozone and 
acetic acid for a standard room of  200 m3, 
at increasing air exchange rates (a), and the 
steady state concentration of  ozone and ace-
tic acid for a picture frame of  0.05 m3 at 
increasing air exchange rates (b); the frame 
contains a strong acetic acid source (e.g., 
wood boards). The models are based on equa-
tions 1 and 2 and take into account pollution 
infiltration, dilution, emission, and deposition 
rates. Initial concentration is, for ozone, the 
ambient room level, while for acetic acid, it is 
the highest achievable concentration at zero 
ventilation (airtight frame). 
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demonstration mc-frame prepared with a mock-up painting. This con-
sisted of a fresh oak wood board, with fresh paint, varnish, and glue put 
inside the frame. This frame was prepared with the intention of creating 
a highly emissive interior microclimate. 

The air exchange rate was determined for nine of the test  
frames by the use of carbon dioxide as a tracer gas. By injecting a high 
dose of the gas into a frame and then monitoring the concentration decay 
over time as the tracer gas was diluted when room air entered the frame, 
the rate of air exchange was calculated. It was found that the frames 
varied largely in air tightness: from very airtight frames (by deliber-
ate design) with exchange rates of much less than 1 frame volume per 
day, up to the most leaky frame, with 10 or more air exchanges per day 
(fig. 3). For comparison, it can be noted that a normal exhibition gallery 

Table  1  Properties of  the selected mc-frames in the PROPAINT field test. 

Site

Panel (P) or  
canvas (C) painting  
in frame

Modified original 
frame (M) or  
purpose-built  
mc-frame (P)

Age of  mc-frame or 
mc-modification at 
time of  investigation 
(years, approx.)

Volume of  
frame (m3)

National Gallery, Oslo, Norway C M       40 0.0185

English Heritage, Kenwood House P M       20 0.0454

English Heritage, Apsley House P P        1 0.0111

Tate Britain, London Empty M      100 0.0102

Tate, London (frame in storage) Empty M       15 0.0275

Statens Museum for Kunst, Copenhagen Empty M        1 0.0244

National Museum, Kraków, Poland (new frame) P P        1 0.0758

National Museum, Kraków, Poland (Leonardo frame) P M*        5 0.3150

Fine Art Museum, Valencia, Spain P P        3 0.0563

Germanisches Nationalmuseum, Nuremberg, Germany C P        6 0.0604

Museo Nacional de Arte, Mexico City P P New N/A

SIT Madrid (mock-up painting) P P New 0.0840

SIT Madrid (empty frame) Empty P New 0.0840

* Large enclosure, almost display-case properties.
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will have an air exchange in the order of 1 or 2 room volumes per hour 
in natural conditions—or even higher if mechanical ventilation is in use.

Measurements of air pollution concentrations inside and outside 
the mc-frames were carried out by the use of “passive gas samplers” 
(Grøntoft et al. 2008), in which the pollutants diffuse from the air into 
a sorbent media placed inside a sampling tube (fig. 4). After one month 
of sampling, the tubes were removed from the site and analyzed in a 
laboratory, where the collected pollutants were identified and quan-
tified (for a general description on passive sampling techniques, see 
Grzywacz 2006).

During the PROPAINT measurements, the ambient pollution 
levels varied considerably among the sites because of local conditions. 
The room levels of the external pollutants ozone and nitrogen dioxide 
were measured to be in the range of 1–20 µg m-3 and 1–50 µg m-3, respec-
tively. Inside the mc-frames, however, these compounds were detected in 
much lower concentrations—often near the detection limit of the sam-
pling methods. Ozone was observed in the range 0.5–6 µg m-3, and nitro-
gen dioxide was in the range of 0–4 µg m-3.

In contrast to these findings, the compounds that were gener-
ated by material emission inside the mc-frames were observed at much 
higher (and sometimes extremely high) concentrations in comparison 
to concentrations in the ambient rooms. Organic acids (the sum of ace-
tic and formic acid) concentrations ranging from 100 to 2100 µg m-3 and 
VOC (excluding organic acids) concentrations ranging from 100 to 4500 
µg m-3 were measured (fig. 5). For the special worst-case mc-frame con-
taining a freshly made mock-up painting, even higher concentrations 
were observed: 2800 µg m-3 of organic acids and, for other VOCs, a total 
concentration of 28,000 µg m-3. Among the VOCs, toluene, α-pinene, 
p- and m-xylenes, limonene, and 3-carene were observed in most or many 
frames. Chloroform and methylmethacrylate were found only in new 
frames. However, there is as yet no evidence for the damage impact of 
VOCs, except organic acids, on materials.

Figure 6 shows the distribution of the externally and inter-
nally generated pollutant levels inside the mc-frames (the extremes of 
the worst-case frame excluded), given as their ratio compared to the 

F ig u re  4

Installation of  passive samplers inside (left) 
and outside (right) mc-frame in Fine Art 
Museum, Valencia, Spain, performed by 
Guillermo Andrade of  SIT Transportes 
Internacionales, Madrid. Photos: PROPAINT.
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room concentration. Following from figure 2b, it is to be expected 
that ozone levels inside mc-frames will be less than about 25% of room 
conditions at any realistic air exchange rate, and this is in accordance 
with the PROPAINT mc-frames observations. One observation of a 
significantly higher ozone ratio (0.43) is for the most leaky and rather 
large mc-enclosure (National Museum Kraków, Leonardo frame), 
which has almost display-case properties rather than those of a pic-
ture frame. In contrast to ozone, higher concentrations of the organic 
acids were always measured inside the mc-frames than in the room—for 
most of the frames, with a ratio of 10 times or more.

The frames have different properties and were located in dif-
ferent indoor environments, which makes a direct comparison difficult. 
However, a reverse relationship between the ozone infiltration and the 
buildup of organic acids inside the mc-frames is hinted by figure 6. 

This illustrates how the mc-frame acts as a barrier for the pol-
lutants. Because of a low air exchange rate, some mc-frames have high 
levels of internally generated compounds but, at the same time, low lev-
els of the externally generated pollutant ozone. When the ozone ingress 
is high, because of a leaky frame, the concentration of organic acids is 
likely to be lower. Concentrations of organic acids are high near the 
sources, or where the air exchange is low. Therefore, room environments 
usually have low concentrations of the organic acids, which are exclu-
sively products of material emissions.
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Concentration of  organic acids (acetic plus 
formic) in thirteen mc-frames from the 
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of  the sum of  volatile organic compounds 
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from the PROPAINT field test (bottom). Note 
that the concentration for the SIT Madrid 
mock-up painting is off  scale (28,000 µg m-3). 
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Recommendations and 
Conclusion

 It must be noted that because of the small number of tested frames, it 
was not possible to arrive at conclusions about significant differences  
in, for example, the concentration of organic acids in the group of new 
 purpose-made and the older retrofitted mc-frames. However, for VOCs 
there seemed to be some evidence for higher concentrations in the new-
est frames (fig. 5), due to increased concentration of some particular 
VOCs. In general it can be concluded that a low air exchange of mc-
frames effectively protects against the ingress of externally generated 
pollutants, such as ozone and nitrogen dioxide. However, with a low air 
exchange and an emission source present inside the frame, concentra-
tions of internally generated compounds, such as organic acids, will 
become high regardless of the type of mc-frame.

Considering only impacts of air pollutants, the current recom-
mendation must still be to make mc-frames as airtight as possible—as 
long as there is little or no evidence for damage impacts from the organic 
acids and other VOCs—as airtight frames protect against strong external 
oxidants such as ozone. However, care should be taken to avoid high 
emission of organic compounds from frame construction materials. Inert 
materials (aluminum, acrylic, polycarbonate, etc.) should be used for 
inner frame structures, and emissive surfaces should be blocked by bar-
rier foil lining. In this way the risk from internally generated pollutants 
will be minimized (figs. 7 and 8).

The appropriate balance between acceptable levels of external 
oxidizing agents and  internally generated organic compounds may con-
stitute a framework for the future design of mc-frames. However, thresh-
old levels for volatile organic compounds—even organic acids—and their 
effect on paintings still need to be defined. 
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On May 28, 1483, Hugo van der Goes’s enormous triptych known as the 
Portinari Altarpiece, measuring 253 × 304 cm (99.6 × 119.7 in.) when closed, 
arrived at its destination, the Hospital of Santa Maria Nuova in Florence. The 
detailed account of its journey from Bruges to Florence would terrify any cura-
tor or conservator. Such a journey for a masterpiece of this importance would be 
unthinkable today; yet if it were deemed absolutely necessary, possible conserva-
tion intervention, safe packing, and transport could now be ensured in a way 
that never could have been imagined in the late fifteenth century.

The issue of the care and transport of panel paintings for special exhi-
bitions has reached a somewhat confusing juncture—where everything is pos-
sible and nothing is possible. This paper explores the state of the question from 
the curator’s point of view, in order to consider concerns of risk balanced against 
guaranteed benefits of sending panel paintings to special exhibitions. Museums 
have never been better informed about how to treat panels, pack them, and 
transport them for safe arrival at their destinations, yet attitudes and percep-
tions about lending panel paintings to exhibitions lag behind these new develop-
ments. Case studies are used to evaluate past and present decisions regarding 
panel paintings and loan shows.

On May 28, 1483, Hugo van der Goes’s enormous triptych known 
as the Portinari Altarpiece, measuring 253 × 304 cm (99.6 × 
119.7 in.) when closed, arrived at its destination, the Hospital of 

Santa Maria Nuova in Florence. The well-known, detailed account of its 
journey from Bruges to Florence would terrify any curator or conserva-
tor (Hatfield Strens 1968). This gigantic altarpiece, painted on commis-
sion for Tommaso Portinari, the representative of the Medici Bank in 
Bruges, was transported by ship from Bruges to a port in Sicily. Then it 
was transferred to a smaller vessel that sailed on the Arno from Pisa to 
Florence, where it was unloaded near the Porta San Friano (today called 
Porta San Frediano). From there, it was brought by cart with wooden 
wheels over rough, unpaved streets to the hospital of Santa Maria Nuova 
and installed on the main altar of the church of Sant’Egidio. No fewer 
than sixteen portatori participated in the transport. Needless to say, there 
was no climate-controlled crate and no air-ride truck.

Such a journey for a masterpiece of this importance—indeed 
the only securely documented work of Hugo van der Goes—would be 

Special Exhibitions and Panel Paintings:  
A Curatorial Perspective

Abstract  

Maryan W. Ainsworth
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unthinkable today. Yet if it were deemed absolutely necessary, possible 
conservation treatments, safe packing, and carefully considered transport 
could now be provided in a way unimaginable in the late fifteenth century.

The issue of the care and transport of panel paintings for special 
exhibitions has reached a somewhat confusing juncture—where every-
thing is possible and nothing is possible. It is always easier to say no. 
Museum staff have never been better informed about how to treat  
panels, pack them, and transport them for safe arrival to their destina-
tions, yet attitudes and perceptions about lending panel paintings to exhi-
bitions lag behind these new developments. What of course needs to be 
 considered—on a case-by-case basis—is the question of risk balanced 
against the guaranteed benefits of sending panel paintings from their 
home institutions to other locations nationally and internationally.

Years ago, in 1979, when John Brealey first came to the Metro-
politan Museum as the new chairman of the Paintings Conservation 
Department, one of his first directives was to put a halt to lending paint-
ings on panel. It was an absolute embargo, and his reason for doing so 
was to counter the indiscriminate lending of too many panels to too 
many exhibitions without proper consideration of issues of climate 
 control or safe packing and transport. As one might well imagine, this 
stricture had a significant impact on relationships with other museums  
at the time. 

It was only four years later, in 1983, that an important exhibi-
tion, Raphael and America, staged by David Alan Brown at the National 
Gallery of Art in Washington DC, combined with the strong will of Sir 
John Pope-Hennessey of the Met’s European Paintings Department broke 
the ban in order to lend the Met’s Agony in the Garden by Raphael (fig. 1) 
to complete the predella of the Madonna of the Nuns of Sant’Antonio that 
was to be installed in the show. This change in policy ushered in a new 
era, in which each request was judged on its own merits.

F ig u re  1

Raphael (Raffaello Sanzio or Santi) (Italian, 
Marchigian, 1483–1520), The Agony in the 

Garden, ca. 1504. Oil on wood, 24.1 × 28.9 cm 
(9.5 × 11.4 in.). The Metropolitan Museum of  
Art, New York, Funds from various donors, 
1932, 32.130.1. Image: © The Metropolitan 
Museum of  Art.
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However, it was a decade after Brealey’s embargo, in 1989, that 
the Met took the next step with its groundbreaking show Painting in 
Renaissance Siena, 1420–1500. The Museum’s director at the time, Philippe 
de Montebello, had initially rejected the idea, assuming that the loans 
could never be assembled for a representative show. However, curator 
Keith Christiansen prevailed, and the exhibition actually took place, 
albeit with hardly any panel larger than a size that permitted its being 
hand carried in a protective Halliburton case. The Louvre did not partici-
pate because of its absolute refusal to lend panel paintings at that time, 
and the curator Dominique Thiébaut has always regretted that deci-
sion because of the new insights made possible by the assembled panels. 
Through this show, Met staff members demonstrated to lenders their 
expertise in the special care devoted to panel painting issues, mainly 
through the efforts of conservator George Bisacca, and by 1994 the situa-
tion had begun to change. 

In preparation for the exhibition Petrus Christus: Renaissance 
Master of Bruges (1994), my colleagues and I actually had a wager going 
on how many panels could be assembled for the exhibition. Out of the 
small oeuvre of twenty-nine surviving works, nineteen panels and a 
handful of drawings came to New York, allowing for a reevaluation of 
this important fifteenth-century Netherlandish master in the first mono-
graphic show devoted to him (Ainsworth and Martens 1994). Even those 
panels that could not be lent were studied along with the others from the 
technical point of view. Thus, for the first time, a more or less complete 
picture of the working methods of the artist was offered. I have always 
believed that our thorough efforts regarding technical examination of all 
of the panels helped our cause with regard to institutional willingness to 
lend to the exhibition.

I am not so naive as to pretend there are not quid pro quo 
issues and political strong-arming that occur in the decision making 
of museums about which panel paintings may be allowed to travel to 
which exhibitions. One hears that there are even questions of special 
fees involved . . . Why else would the Last Judgment triptych, Hans 
Memling’s monumental early work commissioned in 1467 by Angelo 
Tani, probably for the church of the Badia Fiesolana in Florence, and 
measuring 242 × 180.8 cm (95.3 × 71.2 in.) including the frame when 
closed, have been lent in 1993 to the Cologne exhibition on Stefan 
Lochner? This is an altarpiece that was one of two aboard a galley ship 
seized just beyond the Zwin River near Bruges on April 27, 1473, by the 
privateer Paul Benecke, working on behalf of the Hanseatic League 
(Białostocki 1966). The theft was reported to Tommaso Portinari on 
July 12 of that year. Despite the intervention of the pope and of duke 
Charles the Bold, the altarpiece, which was taken to Danzig (present-
day Gdańsk) and installed on the altar of the Guild of Saint George in 
the Church of Our Lady, was never returned to its rightful owner. So it 
was from Gdańsk that the huge altarpiece was transported in 1993–94 
to not just one but two exhibitions by truck over bumpy roads. It was 
shown first in the Stefan Lochner exhibition, where there was no appar-
ent reason for its inclusion (Zehnder 1993). Memling’s great altarpiece 
was inf luenced significantly by Rogier van der Weyden’s Beaune Last 
Judgment, not by Stefan Lochner’s work of the same theme. Subsequently 
it traveled to the 1994 monographic show on Hans Memling (De Vos, 
Marechal, and Le Loup 1994). For this, ironically, the mammoth altar-
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piece returned to Bruges, where, in the waterways just beyond the town 
walls, it had been stolen some 520 years earlier.

Such loans, in my view, fall into the category of unreason-
able risk, and if I were the responsible curator, I would not have put 
Memling’s huge altarpiece in such jeopardy. Nor do I think that I would 
have allowed Hans Holbein the Younger’s enormous masterpiece 
known as the Darmstadt Madonna (146.5 × 102 cm, or 57.7 × 40.2 in., 
Schlossmuseum, Darmstadt), to travel to Portland, Oregon, for Hesse: a 
Princely German Collection, a show on the treasures of the Hesse Dynasty 
(Hunter-Stiebel 2005). More appropriate for such an exceptional loan was 
its presence at the landmark show of Hans Holbein the Younger in Basel 
in 2005, where it could be seen in the context of the other works of the 
artist from the Basel years (Müller et al. 2006). Ultimately, the Darmstadt 
Madonna landed in long-term loan to the Frankfurt Städel Museum, 
where it can be enjoyed by the public. 

This issue brings me to the question of what is reasonable risk 
for sending panel paintings near and far for special exhibitions. When 
do the benefits outweigh the dangers? The Metropolitan Museum owns 
some large works that are regularly requested for loan but may never 
travel anywhere because of the fragile state of the wood supports. Two 
examples are Bruegel’s Harvesters (fig. 2) and the Dinteville Allegory 
(Moses and Aaron before Pharaoh: An Allegory of the Dinteville Family, 1537) 
by the Master of the Dinteville Allegory (fig. 3); both paintings are 
roughly comparable in height and width (116.5 × 159.5 cm, or 45.9 × 

F ig u re  2

Pieter Bruegel the Elder (Netherlandish, 
active by 1551, d. 1569), The Harvesters, 1565. 
Oil on wood, 118.1 × 160.7 cm (46.5 × 63.27 
in.). The Metropolitan Museum of  Art, New 
York, Rogers Fund, 1919, 19.164. Image: 
© The Metropolitan Museum of  Art.
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62.8 in.; and 176.5 × 192.7 cm, or 69.5 × 75.9 in., respectively) and are 
also similar in their extremely thin panels. How wonderful it would be 
to see The Harvesters reunited with the other four remaining months in 
Bruegel’s series of six, made for Nicolas Jonghelinck in 1565 for his villa 
outside Antwerp at ter Beken! Or how interesting it would be to study 
firsthand the connections between the Met’s Dinteville Allegory and 
Holbein’s Ambassadors in the National Gallery, London! Both were com-
missioned by Jean de Dinteville and his brothers, and they once hung 
in close proximity in the Dinteville chateau at Polisy. The Ambassadors 
has its own checkered history of condition problems. When the remark-
able exhibition Holbein in England was staged at the Tate Gallery in 2006 
(Foister and Batchelor 2006), there was considerable public outrage over 
the fact that the painting could not be moved even a short distance across 
town, from the National Gallery to the Tate, in order to represent the 
peak of Holbein’s production in his London years. Made of ten vertical 
planks planed to around 5 mm (0.2 in.) thick, the panel has a history of 
splitting and flaking paint, and it was just too risky to move it anywhere 
(Foister, Roy, and Wyld 1998, 88–97).

The same exhibition, Holbein in England, also presented a bit of a 
quandary for us at the Met. In 2003 the Mauritshuis in The Hague staged 
the exhibition Hans Holbein: Portraitist of the Renaissance and requested 
one of the most important paintings in our northern Renaissance collec-
tion, Holbein’s portrait of Hermann von Wedigh (fig. 4). New technical 
research had been done on the fine collection of Holbein portraits at the 
Mauritshuis, and this exhibition promised to be revelatory about the art-
ist’s technique and handling. We deliberated long and hard about our 
portrait. Our concern was not over questionable state and condition; on 
the contrary, it was that we considered the Wedigh portrait to be in such 
remarkably fine condition that we felt reluctant to send it. Convinced 

Figure  3

Master of  the Dinteville Allegory 
(Netherlandish or French, active mid-16th 
century), Moses and Aaron before Pharaoh: An 

Allegory of  the Dinteville Family, 1537. Oil on 
wood, 176.5 × 192.7 cm (69.5 × 75.9 in.). The 
Metropolitan Museum of  Art, New York, 
Wentworth Fund, 1950, 50.70. Image: © The 
Metropolitan Museum of  Art.
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that the benefits of viewing the Wedigh portrait alongside others of the 
same period would outweigh the risks, we decided to lend it to The 
Hague. Imagine our quandary, then, when within the year we were 
approached again for the same portrait for a larger and even more impor-
tant exhibition two years later, the Holbein in England show at the Tate, 
curated by my London colleague and the expert on Holbein’s English 
years, Susan Foister. 

The subtleties of execution and handling to be experienced and 
enjoyed in a portrait of such extraordinary fine condition as the Wedigh 
portrait are transforming. And it is especially through the opportunity 
to compare these qualities of Holbein’s portraits that we come to under-
stand what it was exactly that made him the most important portrait-
ist of his day—the so-called Apelles of his time. How could any viewer 
understand this unless such comparisons could be made? So once  
again we agreed, exceptionally, to lend the Wedigh portrait to the  
very important Tate exhibition, where it was installed directly in the 
line of sight as the visitor turned to enter the room of Holbein’s por-
traits of the Hanseatic League in London. There it provided the epitome 
of the artist’s technical achievements in a painting of nearly pristine 

Figure  4

Hans Holbein the Younger (German, 
1497/98–1543), Portrait of  a Member of  the 

Wedigh Family, Probably Hermann Wedigh, 1532. 
Oil on wood, 42.2 × 32.4 cm (16.6 × 12.8 in.). 
The Metropolitan Museum of  Art, New York, 
Bequest of  Edward S. Harkness, 1940, 
50.135.4. Image: © The Metropolitan 
Museum of  Art.
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state, against which all other portraits in the room and in the exhibi-
tion could be measured. We were very glad to have had the opportu-
nity to see the Met portrait in comparison with the others of this date 
in London, such as the Berlin Gemäldegalerie portrait of Hermann 
Hillebrandt von Wedigh. The Met’s Wedigh portrait is now home to 
stay for a good long time.

Of a rather different nature were our deliberations over whether 
or not to send our Annunciation panels (fig. 5) by Gerard David to Genoa, 
to the Palazzo Bianco, to be reunited with other panels from the same 
altarpiece. The Metropolitan Museum owns the largest collection of 
paintings by Gerard David in the world—although the collection does 
not include his large altarpieces, for which one needs to travel to Bruges. 
Out of character for early Netherlandish painting, the Met Annunciation 
is divided into two panels, with a perspective system indicated by the 
tipped-up floor tiles. The pair is meant to be viewed from below and at  
a considerable distance. Already in 1951, Castelnovi had proposed that 
three paintings in the Palazzo Bianco and one in the Louvre belonged 
with the Met panels in a configuration more typical of north Italian polyp-
tychs (Castelnovi 1952). But it was not until my further research for a 
book on Gerard David in 1998 (Ainsworth 1998) that I became convinced 
that the Palazzo Bianco Crucifixion by David was also a component of 
this ensemble. From documentary evidence, we know that the altarpiece 
was commissioned in 1506 by Vincenzo Sauli for the high altar of San 
Gerolamo della Cervara, the Benedictine Abbey in Liguria on the coast 
of Italy. You can imagine my excitement when Clario di Fabio, then direc-
tor of the Palazzo Bianco, approached us about reuniting all of the panels 
of this important altarpiece for an anniversary celebration of that Genoa 
museum. Such an opportunity would once and for all allow examina-
tion of my proposed reconstruction (fig. 6), as well as permit resolution 
of questions concerning the details of the commission for the in situ 
placement of this Italian-style altarpiece—or help determine whether 
David ever went to Italy for his most important foreign commission. The 
Met’s Gabriel and Virgin Mary had never traveled to an exhibition since 
they came to the Met in 1940. The panels are not small—each measures 
around 79 × 64 cm (31.1 × 25.2 in.)—and they are uncommonly thick 
for Baltic oak planks—about 3 cm (1.2 in.). In discussions with George 

Figure  5

Gerard David (Netherlandish, active by 1484, 
d. 1523), The Annunciation: The Archangel 

Gabriel and The Virgin, 1506. Oil on wood, 
angel, 79.1 × 63.5 cm (31.1 × 25.0 in.), Virgin, 
77.5 × 61.9 cm (30.5 × 24.4 in.). The 
Metropolitan Museum of  Art, New York, 
Bequest of  Mary Stillman Harkness, 1950, 
50.145.9ab. Images: © The Metropolitan 
Museum of  Art.
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Bisacca, we carefully evaluated the questions of packing and transporta-
tion, and the Met’s paintings were made ready for safe travel to Genoa. 

We learned a great deal from a thorough technical examination 
that was undertaken on this altarpiece in a collaboration of the New York 
and Genoese colleagues, and subsequently we published this new infor-
mation in a booklet at the time of the exhibition in Genoa (Di Fabio et al. 
2005). Nothing in this publication, however, can compare with the expe-
rience of viewing all seven panels together in an arrangement very close 
indeed to Gerard David’s most carefully planned and executed polyptych 
in Italian style for its 1506 installation on the high altar of San Gerolamo 
della Cervara. Like pieces of a puzzle, each panel locked into its proper 
place, instantly providing the hoped-for justification for the perspective 
system so carefully planned in the tile design of the first and second tiers 
of paintings, for the diminution of the scale of the figures in the first 
and second levels, and for the placement of the large-scale figure of the 
omnipotent, blessing God the Father in the lunette, with its  looming 

Figure  6

Reconstruction of  the Cervara Altarpiece for 
the Abbey of  San Girolamo della Cervara. 
Reconstruction: M. Ainsworth and C. La 
Fontaine.
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presence. A small but highly focused exhibition such as this, which yields 
such stunning results, is powerful visual and scholarly justification for 
lending such panel paintings abroad.

A third reason for taking the risk of lending panel paintings 
to exhibitions is to help solve questions of attribution and dating. The 
Met’s Adoration of the Magi was long considered a late pastiche of ele-
ments appropriated from paintings by Hieronymus Bosch. When den-
drochronology of another version of the same composition in Rotterdam 
revealed a date of around 1540, the Met painting was placed in the same 
category of “late copy.” However, the opportunity to compare the Met 
painting directly with the Rotterdam version in the monographic exhi-
bition in Rotterdam in 2001 (Koldeweij, Vandenbroeck, and Vermet 
2001) made it abundantly clear that they differed substantially in tech-
nique, handling, and execution. The Met painting fits in well with 
Bosch’s works of around 1475–80, and the Rotterdam painting shows 
a later, less complicated layering structure indicative of developments 
of around 1540, which had been confirmed by the dendrochronologi-
cal dating. Furthermore, the chance to compare the Met painting with 
the Ecce Homo from Frankfurt and other early Bosch paintings allowed 
The Adoration of the Magi to take its rightful place among the earliest of 
Bosch’s paintings. Further technical examination of the Met’s Adoration 
through dendrochronology, infrared reflectography, and microscopic 
examination of the paint layers supported this conclusion.

Certain exhibitions can only be planned for one venue. The 
Prado in Madrid was the only logical place for a once-in-a-lifetime exhibi-
tion on Joachim Patinir to be even contemplated. The Prado happens to 
own the majority of Patinir’s large works and owns the most important 
ones by the artist. Therefore, when word reached us in 2005 that the 
Prado was contemplating a monographic show, the Met had to take it 
seriously (Vergara 2007). However, the request was for the Museum’s 
Saint Jerome Triptych (fig. 7), a large work that had never traveled any-
where outside the museum since its acquisition in 1936. Careful study  
of the condition of the paintings with Hubert von Sonnenburg (then 
chairman of the Paintings Conservation Department) and George Bisacca 
led to the conclusion that the panels were actually quite secure and that 
therefore we could perhaps consider sending these paintings to Madrid. 
George recommended some work on the central panel that would addi-
tionally ensure a condition safe for travel. He soon set to work, carrying 
out this treatment on several small splits on the central panel so that the 
triptych afterward could be observed in our museum climate for a period 
of time, in order to evaluate any further developing issues before plans 
for travel were finalized. 

Safe packing and transport were equally important and trou-
blesome issues to consider. By the time of the exhibition, cargo planes 
no longer f lew between New York and Madrid. Therefore, the triptych 
would have to go to an airport in France and then be sent by truck 
the rest of the way to Madrid. I wasn’t comfortable with this scenario. 
Then George came up with a viable alternative. The wings of the 
triptych could easily be detached from the central panel. The wings 
could be packed together in one crate, while the central panel could 
be packed in another crate. The two crates would travel separately in 
two different planes with two different couriers, f itting, as they would 
now, into the cargo hold of a regular commercial airline. Therefore, 
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there could be direct nonstop transportation from New York to Madrid. 
George would be available on the other end in Madrid to reconnect the 
wings to the central panel and supervise the installation of the triptych 
along with me.

The Met’s triptych was installed near the Baptism of Christ from 
the Kunsthistorisches Museum in Vienna, to which it has always been 
compared because of the similar figures in each scene of the baptism. 
Although both derive from the same motif in Gerard David’s Baptism 
triptych, this factor has confused rather than clarified their relation-
ship—even leading some to consider the Met’s triptych as a late pastiche 
after works by Patinir. The chance to see the New York and the Vienna 
pictures side by side further clarified that the Vienna picture is indeed 
later and more sophisticated in composition, technique, and execution 
than the Met picture. In addition, comparisons with other paintings in 
the Madrid show, made possible by the loan of the Met triptych, allowed 
for the reconsideration of its date: we now believe that the traditional 
date of around 1518 is too late and think that it may well predate even 
1515, when Patinir’s name first appears in the records of Antwerp’s paint-
ers’ guild. We now consider our triptych to be Patinir’s earliest surviving 
large-scale triptych, dating to around 1510–12. 

In this curator’s experience, there have definitely been risks 
worth taking in sending panel paintings to exhibitions where there are 
guaranteed rewards. Such rewards include a better understanding of 
the artist’s technique and execution in extraordinarily well preserved 

Figure  7

Joachim Patinir (Netherlandish, active by 
1515, d. 1524), The Saint Jerome Triptych, ca. 
1518. Oil on wood, central panel, overall with 
engaged frame, 117.5 × 81.3 cm (46.26 × 32.0 
in.), each wing, overall with engaged frame, 
120.7 × 35.6 cm (47.5 × 14.0 in.). The 
Metropolitan Museum of  Art, New York, 
Fletcher Fund, 1936, 36.14a–c. Image: © The 
Metropolitan Museum of  Art.
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 pictures, the chance to see a certain painting reunited with others that 
are part of the same original ensemble, and clarification of attribution 
and dating issues. I realize, of course, that I have presented points here 
that are all key connoisseurship questions. That is not to say that I only 
favor sending panel paintings to exhibitions that primarily deal with con-
noisseurship problems. Certainly the case may be made stronger for such 
presentations. However, there are equally valid reasons for sending pan-
els to other types of shows, but here the example requested might find 
ready substitutes in other more easily available works.

The preparations for the 2010 exhibition Man, Myth, and Sensual 
Pleasures: Jan Gossart’s Renaissance at the Metropolitan Museum and 
the National Gallery in London provided new challenges in terms  
of the transport of panel paintings for special exhibitions. Gossart is 
 credited with bringing Italian Renaissance art, especially large-scale  
nudes and mythological subjects, to northern Europe, in particular to  
the Burgundian Netherlands, for the first time. The only previous mono-
graphic show on the artist was in 1965 in Bruges and Rotterdam. In prepa-
ration for this show, I have endeavored (with excellent cooperation from 
conservators and conservation scientists at many museums) to make a 
technical study of as many of the paintings as possible. This effort has 
yielded extremely rich results that will contribute to a significant 
 reappraisal of Gossart’s oeuvre. The reasons for lending panels to this 
show in New York, which has a smaller second venue in London, are there-
fore even more fully argued than usual. It has been an enormous advan-
tage in so many of these negotiations to have the expertise of George 
Bisacca in carefully evaluating the pros and cons of individual loans and  
in discussing these issues with the curators and conservators of potential 
 lending institutions. It is most interesting, therefore, to see which panel 
paintings were easily lent to the 1965 Bruges and Rotterdam shows (such 
as the monumental Prague Saint Luke Drawing the Virgin) and which of 
these may still be lent now. We shall see in October of 2010 how fully rep-
resented Gossart will be, and I am very hopeful. But it has become quite 
clear to me that those institutions where the easy answer is “no” are not 
represented at this conference. They appear not to be involved in the cur-
rent research and discussions on panel painting problems and solutions.

If I were to sum up my thoughts about special exhibitions and 
lending panel paintings, I would say the following:

•	 Although	many	museums	now	evaluate	requests	on	a	case-by-case	
basis, not all museums do this. My hope would be that the Getty 
Panel Paintings Initiative would become much more widely known, 
and this conference is a marvelous first step toward that goal. New ini-
tiatives need to be made with institutions, conservators, and curators 
in Germany, Belgium, and France who are not well represented here.

•	 The	latest	studies	and	information	about	the	impact	of	various	types	
of packing and transport conditions, and the effects of environmental 
differences from the home institution to that of the exhibition, need to 
be more widely disseminated.

•	 These	recent	advances	in	our	knowledge	need	to	be	communicated	
not only to conservators but also to curators, who need to learn how 
to understand the data for evaluating a given loan request. We must 
find ways to enhance good communication between curators and con-
servators on these and other matters.
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•	 Above	all,	let	us	keep	in	mind	how	best	we	can	represent	the	achieve-
ments of old master panel painters in carefully thought-out exhibi-
tions. Given developments in conservation treatments and in special 
care and handling in packing and transport over the last decade, the 
possible risks of lending panel paintings are now often smaller than 
the benefits of marvelous new insights into the works and artists of 
long ago. Let us collectively find ways to achieve advances in our 
knowledge and appreciation of the mastery of these painters.
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La Virgen del Perdón 
after the Fire of 1967

In 1569, two years after his arrival to New Spain, 
the Flemish painter Simon Pereyns was accused 
of heresy, imprisoned, and tortured by the 
Inquisition. The artist was condemned to create 
an altarpiece for the Cathedral of Mexico. The 
Virgen del Perdón would be the central piece of 
that altar (fig. 1). This painting may well be the 
earliest extant work of Pereyns.

On January 17, 1967, the altarpiece burned 
down in a fire caused by a short circuit. The 
Virgen del Perdón lost 80 percent of the painted 
surface, and the wooden panel was converted 

into charcoal (fig. 2). Since this disaster, the 
painting has been considered a “premature ruin” 
because of its sudden transformation by fire. 

The aim of this research was to learn about 
the cultural biography, painting technique, 
and current deterioration of Pereyns’s painting 
through historical investigation, technical study 
of the panel painting, and reconstruction of the 
painting to reproduce the alteration process. 
Samples prepared according to the original paint-
ing technique were tested under a temperature 
distribution ranging from 100ºC to 190ºC, in 
order to investigate the materials’ physical and 
chemical changes. The heated samples were ana-
lyzed by optical microscopy, scanning electron 
microscopy with energy dispersive X-ray analysis 
(SEM-EDX), and X-ray diffraction (XRD).

We determined the process of alteration: 
the inception of the wood’s chemical decompo-
sition; the boiling point of the resin present in 
pinewood; the morphological, topological, and 
crystalline phase transitions of the gesso layers 
caused by the heat increase; and the shrinkage 
of fibers made from animal tendons used in the 
preparation of the panel. This research gener-
ated specific deterioration effects: contraction of 
the gesso layer; separation between preparation, 
priming, and color layers; bubbles in the interior 
of the paint coats; darkening of glazes; and a blis-
tering texture on the surface. 
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Simon Pereyns (Flemish, ca. 1540–1589, active in Mexico),  
La Virgen del Perdón, 1569. Oil on panel, 274 × 220 cm (107.9 × 
86.6 in.). Archivo Fotográfico Manuel Toussaint, Instituto de 
Investigaciones Estéticas, Universidad Nacional Autónoma  
de México, Mexico City. Photo: Felix Leonelli.
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F ig u re  2

Detail of  Simon Pereyns, La Virgen del Perdón, showing a fragment 
of  the Virgin’s face damaged by the fire. Photo: Eumelia 
Hernández.
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Search for a Dimension-
Neutral Effect in the Solvent 
Treatment of Wood

Bulk consolidation of badly deteriorated wood 
continues to be a treatment option, especially 
if the object is subject to handling or exhibi-
tion or if it is functional, such as a frame (fig. 1). 
Wood consolidation tests reveal that solvents 
can provoke dimensional changes in wood, and 
any movement of the wood will have obvious 
impacts on the stability of design layers and on 
the structural integrity of the treated object.

Attempts to predict the behavior of wood 
to a range of solvents based on certain variables 
(solvent polarity, molar volume, dielectric con-
stant, hydrogen bonding parameters, etc.) proved 
to be unsatisfactory as a guide to the behavior of 
wood to specific solvents. Systematic testing is 
now under way to characterize the behavior of 

select species of wood to solvent action. To date, 
we have documented the radial swelling and/or 
shrinkage of two species—white oak (fig. 2) and 
eastern white pine—to various organic solvents: 
anhydrous alcohol, propan-2-ol, n-butanol, tolu-
ene, pentane, and solvent blends (toluene-ethanol 
1-1, 2-1, 4-1, and 6-1).

Preliminary results show characteristic 
effects by specific solvents in the two test species. 
Differences between the species occur only in 

Wendy Baker and David Grattan

F ig u re  1

Wood severely damaged by insects, for which bulk consolidation 
could be considered a treatment option. Photo: Reproduced with 
the per mission of  the Canadian Conservation Institute of   
the Department of  Canadian Heritage. © All rights reserved.
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rate and in degree of response: oak has a slower 
rate as well as a greater degree of response 
than pine. Anhydrous alcohol causes significant 
swelling of wood, with maximum swelling of 
2.75% for oak and 0.6% for pine. Propan-2-ol and 
n-Butanol provoke an initial shrinkage (0.25% 
for oak and 0.2% for pine), followed by a gradual 
swelling that reaches a maximum of 1%+ for oak 
and 0.4% for pine. Both toluene and pentane pro-

voke shrinkage: 0.25% for oak and 0.2% for pine. 
The solvent blends, formulated to mitigate the 
effect of one solvent by another, exhibited non-
ideal behavior.

Further testing is planned for other wood 
species. The effects of consolidants on swell-
ing and shrinking characteristics will then be 
examined.

F ig u re  2

Change in dimension of  white oak samples exposed to pure sol-
vents. Graph: Reproduced with permission of  the Canadian 
Conservation Institute of  the Department of  Canadian Heritage. 
© All rights reserved.
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Stabilization and Rejoining of a Seventeenth-
Century Panel Painting: Portrait of Philip 
Melanchthon, Parish Church of Prießnitz/Saxony

This wooden panel measuring 186 × 86 cm 
(73.2 × 33.9 in.), with an original thickness 
of only 1 cm (0.4 in.), had separated along all 
the joins. The six boards were originally sta-
bilized by two cross battens on the reverse. 
Furthermore, the panel was broken across the 
track of the lower cross batten, which was badly 
damaged by woodworm (fig. 1).

Before stabilization, the damaged wood 
was consolidated with an acrylic resin, Plexigum 
P28, and the lost parts were replaced with small 
inserts of limewood. The repair of the cross 
break, where only half of the panel thickness, 
just 0.5 cm (0.2 in.), remained, was particu-
larly difficult. It was necessary to fill the track 
with small inserts of limewood to enlarge the 
surface. In addition to a reconstruction of the 
panel thickness, long grooves measuring 0.5 × 
0.5 cm (0.2 × 0.2 in.) with a length of about 
50 cm (19.7 in.) were made on the reverse along 
the grain, and they were filled with inserts of 
limewood to overlap the break over a wide area. 
Once this preparatory work was completed, the 
broken board pieces were joined together.

In order to provide additional support, a 
kind of in-frame tray was made. It consisted of 
a low-emission medium-density fiberboard on 
which the painting rests. It is held in place with 
wooden strips that run along the edges of the 
painting and which form the frame.

With this new method, it was possible to 
rejoin the individual parts of the panel without 
using an auxiliary support (fig. 2). The limewood 
inserts placed in the long grooves across the 
break strengthen it against bending and preserve 
the original surface of the reverse of the panel 
and its natural movement. 

Sabine Bendfeldt

F ig u re  1

Portrait of  Philip Melanchthon, Parish Church of  Prießnitz/Saxony, 

17th century. Oil on panel, 186 × 86 cm (73.2 × 33.9 in.). Parish 
Church of  Prießnitz/Saxony. Prior to treatment, all joins were 
separated, and in the lower part, the boards were broken across 
the panel. Photo: Sabine Bendfeldt.
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F ig u re  2

The reverse, after treatment, of  Portrait of  Philip Melanchthon, 

Parish Church of  Prießnitz/Saxony. The wooden inserts are lighter 
in color. Photo: Sabine Bendfeldt.
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The ongoing treatment of Salvador Dalí’s Couple 
with Clouds in Their Heads, his two-part self-
portrait with Gala from 1936, presents an oppor-
tunity to look at multiplex panels as an artist’s 
support in relation to their conservation and 
restoration (fig. 1). While numerous artists used 
multiplex in the 1930s, including Picasso and 
Magritte, Dalí used the cutout forms in a novel 
way. This artwork has never been treated before 
and has been glazed since 1936. The original 
glass was replaced in 1998 with a much thicker, 
heavier museum conservation glass.

In general, the stability of the multiplex 
panel is very good, although there is slight warp-

ing of both panels. More importantly, there is 
particular concern about the uppermost thin 
veneer, on which the ground and paint layers 
are applied. Vertical fissures that seem to cor-
respond to the grain of the veneer have formed 
in areas in both the ground and the paint layers. 
Some of these areas were previously damaged 
by an unusual degradation of the varnish and 
paint layers, and at these points, the fissures 
are more pronounced and alarming. First, the 
 five-ply 9 mm (0.4 in.) multiplex was identified 
as Okoumé mahogany (fig. 2). It is surmised that 
the  “tenderizing” of the veneer during the manu-
facturing process contributed to the eventual 

The Structural Stability of the Plywood Panel 
Support of Salvador Dalí’s Couple with Clouds in 
Their Heads and Their Bespoke Frames from 1936

Gwendolyn P. Boevé-Jones

F ig u re  1

Salvador Dalí (Spanish, 1904–1989), Couple with Clouds 

in Their Heads [Couple aux Têtes Pleines de Nuages], 1936. 
Oil on panel, 92.5 × 96.5 × 5 cm (36.4  × 38.0 × 2.0 
in.). Museum Boijmans van Beuningen, Rotterdam, 
2988 (MK). Reverse of  male figure and frame, showing 
the somewhat incoherent relationship between the out-
line of  the panel and the frame. Photo: Margo Vintges, 
Redivivus.
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development of the fissures. It is very possible 
that an animal glue size applied by the artist on 
top of the veneer was also a contributing factor.

The frames are an integral part of the  
work of art. The bent and formed wood shapes 
are complicated objects in and of themselves. 
Furthermore, the silhouette frames do not  
match the shape of the panels very precisely, nor 
does the modern glass fit the frame properly. 
Replacing the museum conservation glass with 
3 mm (0.1 in.) acrylic museum glazing should 
help with both the weight-bearing issue and  
with achieving a more perfect fit with the frame, 
without significantly altering the appearance of 
the work of art.

Structural Interventions on 
Sixteenth-Century Monumental 
Oak Panels in Tomar, Portugal

Miguel Garcia 

In March 1160, in Tomar, Portugal, a round 
chapel was inaugurated along with a Templar 
Knight castle. Over three centuries later, in 1515, 
through an extraordinary artistic campaign, the 
chapel was decorated by Portuguese masters 
who were clearly influenced by Flemish art 
(fig. 1). Here, an elite corporation of artists 
painted twelve monumental Baltic oak panels: 
Baptism of Christ, The Synagogue, The Resurrection 
of Lazarus, Christ Entering Jerusalem, The Surrender 
of Christ, The Resurrection, Descent into Hell, The 
Ascension, Our Lady of the Sorrows, The Pentecost, 
The Last Judgment, and The Holy Trinity.

F ig u re  1

The interior of  the round chapel in Tomar, Portugal. The niches 
for the panel paintings are located in the middle section. Photo: 
Miguel Garcia.

F ig u re  2

Detail of  Salvador Dalí, Couple with Clouds in Their Heads, 
 showing the five-ply mahogany panel. Photo: Margo Vintges, 
Redivivus.



201P o s t e r s

PROOF    1  2  3  4  5  6

The recent investigation and conser-
vation took place over a four-year program 
first  organized by the Instituto Português 
da Conservação e Restauro (IPCR) and later 
by the Instituto Português do Património 
Arquitectónico (IPPAR). 

Each panel, measuring around 4 m high 
by 2.40 m wide (157.5 × 94.5 in.), is composed 
of ten boards that are 4 cm (1.6 in.) thick with 
vertical grain. Dendrochronological analy-
ses carried out by Peter Klein assigned a pos-
sible date of manufacture of between 1488 and 
1499. Observations of the support revealed early 
adaptation of cross battens and identified biodeg-
radation in some places, which has been caused 
by a combination of fungus, termites, and wood 
beetles. The damage is more extensive on the 
outer boards. 

On a few of Lazarus’s original boards, 
volumetric reconstructions were made 
with slim trapezoidal Castanea sp. inserts, 
put together in several layers with PVA as  
the adhesive. The same adhesive was used to  
fix the open joints of the whole boards. On both 
the Lazarus and the Christ Entering Jerusalem 
panels, the cross battens were replaced with 
aluminum bars that slide over small bridge 
sections of wooden blocks held in place with 
slim flat brackets of the same metal (fig. 2). 
This not only creates a light structure but also 
reinforces the panel. 

The larger fragment from The Synagogue 
was treated in the same way wherever needed, 
and a small fragment placed incorrectly in a 
 previous restoration campaign is now positioned 
properly. 

F ig u re  2

The aluminum back 
reinforcement. Photo: 
Frederico Henriques.
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A donated seventeenth-century Flemish panel 
painting, The Mystic Marriage of Saint Catherine, 
provided an opportunity for Buffalo State 
College Art Conservation Department faculty 
and students to perform analysis and investiga-
tive treatment. The painting consisted of five oak 
planks joined vertically, with overall dimensions 
of 121.9 × 91.4 cm (48.0 × 36.0 in.), thinned and 
cradled sometime in the nineteenth century, fol-
lowed by several restoration campaigns that all 
involved regluing, filling, and overpainting. 

Treatment of the painting included the 
removal of the nineteenth-century cradle and 
the design and attachment of a cradle system 
inspired by designs developed by Bobak and 

Marchant. The new cradle consisted of a double 
spine fixed to a lightweight perimeter frame-
work; ten tapered, flexible basswood ribs joined 
to the spine; numerous pairs of small oak blocks 
glued to the panel reverse to minimize the 
direct-attachment footprint (fig. 1); and four ver-
tical, sliding, removable battens that attach the 
cradle structure to the panel. The design allows 
the thin wooden panel to expand and contract 

Structural Treatment of  
a Seventeenth-Century 
Flemish Panel Painting

James Hamm, Sandra Kelberlau, Dawn Rogala, 
Aniko Bezur, and Jonathan Thornton 

F ig u re  1

Fitting the new cradle onto the panel. The oak block pairs are 
ready to receive the vertical sliding battens that lock the horizon-
tal battens against the panel. Photo: Art Conservation 
Department, Buffalo State College.
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within a limited range of motion as environmen-
tal conditions fluctuate (fig. 2). The added forces 
of the new auxiliary support that the panel is 
subjected to are minimal compared to those of 
the previous cradle design, since the entire struc-
ture is supported by the perimeter framework, 
rather than by the panel itself. 

Questions regarding the use of such a cra-
dle design remain: 

•	 	What	is	the	overall	dimensional	limit	for	this	
type of cradle system? 

•	 	How	should	the	number,	thickness,	width,	
and flexibility of the ribs be more accurately 
determined? 

•	 	What	are	the	optimal	dimensions	and	spacing	
of the central double-spine elements? 

•	 	What	range	of	movement	should	be	allowed,	
and when should restrictions be imposed? 

F ig u re  2

The new cradle attached to the panel, which is now ready for 
framing. The weight of  the panel rests on the bottom perimeter 
support bar. Photo: Art Conservation Department, Buffalo 
State College.
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The tradition of the Department of Conservation 
and Restoration of Panel Paintings, part of the 
Faculty of Conservation and Restoration of 
Works of Art at the Academy of Fine Arts in 
Kraków, dates to 1950. Since the 1970s, acrylic 
resins—like Paraloid B-72, Osolan K (copolymer 
of butyl methacrylate and methyl methacrylate), 
and Osolan KL (polybutyl methacrylate)—have 
been used for impregnation; however, consoli-
dation of wood has not been done frequently. 
Natural adhesives (sturgeon glue and rabbit-skin 
glue) are usually used for rejoining splits and 
gaps, as well as for strengthening and reintegra-
tion. Butt joints are strengthened with 8-shaped 
wood pieces and stabilized in a vertical posi-
tion with D-shaped wooden cleats. Losses are 

filled with pieces of wood, epoxy modeling 
paste (e.g., Axson SC 258, Araldit SV 427), or 
wood-flour filler. 

Linear stabilization of a panel is regarded 
as one of the most difficult operations. The prin-
ciples of Let the panel move and Do not forcibly cor-
rect deflection of a panel are foundational for the 
formulation of guidelines for all interventions: 
Allow wood movements ample room while, at 
the same time, exerting a certain amount of 
restraint to keep the panel from deforming. 

In our interventions, the original cross-
bar housing is usually reused. If it is missing, a 
simple peg system attached to the panel can be 
arranged (fig. 1). The movable crossbar system, 
developed in Florence, Italy, is held in place by 

Structural Consolidation and 
Stabilization of Panel Paintings at 
the Academy of Fine Arts, Kraków

Grzegorz Kostecki and Aleksandra Hola

F ig u re  1

Auxiliary support system adapted to the 
warp of  the painting: 4 mm (0.2 in.) thin 
movable ash crossbars and walnut pegs 
attached to the panel. Photo: Grzegorz 
Kostecki. Copyright by Grzegorz Kostecki, 
Wawel Royal Castle, Jagiellonian University 
Museum, Kraków, Poland. 
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pegs that are glued to the panel with an epoxy 
adhesive. To ensure perfect glide, paraffin is 
applied onto the crossbars and pegs. Sometimes 
these typical auxiliary support systems cannot 
be adapted for certain paintings. In such cases, 
an indirect system is required, which is joined to 
the picture frame (fig. 2). 

F ig u re  2

Simple indirect support system consisting  
of  several elastic brass plates with springs, 
screwed to the frame along the panel edges. 
Photo: Grzegorz Kostecki. Copyright by 
Grzegorz Kostecki, Wawel Royal Castle, 
Jagiellonian University Museum, Kraków 
Poland.
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Dimensionally responsive panels can suffer seri-
ous damage through poor or unsympathetic 
framing, such as the use of restrictive perim-
eter retaining clips, which can induce stress. 
Monitoring the dimensional response of a panel 
in relation to changes in relative humidity (RH) 
is essential when a framing method is chosen.

The unattached framing support illus-
trated here is easy to design and construct to 
suit a variety of formats, ranging from small, 
fragile panels to large, heavy ones (fig. 1). The 
support will allow for large dimensional changes 
to take place in the surface contour, through 
batten f lexibility and careful placement of the 
contact points. When combined, a number of 

points of low resistance can securely hold a 
panel in its frame but allow it to alter its curva-
ture, and the panel will be encouraged to return 
to the set profile when conditions recover. The 
rigid central bar, to which the f lexible battens 
are attached, is recessed into the reverse of the 
frame (fig. 2).

Larger heavy panels can also be very sensi-
tive to changes in RH, and movement can often 
be inhibited by their own weight. The restricted 
movement of the bottom edge of the panel 
within the frame rebate can result in structural 
damage. The use of bearing supports is generally 
only necessary on large heavy panels with hori-
zontally aligned boards. 

Alleviating Stress in the 
Framing of Panel Paintings

 Ray Marchant and Devi Ormond

F ig u re  1

Large, heavy, and responsive seventeenth-century Flemish panel. 
The panel is secured in its frame with the flexible batten system 
and bearings. Photo: Ray Marchant.
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Microclimate packages are often used to isolate 
panel paintings from fluctuating environmental 
conditions. The Metropolitan Museum of Art in 
New York uses a system referred to as a Marvel 
Seal envelope, which has evolved since it was 
first developed in the early 1990s. Because of the 
volume of paintings lent by the Metropolitan 
each year, it is important that we use a system 
that is both effective and practical. The Marvel 
Seal envelope, a self-contained package made 
from easily obtained and inexpensive materi-
als, can be easily inserted and removed from a 
frame. It can be assembled quickly, modified sim-
ply to accommodate most paintings, and readily 
opened and resealed. Instructions for assembling 
a Marvel Seal envelope are given in figures 1a–f. 
If the envelope is assembled properly, it contains 
a minimal amount of air and has an extremely 
low rate of leakage. 

Marvel Seal Envelopes at the 
Metropolitan Museum of Art

M. Alan Miller 

F ig u re  2

View showing the ends of  the flexible battens. The balsa and 
Plastazote foam-sandwich pads exert slight pressure on the joins 
of  the boards. Photo: Ray Marchant.
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F ig u re  1b

Step b. Apply packing tape strips to each side of  the glazing. Fold 
each packing tape strip back onto the glazing and temporarily 
hold it with tape. Photo: M. Alan Miller.

F ig u re  1c

Step c. Attach the perimeter strip to the edge of  the glazing and wrap 
it around. The packing tape should extend past the edge of  the glaz-
ing. Apply a piece of  packing tape to the overlapping join. Fold the 
overhanging tape onto the front of  the glazing. Photo: M. Alan Miller.

F ig u re  1d

Step d. Carefully bring up each packing tape strip (now on the 
inside) and adhere it to the inside of  the perimeter strip. Photo: 
M. Alan Miller.

F ig u re  1e

Step e. Place the Marvel Seal envelope into the frame and add 
spacers with double-stick tape. Place the painting and the Marvel 
Seal back sheet into the package. Fold and tape down the sides. 
Photo: M. Alan Miller.

F ig u re  1f

Step f. Remove the Marvel Seal envelope package from the frame 
and carefully tape-seal all joins. This package can now be secured 
into the frame. Photo: M. Alan Miller. 

F ig u re  1a

Step a. Cut a perimeter strip of  Marvel Seal long enough to wrap 
around the glazing. Apply a continuous piece of  clear packing tape 
along one edge of  this strip, leaving about 7 mm (0.3 in.) hanging  
off  the edge (this measurement corresponds to the thickness of  the 
glazing, plus extra to adhere to the front). Photo: M. Alan Miller.
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This eleventh-century icon from Rome’s Basilica 
of Aracoeli, made of tempera and punched gold 
leaf on panel, has a double engaged frame. It 
was housed in a chestnut frame case that was 
gilded and decorated with punchwork. Both the 
icon and its frame case were placed in a wooden 
box lined with an eighteenth-century decorated 
paper (fig. 1). The painting surface, covered with 
yellowed varnish and inpainting, had large losses 
of color near the frame. The wooden support, 
seriously damaged from insects, had deep cracks 
caused by a flat heavy cradle applied during a 
previous restoration, which restricted the natural 
movements of the panel.

The new oak cradle, composed of three 
pairs of members across the grain and two lat-
eral members, forms a single controlling frame 
(fig. 2). Each of the pairs of horizontal members 
has grooves that house five movable aluminum 
blocks connected by a pair of sliding stainless 
steel pins. The connection to the back of the 
panel is made by a brass screw nut, which passes 
through the block and tightens the screw into a 
ring. A helical steel spring, tightened and pres-
sured by the brass screw, checks the wood’s 
movements.

The paint layer was cleaned to remove 
varnish and overpainting. The most unsightly 

The Conservation of an Insieme: 
The Madonna of Aracoeli and Its 
Historic Display

Costanza Mora, Beatrice Provinciali, Albertina Soavi, 
Roberto Saccuman, Elisabetta Giani, and Angelo Rubino

F ig u re  1

Madonna of  Aracoeli, third quarter of  11th century. Tempera and 
punched gold leaf  on panel (Fagus), 82 × 51.5 × 2 cm (32.3 × 
20.3 × 0.8 in.). Basilica of  Aracoeli, Rome. The icon, its frame 
case, and its external box are shown. Photos: Istituto Superiore  
per la Conservazione ed il Restauro.
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lacunae were retouched with reversible water-
colors in the tratteggio technique developed at 
the Istituto Superiore per la Conservazione ed il 
Restauro in Rome.

To evaluate the possibility of preserv-
ing the old conservation and exhibition system 
(frame case and wooden box), a microclimate 
was temporarily created on the church’s altar 
and inside the niche by the installation of poly-
carbonate glazing. The results of monitoring 
suggested the need to improve the old conserva-
tion system. The box was restored by covering 
the external sides with stainless steel panels 
coated with cork. The front was closed with 
laminated glass sealed with neoprene strips, to 
reduce air and dust ingress. 

F ig u re  2

The new cradle for the Madonna of  Aracoeli. The inset detail 
shows the mobile components. Photos: Istituto Superiore per la 
Conservazione ed il Restauro.
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The Department of Ancient Egypt and Sudan 
at the British Museum holds a collection of 
thirty Roman-period (30 bc–ad 395) funerary 
portraits painted on wood panels. The portraits 
were painted from life, and after death, each 
was attached over the face area of the mummi-
fied and wrapped body. To ensure the continued 
preservation and accessibility of the portraits, 
the British Museum Department of Conservation 
and Scientific Research has initiated a research 
project, the aims of which are to further under-
standing of the mechanisms of deterioration dis-
played by many of the portraits, and to develop 
an informed and cohesive approach to their 
treatment and mounting. 

The two portraits presented here are 
 considered to be in the greatest need of conser-
vation: Portrait of a Woman (fig. 1) and Portrait 
of a Man (fig. 2). Both portraits were acquired by 
a Viennese dealer, Theodor Graf, in the 1880s  
and were said to come from excavations at  
er-Rubayat in the Faiyum region of Egypt. Each 
is mounted on a wood cradle and has a release 
layer of a paper-like material between the cradle 
and the portrait panel. In both cases, the release 
layer is failing, leading to splitting and cupping 
of the panels, which in turn is causing flaking of 
the paint surfaces. Ongoing research is establish-
ing the extent of previous intervention and the 
underlying causes of deterioration. 

Acknowledgments

The authors would like to acknowledge Caroline 
R. Cartwright, Andrew Middleton, Giovanni 
Verri, Antony Simpson, John Taylor, and 
Kevin Lovelock, their colleagues at the British 
Museum. 

Finding Solutions for 
Mounting Ancient Egyptian 
Funerary Portraits

Nicola Newman and Lynne Harrison

F ig u re  1

Portrait of  a Woman, Roman-period Egypt, AD 160–170. Encaustic 
on limewood panel, 443 × 203 × 1.5 mm (17.4 × 8.0 × 0.06 in.). 
British Museum, London, EA 65346. Photo: © Trustees of  the 
British Museum.
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F ig u re  2

Portrait of  a Man, Roman-period Egypt, ad 150–180. Tempera 
on limewood panel, 420 × 220 × 1 mm (16.5 × 8.7 × 0.04 in.). 
British Museum, London, EA 74832. Photo: © Trustees of   
the British Museum.

The History of Cradling in 
the Frans Hals Museum, 
Haarlem

Jessica Roeders

Cradling was a common procedure that con-
tinued through the late 1950s at the Frans Hals 
Museum. This technique has led to structural 
problems that current conservators now encoun-
ter. Treating cradled paintings can be difficult 
and often requires the help of a specialist, as 
most conservators are not sufficiently trained in 
handling these complex problems.

Eleven cradles out of thirty-five panel 
paintings researched could be connected to four 
conservators. Some are marked on the reverse 
with the name of the conservator. Others were 
identified from descriptions in archival records 
or from information gathered from interviews. 

The studio of the De Wild family (Carel, 
Derix, and Martin) in The Hague was often hired 
between 1900 and 1928 by the museum. This stu-
dio sometimes marked its cradled panels (fig. 1). 
A private conservator, van Bommel, provided 
cradles between 1922 and 1930; he signed and 
dated those cradles in pencil (fig. 2). The restorer 
J. A. Tenderloo, who worked in the Frans Hals 
Museum from 1936 to 1952, prepared cradles 
himself. From 1952, the conservator Han Bolte 
brought the panel paintings to a woodworker to 
be cradled. 

The treatment of a panel painting, cradled 
in the 1950s by Tenderloo, was carried out under 
the guidance of Jean-Albert Glatigny. The prob-
lematic cradle was removed, and a new, more 
appropriate auxiliary support was applied. 
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Detail of  the reverse of  a panel painting 
branded “DE WILD.” Dirck Francoisz Hals 
(Dutch, 1591–1656), Garden Party, ca. 1620. 
Oil on wood, 38 × 55 cm (15.0 × 21.7 in.). 
Frans Hals Museum, Haarlem, OS 75 304. 
Photo: Frans Hals Museum.

F ig u re  2

Detail of  the reverse of  Pieter Saenredam 
(Dutch, 1597–1665), Interior of  the Pieterskerk, 

Utrecht, 1654. A note in pencil reads, 
“Geparqueteerd in 1930 B. van Bommel 
Amsterdam.” Oil on wood, 50 × 72.5 cm 
(19.7 × 28.5 in.). Frans Hals Museum, 
Haarlem, OS 75 339. Photo: Frans Hals 
Museum.
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This study is the result of a partial combination 
of two PhD treatises on painting conservation, 
“The Sixteenth-Century Portuguese Painting of 
Vasco Fernandes: Technical and Conservation 
Study of the Wooden Supports” by Joana 
Salgueiro, and “History, Theory, and Deontology 
of Conservation and Restoration Applied to 
Portuguese Wooden Paintings” by Salomé de 
Carvalho.

The goal of the study is to deepen knowl-
edge about techniques and materials used for 
sixteenth-century wooden panels, especially with 
regard to the work of the important Portuguese 

painter Vasco Fernandes, commonly known 
as “Grão Vasco.” There are eleven paintings 
attributed to this painter. For this study, The 
Pentecost panel from the Santa Cruz Monastery in 
Coimbra, Portugal, is the focus, as it represents 
the painter’s finest work (fig. 1). It is the only 
panel signed by the artist, and it clearly exhibits 
the influence of the Italian Renaissance.

We saw that by studying this painting’s 
support in order to understand its original char-
acteristics, we could shed light on the wooden 
supports of this period. It is our aim to create 
a chronology of the support, from its original 

Technical and Conservation 
Study of the Wooden Support of 
The Pentecost by Vasco Fernandes

Joana Salgueiro and Salomé de Carvalho 

F ig u re  1

Vasco Fernandes (Portuguese, active 
1475–1542), The Pentecost, 1534–35. Oil 
on panel, 166.5 × 165 × 1.5 cm (65.6 × 
65.0 × 0.6 in.). Santa Cruz Monastery, 
Coimbra, Portugal. Photo: Universidade 
Católica Portuguesa/Mosteiro de Santa 
Cruz de Coimbra.
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production until the present time, including all 
of the events and changes that have occurred. 
We have conducted an assay using 3-D drawings 
(AutoCAD, 3D Studio Max) inspired by the radio-
graphic examination of the painting (fig. 2). This 
research has helped in constructing a pathology 
map and has helped elucidate the technology 
used to produce the wooden support.
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X-radiograph of  Vasco Fernandes, The 

Pentecost. Image: Universidade Católica 
Portuguesa/Mosteiro de Santa Cruz de 
Coimbra.
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In 2004, the postgraduate-level Conservation of 
Easel Paintings course, hosted by the Stichting 
Restauratie Atelier Limburg (SRAL), was 
amalgamated into the Faculty of Humanities 
at the University of Amsterdam (UvA). This 
new degree program in the Conservation and 
Restoration of Cultural Heritage at the bachelor, 
master’s, and postgraduate levels encompasses 
seven years of study. After obtaining a minor 
within the bachelor’s program, a student will 
choose to specialize in one of eight disciplines 
while completing a two-year master’s degree. 
The education is completed with a two-year 
postgraduate traineeship, which finally qualifies 
students as conservators within their chosen spe-
cializations. The first year of this phase is hosted 
in the SRAL conservation studios for three 

disciplines, including Easel Paintings. The final 
year of study entails an internship in accredited 
museum conservation studios throughout the 
Netherlands. 

A theoretical understanding of the identi-
fication and nature of wood, and of its behavior 
and degradation, as well as climatic effects on 
wooden artworks, is given at the bachelor’s level. 
Master’s students specializing in Easel Paintings 
are given both a theoretical background and 
practical experience in the treatment of panel 
paintings (figs. 1 and 2). This education is further 
developed in the postgraduate phase, during 
which a specific period is devoted to the struc-
tural treatment of panel paintings through work-
shops and practical projects. Students are assured 
a basic knowledge and understanding of the 

Developments in Education  
in the Netherlands for the 
Conservation of Panel Paintings

Kate Seymour, Gwendoline R. Fife, and Kees Schreuder 

F ig u re  1

Ray Marchant (fore-
ground, wearing glasses) 
explaining how to release 
the fixed battens of  a 
 cradle. Photo: © SRAL 
(Stichting Restauratie 
Atelier Limburg). 
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complex issues within this field and are further 
guaranteed hands-on experience involving the 
in-depth treatment of a panel painting. Students 
who show particular interest are encouraged to 
undertake an internship in which this aspect is 
highlighted. The SRAL/UvA course is designed 
to provide its graduates with a foundation upon 
which they can develop further to become 
experts in the structural treatment of panel 
paintings. 
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Development of  hand 
skills through the recon-
struction of  panel sup-
ports. Photo: © SRAL 
(Stichting Restauratie 
Atelier Limburg).
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