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ABSTRACT
Rogala, Dawn V., Paula T. DePriest, A. Elena Charola, and Robert J. Koestler. The Mechanics of Art Materials and Its
Future in Heritage Science, Smithsonian Contributions to Museum Conservation, number 10, vi + 135 pages, 139 figures,
2019. — In late 2016, “The Mechanics of Art Materials and Its Future in Heritage Science: A Seminar and Symposium”
was held at the Smithsonian Institution’s historic Arts and Industries Building. Organized by the Smithsonian’s Museum
Conservation Institute (MCI) and the Royal Danish Academy of Fine Arts, Schools of Architecture, Design and Conservation, the two-day event brought experts in mechanics research from across the globe to discuss current and future trends
in the study and preservation of cultural heritage. Speakers represented a continuum of innovative mechanics research in
the cultural heritage sector, from its origins at the Smithsonian to current professionals working to shape the field and train
future generations of scholars. The event began with the popular paint mechanics workshop created and taught by MCI
senior research scientist emeritus Marion Mecklenburg, condensed into a single-day seminar of lectures and discussion.
The second day featured an international group of speakers and case studies on the state of mechanics research around the
globe, with an afternoon program focused on emerging U.S.-based speakers and their thoughts on the future of the field.
This volume reflects a collaborative view of cultural heritage research in mechanics; beginning with a review of mechanics
research at the Smithsonian Institution and followed by the nine papers presented by the symposium speakers, this publication incorporates the work of 15 national and international research centers. The Appendix includes a bibliography of Dr.
Mecklenburg’s publications and his previously unpublished 1982 report on the mechanical behavior of painting materials.

Cover images, from left to right: The packing crate of an ancient wooden saddle transported from the Tokyo National
Museum to the Arthur M. Sackler Gallery in Washington, D.C. (Kamba, Fig. 1). A working tensile test-jig from the Mecklenburg Materials Archive at the Smithsonian’s Museum Conservation Institute (Rogala, Fig. 3, upper left). A theoretical
model of a one-year course of relative humidity at a low-energy, self-buffering collections storage site (Larsen and RyhlSvendsen, Fig. 5).
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Preface

In late October 2016, more than 250 people gathered at the Smithsonian’s historic Arts and Industries Building for “The Mechanics of Art Materials and Its Future in Heritage Science: A Seminar and Symposium.” The special two-day event
was organized by the Smithsonian’s Museum Conservation Institute (MCI) and the
Royal Danish Academy of Fine Arts, Schools of Architecture, Design and Conservation. The program brought experts in mechanics research from across the globe to
discuss current and future trends in the study and preservation of cultural heritage.
Speakers represented a continuum of this research, from its origins at the Smithsonian to current professionals working to shape the field and train future generations
of scholars. The event was funded and supported by MCI; the Danish Agency for
Science, Technology and Innovation; Smithsonian Facilities; the Smithsonian Office
of the Provost and Under Secretary for Museums, Education, and Research; and the
International Association of Museum Facility Administrators.
The intensive program was designed to honor previous research while encouraging forward thinking through opportunities to meet and hear from scholars at the
forefront of innovative mechanics research in the cultural heritage sector. Speakers
addressed a diverse audience of conservators, collection managers, registrars, curators,
scientists, engineers, facility managers, students, and policy makers. The event began
with the popular paint mechanics workshop created and taught by MCI Senior Research Scientist Emeritus Marion Mecklenburg, condensed into a single-day seminar
of lectures and discussion. The second day featured a morning program of international speakers presenting case studies on the state of mechanics research from around
the globe, with an afternoon program focused on emerging U.S.-based speakers and
their thoughts on the future of the field. The symposium concluded with a panel discussion on encouraging stakeholder participation in mechanics research and application that featured staff from departments and museums across the Smithsonian.
This volume reflects a collaborative view of cultural heritage research in mechanics; beginning with a review of early mechanics research at the Smithsonian
Institution and followed by the nine case studies and vision papers presented by
the symposium speakers, this publication incorporates the work of 15 national and
international research centers. The articles in this volume represent the work of the
next generation of researchers—an international group of conservators and scientists undertaking innovative studies of cultural heritage materials and environments.
The case studies highlight international collaborations and research taking place
outside the United States. In the first paper, Cecil Krarup Andersen (Royal Danish
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Academy of Fine Arts) and Laura Fuster-López (Polytechnic
University of Valencia) build on Dr. Mecklenburg’s research
by examining the mechanical properties of damaged, treated,
repaired, and otherwise modified artwork with stress responses that diverge from the behaviors of ideal and undamaged materials. The second paper introduces the web-based
assessment tool HERIe designed by Roman Kozłowski and a
team from the Polish Academy of Sciences and the National
Museum in Krakow to help quantify climate-induced risk to
cultural heritage materials. The paper outlines the ongoing
development of the web program intended to employ simplified climate and stress calculations to project long-term
mechanical behaviors. The influence of environment is also
examined in the third paper, an update on the first phases of
the Climate4Wood project, a collaborative effort by Dutch
museums, universities, and research centers to analyze the
effects of climate fluctuations on delicate collections materials through observation, modeling, and experimentation.
The paper reviews the empirical data collection phase of
the project in which Stina Ekelund studied a group of more
than 300 decorated wooden objects in the collections of the
Rijksmuseum. This information will be utilized in conjunction with facilities and engineering data to help direct future
preservation strategies. The fourth paper presents a data collection project undertaken at the Tokyo National Museum
by Nobuyuki Kamba, who tracked the physical and environmental stresses encountered by collections materials during
each phase of transit as a means to better understand and
address the risks posed by the transportation of cultural
heritage objects. The fifth and final paper in this section details the low-
energy collections storage project underway
at the National Museum of Denmark. Authors Poul Klenz
Larsen (National Museum of Denmark) and Morten Ryhl-
Svendsen (Royal Danish Academy of Fine Arts) discuss the
self-buffering collections storage buildings being introduced
in northern Europe and the possible application of these designs to differing geographic and climate conditions.

The papers from emerging researchers focus on the work
of U.S.-based projects and research collaborations. The first
paper in this section outlines environmental standards work
underway at the Getty Conservation Institute (GCI) and
elsewhere. Michał Łukomski reviews the GCI team’s use of
documentation and analytical procedures borrowed from epidemiology to help codify and streamline the environmental
standards used in the display and storage of cultural heritage
collections, including the application of micromechanical
methods to further evaluate the properties of paints, binding
media, and coatings. The second paper, by A. Carver-Kubik
and James Reilly from the Rochester Institute of Technology’s Image Permanence Institute, investigates digital image
correlation as a possible tool to assess the moisture response
and equilibrating behaviors of library and archive materials.
The third paper, by Kenneth Shull (Northwestern University),
highlights the trends in material mechanics studies that build
upon the spirit and practice of established researchers, including collaboration with related research fields and the embrace
of new experimental methods and computational methodology. The fourth and final paper reports on work underway
by Łukasz Bratasz and a team of scientists and conservators
at the Institute for the Preservation of Cultural Heritage at
Yale University seeking to identify knowledge gaps and other
barriers to the development of risk assessment for heritage
collections. This work lies at the crossroads of chemical
and mechanical behaviors, an interdisciplinary worldview
that the group supports as a model for future generations of
researchers.
The Appendix to this volume includes a commentary
by Marion Mecklenburg on his entry into the field of mechanics research, along with the first publication of the 1982
report that laid the groundwork for the mechanics research
presented throughout this volume. It concludes with a bibliography of Dr. Mecklenburg’s publications. We would like to
thank the speakers, attendees, and sponsors for their support
of this special program.

Material Mechanics Research
at the Smithsonian Institution
Dawn V. Rogala*

ABSTRACT. The Smithsonian Institution has a long history of research focused on the mechanical properties of collection and cultural heritage objects. This paper traces the trajectory of materials mechanics research at the Smithsonian, beginning with an influential 1982 report by conservator
Marion Mecklenburg on the behavior of fabric-supported paintings. The report’s holistic approach to
collections care would later become a key principle of the emerging field of preventive conservation.
Topics introduced in that paper and expanded in subsequent Smithsonian research include the use of
predictive modeling to envision temperature-and relative humidity–induced failures within a composite artwork and the role of relative humidity in collections care-research that led the Smithsonian to
propose and implement systemic changes in guidelines regulating collections storage and exhibition
environments. Additional research topics include the mechanical testing of paper and archive materials
and modern paint formulations, the mechanical properties of materials following conservation treatment, and the effects of shock and vibration—studies that led to improved guidelines for the packing
and transport of collection items. The history of material mechanics studies at the Smithsonian is the
story of scientific research engaged in the proactive care of cultural heritage around the world.

INTRODUCTION

Museum Conservation Institute, Smithsonian Institution, 4210 Silver Hill Road, Suitland, Maryland 20746, USA.
* Correspondence: RogalaD@si.edu
Manuscript received 2 June 2018; accepted
7 May 2019.

The Smithsonian Institution has a long history of research focused on the physical characteristics, aging patterns, and anticipated behaviors of collection and cultural heritage objects. On 15 October 1966, ratification of Public Law 89-674 (also
known as the National Museum Act) authorized funding for the National Museum
of the Smithsonian Institution “to insure that museum resources for preserving and
interpreting the Nation’s heritage may be more fully utilized.”1 Existing conservation
research at the Smithsonian largely focused on technical studies in support of curatorial inquiry, first at the Freer Museum’s Laboratory for Technical Studies in Oriental
Art and Archaeology (Tech Lab), founded by Rutherford J. Gettens in 1952,2 and
next at the Conservation Research Laboratory, founded in 1963 as an independent
scientific laboratory designed to support the conservation of collections throughout
the entire institution.3 Increasing U.S. congressional appropriations for the National
Museum Act throughout the 1970s and 1980s encouraged the institution to seek out
projects of a larger scope that would contribute to “upgrading of the quality and
standards of the [museum] profession” (U.S. Senate, 1983).
One of the early projects undertaken by the Smithsonian with funding from
the National Museum Act took a holistic approach to collections care that would
later become a key principle of the emerging field of preventive conservation. In the
late 1970s, the Smithsonian Institution contracted a material mechanics study from
Marion F. Mecklenburg, a conservator in private practice in the Washington, D.C.,
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area. The final 1982 report, entitled “Some Aspects of the Mechanical Behavior of Fabric Supported Paintings,” was one
of first papers to systematically apply engineering principles
to the study of collections materials4 and signaled the beginning of the Smithsonian’s research focused on the material mechanics of cultural heritage collections. The report was never
formally published (until this volume; see the Appendix), but
excerpts were widely circulated and frequently cited, and the
stress-
strain modeling for art materials that first appeared
in this report became a familiar part of the conservation research canon. Dr. Mecklenburg5 examined stress development
in materials (a broad engineering rubric known as “mechanics”) using canvas-supported paintings as exemplars. This research was relevant to preservation concerns: the mechanical
properties of individual art materials and the analysis of the
composite structures formed by these materials. In this new
approach, the behavior of any individual material could affect
the behavior of adjacent materials and of the overall composite
structure, from the differing dimensional changes in warp and
weft canvas threads to the plastic recovery of restrained versus
unrestrained paintings (see Figure 1).
This early study of individual materials made clear the influence of relative humidity on the stress response of artwork
and connected the expansion-contraction behavior of adjacent
materials to aging and material failure patterns seen in composite objects. Protein-based glues were found to be especially
responsive materials, performing as the stiffest and most stress
bearing component of a fabric-supported painting at low relative humidity and the laxest and most responsive materials at
high relative humidity, with the rate and magnitude of this response depending upon the thickness of their application. The
1982 report concludes with the suggestion that some materials buffer moisture response in artwork, allowing exposure
to small fluctuations in the surrounding environment without
dimensional responses. Further investigation into the moisture
response rate for various materials was deemed necessary to
better determine practical relative humidity levels and exposure
limits for the preservation of fabric-supported paintings. Dr.
Mecklenburg also posited that an improved understanding of
short-and long-term mechanical responses to changing environmental and physical stresses could be used to design guidelines
for more effective packing and transport of artwork. Relaxed
environmental standards might also be designed, he theorized,
maintaining realistic and cost-effective operation of storage and
display spaces while ensuring the safety of collections.

MECHANICAL PROPERTIES RESEARCH
AT THE SMITHSONIAN
Dr. Mecklenburg joined the Conservation Analytical
Laboratory (CAL) at the Smithsonian Institution in 1987.
There, in collaboration with colleagues, he expanded upon
his earlier research with studies examining the effects of

environmental exposure on the mechanical properties of composite structures such as glued joins (Mecklenburg, 1988),
tensioned textiles (Collins et al., 1990), and primed panels
(Mecklenburg, 1991b); the impact of treatment on the properties of individual materials (van der Reyden et al., 1988);
and the use of empirical data and nondestructive analysis to
assess structural condition and predict structural behavior
(Murray et al., 1991a, 1991b; see Figure 2).
As part of this research, Dr. Mecklenburg and his colleagues designed and constructed a test jig for quantifying the
stress response of various cultural heritage materials (Organ
and Mecklenburg, 1989). The apparatus was designed to
measure the forces that developed in strips of flexible material (paper, skin, and films of paint or adhesive) under
controlled environmental conditions during the incremental
application of tension (see Figure 3 upper left, upper center,
and upper right). Tests were conducted on commercial and
custom-made art supplies, including conservation materials
identified on collection items and an extensive collection of
limited-component paint formulations that Dr. Mecklenburg
used to expand his collection of naturally aged art materials
(see Figure 3 lower left, lower center, and lower right).
As research data were compiled and examined, patterns
began to emerge in the relationship between materials and
their behaviors under the different environmental conditions
imposed by storage, exhibition, and transport. This early research was presented in 1991 at the International Conference
on the Packing and Transportation of Paintings, a conference
hosted by London’s Tate Gallery and jointly organized with
the Canadian Conservation Institute,6 the Smithsonian Institution, and the National Gallery of Art, Washington, D.C., in
response to growing interest in the impact of exhibition travel
on the physical condition of paintings in their collections.7 In
his editor’s notes to the conference volume, Dr. Mecklenburg
lauds the event, not only for its application of engineering
mechanics to the study of shock and vibration but also for
the recognition of mechanics research as a tool for studying
the relationship between environmental factors, such as temperature and humidity, and collections care (Mecklenburg,
1991a:12). Contributions to the conference by Smithsonian
researchers included a review of the engineering formulas
utilized in mechanical properties research and the application of established engineering modeling methods (also used
in Mecklenburg, 1982; see Figure 4 top left, top right)8 to
predict the behavior of composite material structures (Mecklenburg and Tumosa, 1991a). A second paper by Mecklenburg and Tumosa (1991b) used these modeling methods to
predict how temperature-and relative humidity-induced failures within a composite artwork, such as a painting, would
appear as cracks across its surface (see Figure 4 bottom left,
bottom right). The paper also highlights other factors that
impact formation of cracks, including the relative behaviors
of adjoining materials, the restrained structure of some paintings, and the presence of previously compromised materials,
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FIGURE 1. The stress development in materials of fabric-supported paintings. (upper left) Unrestrained dimensional change in linen fabric
(warp and weft threads) versus relative humidity at 70°F. (upper right) Effect of relative humidity (RH) on the stress-strain properties of flake
white pigment in linseed oil, 36 months old, at 70°F. (lower left) Restrained specimen force development versus relative humidity at 71°F for
linen in the warp direction (Ulster #8800), with a length of 7 inches and width of 0.5 inch (17.78 cm × 1.27 cm) (16 yarns). (lower right) Restrained specimen force development versus relative humidity at 71°F for warp direction sample from painting by Duncan Smith, dated 1912.
Illustrations are from Mecklenburg (1982), figs. 5, 6a, 12, and 16, respectively.
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FIGURE 2. Material mechanics research at the Smithsonian’s Conservation Analytical Laboratory (now the Museum Conservation
Institute) in the late 1990s. (top) Analytical Services Group Leader
Charles Tumosa and Assistant Director for Conservation Research
Marion Mecklenburg in the laboratory, early 1990s. Photo by Harold E. Dougherty for the Smithsonian. (middle) Research Organic
Chemist David Erhardt, Charles Tumosa, Photographic Scientist
Mark McCormick-Goodhart, and Marion Mecklenburg with tensile
testing apparatus, photographed for an article on museum environments. Photo by David Harp/Smithsonian, March 1996. (bottom)
Marion Mecklenburg and Senior Paper Conservator Dianne van der
Reyden, examining scanning electron micrographs of transparent
papers following conservation treatment, 1991. Photo by Harold E.
Dougherty for the Smithsonian.

but focuses primarily on the significant role of relative humidity in mechanical behavior of collections materials. Aside
from the hazards of temperature extremes, Mecklenburg and
Tumosa conclude that extreme shifts in relative humidity are
of greater concern for storage and display environments because of the strong response to humidity that is observed in
the most stress bearing materials in a composite painting.9
A handbook published after the conference (Richard et al.,
1991) sought to balance the research and theoretical contributions of the conference with practical advice on the assessment and mitigation of risks to art materials imposed by
various means of transport, including relative humidity, temperature, vibration, and shock.
The mechanical properties of collection materials continued to be measured and modeled by Smithsonian researchers
following the 1991 conference. Methodologies for calculating individual stresses and modeling projected stress and
crack patterns in composite structures were examined in detail in presentations to the Materials Research Society (Mecklenburg et al., 1992, 1995), the American Chemical Society
(Mecklenburg and Tumosa, 1993), and the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy
(Tumosa and Mecklenburg, 1999) and in a paper in the Journal of the American Institute for Conservation (Mecklenburg
et al., 1994a). Subsequent modeling studies addressed the
stress responses of paintings on wooden supports (Hagan et
al., 2005). Over this period the Smithsonian’s study set of mechanical testing materials expanded to include, for example,
paper and archive materials (van der Reyden et al., 1992; Tumosa and Mecklenburg, 1997), modern paint formulations
(Mecklenburg et al., 1994b), and a range of naturally aged
support materials (Erhardt et al., 1996, 1999, 2001).
The years following the 1991 conference (colloquially
known as Art in Transit, after the names of its related publications) saw more detailed saw more detailed studies of the
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FIGURE 3. Upper row: Designs for a tensile test-jig for quantifying the stress response of cultural heritage materials. (upper left) A materials list
for the test-jig. (upper center and upper right) Two technical drawings of the test-jig. From Organ and Mecklenburg (1989). Lower row: Items
housed in the Mecklenburg Materials Archive at the Smithsonian’s Museum Conservation Institute. (lower left) A working tensile test-jig. (lower
center) A selection of custom paints. (lower right) A selection of naturally aged paint film drawdowns. Photos by Smithsonian staff.

chemical and physical degradation of painting materials (Tumosa and Mecklenburg, 2003a, 2003b, 2005; Mecklenburg
et al., 2005) and of the mechanical properties of collections
materials that had undergone conservation treatment (Grissom et al., 1999; Tumosa et al., 1999; Mecklenburg and Tumosa, 2001). The impact of treatment on material mechanics
was also studied in conjunction with academic research programs in the United States and abroad (e.g., Mecklenburg et
al., 2006; Fuster-López et al., 2007, 2008, 2011), culminating in the international Cleaning 2010 conference organized
by the Smithsonian Institution in collaboration with the Polytechnic University of Valencia (Mecklenburg et al., 2013a).
Issues addressed in the conference papers included the effect
of solvent treatment on oil-based and synthetic paint films
(Tumosa and Mecklenburg, 2013; Doménech-Carbó et al.,

2013) and the potential for migration of metal ions among
paint layers (Mecklenburg et al., 2013b), topics that continued to be studied through the Smithsonian’s collaborative
partnerships (Mecklenburg et al., 2012; Fuster-
López and
Mecklenburg, 2017; see Figure 5).

PROPOSING NEW ENVIRONMENTAL
GUIDELINES FOR COLLECTIONS CARE
The study of the mechanical properties and dimensional
change of individual materials and the resulting insight into
the role of relative humidity in collections care prompted
Smithsonian researchers to take a closer look at the origins
and implementation of guidelines regulating environments
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FIGURE 4. (top left) Residual stress distribution and crack formation resulting from desiccation of the entire painting; vectors show directions
and relative magnitudes of residual stress in the central zone of painting. (top right) Residual stress distribution and crack formation at the
corner of a painting resulting from desiccation of glue size and ground and paint layers accompanied by stretcher shrinkage. The illustrations in
top row are from Mecklenburg (1982), figs. 25 and 24, respectively. (bottom left) The in-plane principal stress distribution as shown on stress
contours resulting from a 30 G edge impact on the 76 × 102 cm model painting; the maximum stresses are extremely low, only 0.11 MPa, less
than 3% of the breaking strength of the white lead paint at 50% RH, 23°C. (bottom right) The principal stress vectors resulting from a 30 G
edge impact on a 76 × 102 cm model painting; the theoretical crack pattern is superimposed over the vectors, which intersect the cracks at 90°.
The illustrations in bottom row are from Mecklenburg and Tumosa (1991b), figs. 8 and 9, respectively.

for collections storage and exhibition. Their studies of cold
storage for acrylic paints (Erlebacher et al., 1992a, 1992b,
1992c) and photographic materials (McCormick-Goodhart
and Mecklenburg, 1993) led to related work on the impact
of storage conditions on composite collections made up of
mixed or layered materials with disparate environmental
needs and the risk of subsequent material failures within
or between those materials (Mecklenburg and Tumosa,
1993). In a 1994 presentation at the American Institute for

Conservation annual meeting entitled “Relative Humidity Re-examined,” Erhardt and Mecklenburg examined the
relative humidity response observed in general collections
and special collections materials in active and archival storage (Erhardt and Mecklenburg, 1994; see Figure 6a) and renewed Dr. Mecklenburg’s earlier suggestion that it should
be possible to identify ranges of relative humidity suitable
for many mixed collections (Mecklenburg, 1982:26). No
single relative humidity was posited in the 1994 paper as
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FIGURE 5. Material mechanics research at the
Smithsonian’s Museum Conservation Institute
(MCI): (top) 2007 visiting scholar Silvia Ottolini
(Parma, Italy) studying the characterization of
natural and synthetic adhesives. Photo by MCI
staff. (middle) 2008 visiting scholars Cristiana
Sburlino (Padua, Italy) and Debora Minotti (Florence, Italy) studying the diffusion of materials
used for painting consolidation. Photo by MCI
staff. (bottom) Dr. Mecklenburg with staff from
the National Museum of Natural History, Department of Anthropology, consulting on the
environmental response of stretched skin objects
in preparation for the museum’s 2010 Anchorage Loan Conservation Project: from left to right,
Project Intern Dawn Planas, Project Conservator
Michele Austin-Dennehy, Project Intern William
Shelley, Mecklenburg, and Project Conservator
Landis Smith. Photo by Project Conservator Kim
Cullen Cobb.
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FIGURE 6. Relative humidity stability zones from (left) Erhardt and Mecklenburg (1994:37) and (right) Erhardt et al. (1995:20). The ranges of
relative humidity are suggested for various materials and situations. According to Erhardt and Mecklenburg (1994), “no one RH is ideal, and
any value chosen must be a compromise.”

being appropriate for all materials, uses, and housing conditions. “The ‘optimal’ relative humidity is not a specific
value upon which all considerations converge,” Erhardt and
Mecklenburg (1994:32) emphasized, “but a range chosen as
a compromise in an attempt to minimize the total effect of
numerous reactions and processes.” Although some objects
would always require restricted ranges of relative humidity,
the research suggested that an expanded range of relative humidity values would be acceptable for the preservation and
display of the wide array of materials found in most cultural
heritage collections.
The following year, the Smithsonian team of Mecklenburg, Erhardt, McCormick-Goodhart, and Tumosa authored
the report “Guidelines for the Museum Climate” for an international task force on museum air quality that charted degradation processes common to collections materials across a
range of relative humidity (Erhardt et al., 1995; see Figure 6b).
The report outlined the chemical and mechanical responses of
various collections materials to extremes in temperature and

relative humidity and suggested expanded environmental parameters could lessen the impact of cyclical, seasonal changes.
The report also noted that the expanded parameters could reduce the high installation and operating costs of equipment
and facilities designed to maintain unnecessarily narrow environmental set points. The authors again emphasized that
environmental parameters should be collections specific, the
result of considered research and a “thorough knowledge of
the materials in a collection, the ability to determine which
objects and materials must be treated differently, and an understanding of the costs and problems involved in maintaining
specific environments” (Erhardt et al., 1995:8).
The Smithsonian team continued to study the predicted
and observed impact of temperature and relative humidity on museum objects (Erhardt et al., 1997; Mecklenburg
and Tumosa, 1999; Tumosa and Mecklenburg, 1999) and
worked closely with facilities and operations staff throughout the Smithsonian Institution to better understand the
complex network of environmental conditioning systems in

number 10

the many collections storage, research, and exhibition buildings.10 In 2004, Smithsonian Facilities (then the Office of Facilities Engineering and Operations) implemented the team’s
recommendations for general collections storage and exhibit of 45% ± 8% relative humidity (RH) and 70°F ± 4°F
(Mecklenburg et al, 2004). Subsequent publications related
to this change included an overview of the retrofitting required to optimize environmental control at some of the
Smithsonian’s oldest buildings (Mecklenburg et al., 2004)
and a refining of the methodology used to report the impact
of the new guidelines on the Smithsonian’s equipment operations and energy costs (Erhardt et al., 2007).11 The latter
included an examination of the history and development of
recommendations for museum climates. During this same
period, the Smithsonian team examined the use of microclimates to control storage and transport conditions (Tumosa
et al., 1998, 2000; Mecklenburg, 2007) and began to analyze the impact of museum building and exhibition designs
with higher levels of natural light and the impact of these
light levels on exhibited collections (Mecklenburg and Del
Hoyo-Melendez, 2012).
Beginning in 2010, a series of workshops, meetings, and
conferences focused on museum environments and the opportunity for relaxed guidelines, such as those previously
proposed by Mecklenburg and his colleagues and implemented throughout the Smithsonian. The Museum of Fine
Arts, Boston, and the Getty Conservation Institute organized
a meeting on “Rethinking the Museum Climate,” and the
American Institute for Conservation of Historic and Artistic
Works (AIC) and the International Institute for Conservation
of Historic and Artistic Works (IIC) held a roundtable discussion on “The Way Forward in Environmental Guidelines”
with recommendations presented to the Association of Art
Museum Directors (AAMD; IIC, 2010) The British Standards
Institution (2012) passed revised guidelines for managing environmental conditions for cultural heritage (PAS 198), and
the AIC guidelines (revised) were endorsed by the AAMD in
2013. In 2013, the Smithsonian Institution held a Summit
on the Museum Preservation Environment at which its “Declaration on the Collections Preservation Environment” was
presented and affirmed.12 Presentations at the summit examined museum climate guidelines and implementation, with an
emphasis on collaborative management and sustainable practices, for collections and research institutions across the globe
(Stauderman and Tompkins, 2016). The declaration was a
set of common values and a shared vision of environmental
guidelines indebted to the innovative work of researchers, including Dr. Mecklenburg and his team.13 In October 2016,
the Smithsonian Institution hosted The Mechanics of Art
Materials and Its Future in Heritage Science: A Seminar and
Symposium, organized in collaboration with the Royal Danish Academy of Fine Arts. The event represented the continuum of inquiry in mechanics research, from the foundational
work that took place at the Smithsonian to the subsequent
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projects and teams bringing new energy and methodologies
to the study and preservation of collections.
The history of material mechanics research at the Smithsonian represents an important development in the field of
conservation science. Following an early focus on technical
studies in the service of responsive treatment for individual
objects, contemporary conservation research from multiple
scientific disciplines is engaged in the proactive care of entire collections. These evidence-based studies of the impact
of museum environments (relative humidity, temperature,
vibration and shock, and light) on the behavior and degradation of collection materials have stimulated the rise of preventive conservation as an integral part of collections care.
The careful interpretation of research results accumulated
over decades has allowed for the safe and practical modification of exhibition, storage, and transit conditions that simultaneously addresses the physical needs of collections and
modern-
day fiscal and environmental responsibilities. Today’s material mechanics research requires international and
interdisciplinary collaboration as preservation concerns and
the collections care mandate become global. Mecklenburg’s
1982 study of individual materials seemed limited, but over
the past 35 years the impact of that research has improved
the future of cultural heritage around the world.

NOTES
1. Sporadic appropriations for maintenance of the National Museum were approved by Congress as early as 1858 (Smithsonian Institution Archives, SIA
RU000190); the National Museum Act (20 U.S.C. § 65a, 1966, https://www
.gpo.gov/fdsys/pkg/STATUTE-80/pdf/STATUTE-80-Pg953.pdf, accessed 8 October 2016) formalized annual appropriations for the museum and provided
greater latitude for the use of those funds.
2. The only conservation research laboratory at the Smithsonian Institution
that predates the Conservation Research Laboratory (now the Museum Conservation Institute) is the Technical Laboratory at the Smithsonian’s Freer
Gallery (now the Department of Conservation and Scientific Research at the
Freer Gallery of Art and Arthur M. Sackler Gallery), established in 1952 by
Fogg Art Museum chemist Rutherford J. Gettens.
3. The Conservation Research Laboratory was established at the Smithsonian
Institution in 1963 as an independent unit reporting to the director of the
United States National Museum (the administrator for all Smithsonian museums and paninstitutional programs). In 1964 the laboratory moved into
the Museum of History and Technology building (now the National Museum of American History) and in 1966 was renamed the Conservation Analytical Laboratory (CAL). In 1983, the Smithsonian Institution opened the
Museum Support Center complex in Suitland, Maryland, and CAL moved
into the new facility. In 1998 CAL increased its educational programming
and changed its name to the Smithsonian Center for Materials Research and
Education (SCMRE). In 2006, a refocusing on the care and research of collections led to another name change, as SCMRE became the Museum Conservation Institute. Materials research has remained a priority for the unit and for
the Smithsonian Institution throughout this timeline (https://www.si.edu/mci
/english/about_mci/history.html, accessed 18 April 2018).
4. A preliminary report by Colville and Mecklenburg was submitted in 1978.
5. M. F. Mecklenburg, The Role of Water on the Strength of Polymers and Adhesives, Ph.D. diss., University of Maryland, College Park, 1984.
6. The Canadian Conservation Institute was then the Canadian Conservation
Institute of Communications Canada.
7. Some of the conference organizers had participated in the International
Council of Museums–Committee for Conservation’s 8th Triennial Meeting in
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8.

9.

10.

11.

12.

13.
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1987, which included presentations from working group members interested
in exhibition lighting and climate control research.
Stress vector and distribution illustrations appearing throughout Dr. Mecklenburg’s work employ the finite element analysis (FEA) method used for
stress mapping in engineering. The research presented at the 1991 conference
and in the subsequent postprints (entitled Art in Transit: Studies in the Transport of Paintings) also employs the FEA method.
Desiccation of painting support materials at high temperatures and extreme
brittleness of acrylic paint films at low temperatures are recognized hazards.
At the moderate temperatures found in most collections storage and display
spaces some of the stiffest materials that bear the most stress in paintings,
such as glue size, are also the most responsive to changes in relative humidity.
At that time, the Smithsonian Institution’s 16 museum complexes included
434 buildings with a footprint of more the 740,000 square meters (Mecklenburg et al., 2004:S18).
In 2008, ways to lower energy costs in relation to museum environments
were discussed in the United Kingdom at the National Museum Directors’
Conference (NMDC, now the National Museum Directors’ Council) and a
meeting of the International Group of Exhibition Organizers from the European Bizot Group of museum directors. New guidelines were developed by
NMDC and Bizot in 2009. Guidelines for museum climates recommended by
the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) generally reflect contemporary museum practice; the regulations are revised every 4 years. The current ASHRAE guidelines for mixed
collections exhibition space in temperate environments (classes AA and A)
are 35%–65% RH and 48°F–82°F, with different parameters established for
specialty collections and acceptable fluctuations of ±5%–10% RH and ±4°F
(2°C) depending on seasonal adjustment and system set point (ASHRAE,
2015; Michalski, 2016:16).
In 2014, the Australian Institute for the Conservation of Cultural Materials
presented new temperature and relative humidity guidelines for general collection materials, IIC and the International Council of Museums–Committee
for Conservation released a declaration on environmental guidelines, and the
Getty Conservation Institute announced its Managing Collection Environments Initiative.
In 2015, the Smithsonian Institution and the U.K. Arts and Humanities Research Council convened a meeting to discuss “Managing Cultural Heritage
in a Climate Change(d) Future” and the possible related changes in collections care needs and resources.
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Insight into Canvas Paintings’ Stability
and the Influence of Structural
Conservation Treatments
Cecil Krarup Andersen1* and Laura Fuster-López 2

ABSTRACT. Materials science has proven useful when designing conservation solutions since it
provides a broader understanding of the properties and behavior of single materials (artists’ and
conservation materials) as well as their interaction with each other in a composite painted structure.
Early on, it was recognized that this approach would be useful for research in conservation methods
and materials. Adding or removing materials through conservation intervention inevitably changes
the structure and properties of an object and thereby changes the way it responds to external stimuli.
Studies have shown that some of the treatments applied by paintings conservators will change the
way that objects perform in time, especially the way they respond to changes in temperature and/or
relative humidity. Use of adhesives (i.e., consolidation of paint, mending cracks, etc.), a more substantial addition of materials (i.e., lining, filling lacunae, etc.), or simply replacing a varnish can lead
to significant change in the painting structure and properties and, consequently, the way the new
composite ages in different climates. Understanding the structural behavior of painting materials is
therefore crucial to the design of conservation strategies that support long-term preservation. This
paper presents insights into the current knowledge on the changes induced by selected conservation
treatments and the consequences of adding or removing material. The aim is to reflect on options for
designing conservation treatments that are both interventive and preventive, rendering the painting
equally or more able to tolerate climate fluctuations than before treatment.

INTRODUCTION
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Treatments performed by conservators in day-to-day practice often change
the structure of the treated object, thus affecting its response to changes in temperature or relative humidity (RH) as well as its performance over time. With best
intentions, conservators have traditionally added materials like wax, glues, and
resins or removed materials from previous interventions. Materials were, in many
cases, restrained or tensioned, resulting in increased stress levels to the original
material. It is therefore important to have a better sense of the specific consequences that conservation treatments may have on the objects in both the near and
the far future.
In order to select treatments that consider the long-term effects, it is important
to know the relevant ambient climate, moisture and temperature swelling coefficients of original and added materials, and to be aware of the changes in structure
and mechanical properties that each treatment causes. The study of the mechanical and dimensional properties of objects and conservation materials provides a
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tangible way to understand the behavior and the structural
consequences of conservation choices.
This paper will discuss results obtained by research into
structural and mechanical behavior of treated paintings and
the impact that treatment has on the stability of paintings.
This paper furthermore proposes a three-step approach to
structural conservation that will integrate consideration for
structural changes into the conservation decision-
making
process. The focus is on paintings, but the materials science
approach can be used widely for other objects and represents
a fundamental method to comprehend the challenges that
conservators face (Fuster-López and Andersen, 2014).

THE MATERIALS SCIENCE APPROACH
IN CONSERVATION
Conservation can change an object. In order to understand this change one must understand the object from a
materials science point of view. The discipline of materials
science was defined as a function of four essential components by the American engineer William D. Callister: processing, structure, properties, and function (Callister, 2007:4).
In terms of materials’ performance, these components
are a good starting point for cultural heritage as well. The
question is, What happens once degradation sets in and
is followed by a conservation treatment where structure,
properties, and performance can be changed in various
ways? The local climate surrounding the object may also
affect structure, properties, and performance significantly
(Figure 1).
Early steps of using an engineering approach to paintings were taken in the beginning of the twentieth century,

FIGURE 1. Model inspired by Callister (2007) for the interrelated
concepts affecting the structure, properties, and performance of objects. After production of an object degradation process, structural
conservation and ambient climate can change all three concepts and
thus change the way the object looks and performs and/or degrades.

as described in a report from the Courtauld Institute (MacIntyre et al., 1934). This report pointed out the different
responses to relative humidity of the substrate and the paint
layer in a canvas painting that will “either tend to loosen the
paint film from the canvas or produce cracks” (MacIntyre et
al., 1934:14). This report and an article that same year from
the same group of researchers (Plenderleith and Cursiter,
1934) show early examples of systematic testing of structural conservation methods through so-
called endurance
tests of, for example, tinfoil covering of panel paintings and
a wax-resin lining of canvas paintings. These tests included
rather extreme conditions like immersion of a painting in a
water tank.
A typical article on conservation in the 1960s, 1970s,
and 1980s aimed at demonstrating the usefulness or drawbacks of a certain material, method, or approach (Hacke,
1963; Berger, 1970; Mehra, 1975; Ketnath, 1976; Mecklenburg and Webster, 1977; Hedley and Villers, 1982; Fieux,
1984). Research into the effect of structural conservation
thus had the nature of exchanging ideas or reviewing consequences of conservation methods based on criteria like stiffness, hygroscopicity, and reversibility. However, there was
no consensus as to the optimal demands for conservation
treatments like lining or consolidation. Structural all-in-one
treatments like wax-resin and glue-paste linings were questioned while new methods and a consensus on long-term
strategies for structural treatments were sought. With the
introduction of preventive conservation approaches and the
emerging field of conservation science, more research now is
concerned with methods of documenting behavior in paintings rather than investigating the effect that conservation
methods have. This line of approach has led to advances in
our ability to predict how materials will behave in certain
ambient climates, but not many advances have been made
when it comes to new treatment options. Meanwhile, large
structural treatments are still performed, and we are still
not able to understand the full consequences of the impact
that previous treatments have on paintings in our collections. The desire to keep paintings in their original historic
settings—sometimes avoiding nonoriginal glazing or major
structural treatments—can result in smaller interventions in
which cracks are filled or paintings are retensioned without
sufficient support.
New advances linked to the environmental discussion
have recently been made in the investigation of deformation
(Groves et al., 2007, 2008; Malowany et al., 2014; Klausmeyer et al., 2016) and moisture sorption (Hendrickx et al.,
2016a, 2016b). Neither sorption nor deformation, however,
is the direct course of failure in materials. Stress is the direct
cause of failure, and it would therefore be useful if the abovementioned research was complemented with research into the
stress development and failure in materials at different ambient conditions. The consequences of structural conservation
can then be assessed method by method.
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THE STRUCTURAL IMPLICATIONS OF
SOME CONSERVATION DECISIONS
Reinforcing a paneled structure, providing an additional
stretchable support (i.e., lining, strip lining, etc.), mending
torn fabrics, filling missing paint layers, and simply providing cohesion to powdery or flaking paint have been common
practices in paintings conservation throughout history. In all
these cases adhesives have been used to a greater or lesser
extent and can be considered the common thread when following the history of the conservation-restoration profession.
Describing the development of conservation materials and
methods depends on the geographical location and climate,
as well as criteria trends in this constantly evolving field.

ADHESIVES IN THE CONSERVATION
OF PAINTINGS
With the early developments of the chemical industry
after World War II, synthetic resins came on the market. The
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use of natural adhesives (glues, gums, resins, etc.) coexisted
with these new technical developments (see Figure 2). The fine
arts soon became flooded with synthetic paints and adhesives,
and this has been a growing tendency to date. The use of suction tables and hot tables (Ruhemann, 1953; Hacke 1963;
Mehra, 1975), humidification systems, and all kinds of devices were soon associated with the potential use of synthetic
resins to treat powdery and flaking paint, relax stiff fabrics,
and line paintings. The apparent advantages offered by the
new synthetic adhesives over the natural ones favored their
popularity and increased use in the field during the 1990s.
The use of adhesives has significant structural implications in painting stability since they change paintings irreversibly. It is widely known that each adhesive presents different
adhesive and cohesive properties. Whereas factors such as
the microstructure, surface cleanness, and roughness of a
surface influence the bonding of an adhesive to a substrate,
the cohesion of an adhesive results from a variety of interactions within adhesives such as chemical bonds within the
polymer, cross-linking, and inter-as well as intramolecular
interactions.

FIGURE 2. Chronology of adhesives use in the structural treatment of paintings, the invention of specific devices and equipment, and
related literature and conferences.
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In order to assess the performance of adhesives in commonly used solvents, 20 different adhesives in a total of
40 different solutions were recently tested in a research project by Mecklenburg et al. (2012). These adhesive solutions
were chosen because they are the most common on the basis
of a survey carried out in 2007 among the conservation community. Tensile, peel, and penetration tests were carried out
to evaluate their adhesive and cohesive behavior as well as
the extent of penetration expected for each of them for different substrates of known porosity. Results indicated that
animal glues and gelatins develop high cohesive strengths
and stiffness, far beyond all the synthetic polymers tested.
Nevertheless, animal glues and gelatins are water sensitive
and therefore prone to biodegradation and are strongly influenced by RH fluctuations, becoming brittle with low RH
values and losing nearly all their cohesive strength with high
RH. The same research showed that Gustav Berger’s Original Formula 371 (BEVA [Berger ethylene vinyl acetate] 371)
presents a very low cohesive strength, but it bonds well to
certain supports. In other words, although the elastic modulus and the ultimate tensile strength are very low (0.6 MPa)
at room conditions (~50% RH) compared to other adhesives
such as animal glues and gelatins (±68 MPa), the peel tests
(or adhesion tests) showed that its adhesive bond strength
to linen and polyester substrates is higher (±6 N/cm) than
the one shown by hide glue (±4.4 N/cm) or sturgeon glues
(±5.5 N/cm; Mecklenburg et al., 2012). It is well known that
BEVA products revolutionized the conservation community.
However, the main concern today is not only the chemistry
behind the adhesive mixture itself but also its long-term behavior and stability in use (Ploeger et al., 2014). The concern
here relates to the fact that the BEVA adhesive has traditionally been used in various circumstances and for different
needs without discriminating between the structural requirements in each case.
How can research into mechanical and dimensional
properties of adhesives be related to hands-
on conservation practice? For example, the results above indicate that
although BEVA 371 could work well bonding different materials together (i.e., flaking paint), one cannot expect this
adhesive to provide any stiffness to any painted system. For
example, BEVA 371 could be an option to adhere flaking
paint in a water-sensitive painted surface. However, when
used as a lining adhesive, it requires the addition of a stiff
auxiliary fabric or interleave (Andersen and Nielsen, 2012)
to provide sufficient stiffness (and therefore support) to the
canvas painting.
Another interesting issue to discuss is the role of solvents when using adhesives. The use of any adhesive usually requires the use of a vehicle or solvent intended to help
the polymer penetrate the pores and reach the areas where
strengthening is needed. Solvents used in adhesive solutions
can be retained in the painted structure for long periods of
time before complete evaporation. When monitoring the

change in the mechanical properties of adhesives as a function of the evaporation time, the results indicate that the
thicker the adhesive film is, the longer it takes for the solvent
to evaporate. Research in the context of adhesives used in
paintings conservation has also revealed that different solvents have different drying times, which impacts cohesive
and adhesive properties. Fast-evaporating solvents such as
acetone accelerate drying but result in extremely stiff and
brittle films (Mecklenburg et al., 2012).
Since treated paintings will always be a version of what
the artist created, it is essential to estimate the consequences
of the conservation decisions. Following the above considerations, the design of conservation strategies must be the result
of a thoroughly evaluated process in which the understanding of the material’s properties in a given environment must
merge with the possibilities and limitations of conservation
materials and methods.
The study of materials’ properties helps us understand
the different adhesive and cohesive strengths of adhesives,
the stiffness they present, and the fact that the strength requirements for adhesives depend on what function they are
to serve. As explained above, no adhesive solves all types of
problems. Different causes of damage will turn into different
failure mechanisms and will have different adhesive and cohesive requirements, and therefore, different adhesives in different solvents and proportions will be needed in each case.
Furthermore, many structural treatments in canvas paintings
go beyond the use of adhesives. The addition of fabrics, including inserts, patches, and linings, is also common practice.

STRUCTURAL IMPLICATIONS OF LINING
A lining represents a substantial change in the structure
of a painting as a significant quantity of material is added
and the tension of the painting may be changed through restretching the painting. Linings can be complicated structures
with interleaves, or they can be simple additions of canvas
with an adhesive. A large quantity of added material will not
necessarily be reflected in a large change in properties in the
overall structure since this depends on the properties of the
individual materials chosen for the lining task.
The materials that may be added can be divided into the
following categories: lining canvas, lining adhesive, and interleaf. Each material serves a purpose, and therefore, appropriate choices have to be made to obtain the result required.
Depending on materials and approaches, the lining canvas
can be thought of as a material that stiffens, reinforces, or secures the original canvas, the paint layer, or the structure as a
whole. The adhesive can be thought of as a material that may
impregnate, stiffen, or simply attach to the original canvas or
painting. The interleaf can be seen as a material that stiffens
the structure or serves as an isolation of the original structure
from the lining, making it easier to reverse the treatment. All
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this implies that a lining can have many purposes, depending
on each individual case and the choice of the conservator.
Some lining materials shrink in high relative humidity
(many types of canvas made from natural fibers) or low relative
humidity (collagen-based glues in particular and paper interleaves made from natural fibers), and some are relatively flexible, whereas others are stiff when tensioned. These properties
usually vary depending on the direction of testing. Most lining
materials are anisotropic, as is the case for woven canvases. All
these characteristics can have an effect on the structural and
mechanical properties of the lined painting as a whole. A very
thin layer of collagen-based glue can have a much more significant effect on the forces developing in a painting structure
than a much thicker layer of a minimally hygroscopic material.
The change that a lining represents must be well defined
in order to know whether the original purpose of the intervention is being met and if there are possible side effects.
Thus, this knowledge constitutes a basis for future decisions
about conservation and the climate around the painting.
Numerous factors govern how paintings behave at different temperature and relative humidity levels. Therefore,
in order to get a first impression of the impact that linings
may have on paintings two approaches are possible. One is
to test lined painting mock-ups in the lab and measure their
response to relative humidity. The other is to look at lined
paintings in collections. However, when looking at paintings,
it is difficult to know which causes originate the different degradation phenomena. The following presents a brief review
of what is known from lab tests.
Each layer in a painting has a different moisture coefficient of expansion and therefore responds differently to
changes in RH. The resulting force in a restrained painting
was shown to be governed by the principle of superposition (Mecklenburg, 1982). This principle states that when a
composite material is subjected to an external load, caused,
for example, by a change in RH or tensioning, the resultant
forces are equal to the sum of the forces in the separate layers,
provided that all of the materials are maintained at the same
degree of restraint (Hearn, 1997). When adding the measured
forces in the individual layers of a painting, it is possible in
theory to predict the behavior of the lined painting. The total
force (F) in a painting will be equal to the sum of in-plane
forces in each material in the measured direction. For any
given moisture, temperature, and strain level the following
therefore applies:
F(painting) = F(canvas) + F(size) + F(ground) + F(paint layer).
The assumption is that the force developed in each restrained material does not affect the force on the other materials. Therefore, it should be possible to test each material
separately and calculate the combined effect on the painting.
This principle was used by Mecklenburg (1982) to predict the
response of a restrained painting and has also proven useful
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when lining materials are added (Andersen and Nielsen,
2012). For a lined painting the equation would look like
F(lined painting) = F(painting) + F(adhesive) + F(lining canvas).
However, when the different layers interact, it becomes
more difficult to predict what will happen. When a linen canvas is impregnated with an adhesive, as was often the case
in older methods like glue-paste and wax-resin linings, the
adhesive can interact with the swelling or shrinking canvas
fibers and create an unexpected effect.
In a study of lining methods, the two traditional lining
techniques, glue-paste and wax-resin, showed the biggest
development in forces but in very different ways (Andersen, 2013). The wax-resin samples did not have a significant response at low relative humidity, but at levels of above
60% there was a slow but significant increase in force over
24 hours. The wax-resin mixture fills the voids between
the swelling fibers in the threads of the lining canvas, and
the original canvas seems to be the cause (Andersen et al.,
2014). Compared to glue-paste, wax-resin is rather ductile
and, contrary to what was expected, permeable to water
molecules (Andersen et al., 2014). The absorption is slow,
but the resulting forces in the painting structure can be remarkably high within 24 hours. This outcome indicates
that understanding canvas geometry and canvas-adhesive
interaction is vital to elucidate the problems with unwanted
forces in lined paintings. It is evident that future research
has to focus not only on moisture uptake but also on the
resulting forces to obtain a fuller picture of the situation. In
the results reported previously, the weft direction was much
more prone to shrinkage after impregnation with wax resin
than the weave direction, which indicates that the properties of the canvas still play an important role in the structure
even if it is completely embedded in wax and resin (Andersen et al., 2014).
Animal glue has been the traditional glue to use in many
crafts and for many purposes. In conservation it is known
to be strong and stiff but also to be hygroscopic and change
dimensions in both low and very high RH (>90%) with a risk
of cracking (Karpowicz, 1990; Krzemień et al., 2016). It follows that traditional glue-paste lining techniques can cause
the development of high forces in a painting structure (or contraction if the painting is not sufficiently tensioned; Tassinari,
1974; Young and Ackroyd, 2001; Andersen, 2013). Cracks
in the corners of paintings have been regarded as an indicator of the high forces caused by contraction of, especially,
animal glue, as this material imposes a risk of fracture in the
paint layer as well as in the glue-paste layer itself. Cracks
can also then act as expansion joints that will decrease the
risk of further cracking by decreasing the forces developing
in the structure. The glue-paste lining of a painting mock-up
developed more force than a similar, but cracked, sample because the cracks were acting as expansion joints that released
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the forces (Andersen, 2013). Aged or cracked glue-paste films
in linings may therefore be of less concern when it comes to
forces developing in the structure.
Modern lining methods have introduced the use of
minimally hygroscopic and stiff canvases for linings (Hedley, 1981; Mehra, 1981; Hedley and Villers, 1982), and they
have been able to decrease the amount of response to relative
humidity in the structure (Andersen, 2013) even though some
have been found to be more responsive to humidity than expected (Young and Jardine, 2012). Furthermore, because of
its high stiffness polyester sailcloth has been shown to maintain a higher level of tension after stretching the lined painting than the untreated painting or the same painting lined on
a linen support.
Linen or cotton canvases are, however, still used for linings as they are thought to be more in line with the original
structure. Using modern adhesives such as BEVA and acrylic
emulsions on such flexible canvases was found to have three
risks. First, in-plane movements are not prevented when the
original canvas is not restrained by a stiff structure. Shear
forces between canvas and paint layers will increase, and
therefore, a higher risk of cracks and delamination of paint
is possible. Second, the extra linen support will typically respond to very high RH or water damage by severe contraction that can cause more flaking and buckling than if the
painting had been left unlined (Andersen, 2013). Last, when
the painting is retensioned after lining, extra forces will be
added directly to the paint and ground layers if the support is
not stiff, and subsequent contraction forces due to changing
RH will further add to the risk of paint loss. This is also the
case when paintings are retensioned after strip lining.

A THREE-STEP APPROACH TO
STRUCTURAL CONSERVATION
Damage in the form of tears, cracks, microfissures, delamination, etc., observed in paintings is the consequence of
specific failure mechanisms. They represent a great complexity in day-to-day conservation practice since they are evidence of different failure mechanisms and therefore require
special consideration. In such a scenario, understanding
what the objective of the conservation actions are becomes
crucial and requires a multistep approach, as suggested here
(Figure 3).
First, the design of conservation treatments necessarily
implies defining the needs, priorities, and limitations. To do
so, it is crucial to determine what caused the damage, when
failure took place, and the consequences for the painting
materials. Conservators have traditionally been trained to
identify and define the types of alterations observed in the
painted surface and to provide solutions to technical and
aesthetical problems. Studies of the chemistry and mechanics of paintings in recent decades have contributed to linking

FIGURE 3. A three-step approach to developing a conservation
approach.

scientific research to conservation practice. However, although chemistry has been incorporated progressively into
conservation practice, understanding the exact physical
mechanisms involved in degradation as well as the structural
consequences of some conservation treatments needs further
attention.
The second step is selecting conservation materials. The
structural treatment of paintings is linked to the use of adhesives and sometimes also to the addition of new materials,
such as fabrics, fillers, etc. The significant research developed
in recent decades on adhesives can help conservators decide
which adhesives (type of polymer, composition, molecular weight and size, glass transition temperature, adhesive/
cohesive strength, etc.) to use in each case as well as which
solvent and in what concentration. Nevertheless, in actual
practice once the goals have been defined, many questions
arise: How much strength, stiffness, and flexibility is really
needed? How does the selected solvent influence such properties? What will the effects of such solvents be inside the
painted layered structure in the medium to long term? How
will the selected adhesive behave and age inside the painted
structure, or what will the consequences of the irreversible
impregnation of a porous painted structure be on mechanical
and dimensional properties?
The third and last stage in the proposed multistep approach consists of determining how to actually carry out
the treatment itself, that is, how to select the appropriate
application method according to the needs (i.e., extent of
penetration needed, quantity of adhesive needed, additional
materials needed, etc.). The chosen method should preferably
minimize interference with the painted structure (substrate
porosity, existence of cracks or fissures to access the areas
needed, side of the painting to treat, etc.) with consideration
given to the possibilities and boundaries of the adhesive itself
(wettability, viscosity, drying time, drying shrinkage, etc.). Although some work has been done in this direction (Maheux
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and McWilliams, 1995; Buzzegoli et al., 2008), it is sometimes difficult to know if the applied adhesive(s) penetrates
into the location in the structure where it is needed.

DISCUSSION AND CONCLUSION
In 1969 the American conservator Sheldon Keck wrote
that many treatments were not based on an understanding of
the forces involved and that some of the treatments performed
aggravated the stresses that they were attempting to overcome
or created new ones (Keck, 1969). In 1984 the Canadian paintings conservator Barbara Keyser argued that this was still true
(Keyser, 1984). From a current perspective, conservation methods have not evolved much since then, but interventions have
become fewer, with an increased focus on avoiding overtreatment of paintings and preserving the original integrity.
When looking at the degradation consequences of conservation treatments from the past, it becomes evident that
there is a need for better knowledge of the composition of
both artists’ and conservation materials. History points out
the need for critical selection of stable materials and methods
that fulfill structural needs without unwanted interference
and allow future retreatability. Composition and structural
compatibility deserve special attention as they can help explain the extent of damage that can be induced when altering
the properties of paintings, including the potential changes
in response to environmental fluctuations. For example, it
is well known that the use of water-sensitive adhesives will
enhance paintings’ response to the environment and that cradles may increase forces in the original structure of a panel
painting. However, the finding that wax-resin-lined paintings
may develop much higher forces with prolonged exposure to
RH levels above 60% than unlined painting is less known. As
research slowly progresses, more precise conservation guidelines can be suggested to improve the stability and long-term
preservation of structurally treated paintings.
This chapter has discussed the effect that conservation decisions have on the long-term preservation of paintings, and possible approaches to conservation and research
into structural treatments were suggested. Furthermore, if
the effect of past treatments is better understood, climate
conditions can be tailored to meet the needs of specific objects that have been treated by conservators. For example,
we have shown that some conservation treatments such as
glue-paste linings have limited the window for nondamaging
climate fluctuations. Impregnations with a minimally hygroscopic substance like wax resin that penetrates deep into the
canvas structure, thought to prevent moisture response, instead increased moisture response at high RH (>60%). When
layers are kept more or less discrete and adhesives are not
impregnating the canvas, the principle of superposition can
help predict if a lining or other layers will add to the forces
developing in tensioned canvas paintings.
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Further evaluation of the effects of conservation treatments will allow tailoring treatments to the specific relevant
climates. This requires close collaboration between conservators and scientists in future research, not only to measure
deformation in materials but also to measure or calculate
forces because they are the direct course for cracks and deformation. A renewed focus on the consequences of structural
treatments should help provide the much-needed assessment
of relevant treatment options.

REFERENCES
Andersen, C. K. 2013. Lined Canvas Paintings. Mechanical Properties and Structural Response to Fluctuating Relative Humidity, Exemplified by the Collection of Danish Golden Age Paintings at Statens Museum for Kunst (SMK).
Ph.D. diss., Royal Danish Academy of Fine Arts, Copenhagen.
Andersen, C. K., M. F. Mecklenburg, M. Scharff, and J. Wadum. 2014. “With the
Best Intentions. Wax-Resin Lining of Danish Golden Age Paintings (Early
19th Century) on Canvas and Changed Response to RH.” In ICOM-CC, 17th
Triennial Conference, Building Strong Culture through Conservation, 15–19
September 2014, Melbourne, Australia: Preprints, ed. J. Bridegland. Paris:
International Council of Museums. https://www.icom-cc-publications-online
.org/PublicationDetail.aspx?cid=c463f919-0
 aed-4
 c24-8
 14b-5
 f7232b141b2/
(accessed 05 August 2019).
Andersen, C. K., and I. Nielsen. 2012. “Lining with Fixed Interleaf. A Case Study in
the Mechanical Effects of Paper Interleaf and Binder.” In Adhesives and Consolidants in Paintings Conservation, ed. A. Barros D’Sa, L. Bone, R. Clarri
coates, and A. Gent, pp. 32–43. London: Archetype.
Berger, G. A. 1970. A New Adhesive for the Consolidation of Paintings, Drawings
and Textiles. Bulletin of the American Group-International Institute for Conservation of Historic and Artistic Works, 11(1):36–38.
Buzzegoli, E., L. Landi, and D. Minotti. 2008. “The Phenomenon of Diffusion of
Materials Used for Painting Consolidation in a Porous Support.” In The Care
of Painted Surfaces: Materials and Methods for Consolidation, and Scientific
Methods to Evaluate Their Effectiveness; Proceedings of the Conference, Milan, November 10–11, 2006, pp. 79–87. Saonara, Italy: Il Prato.
Callister, W. D. 2007. Materials Science and Engineering: An Introduction. 7th ed.
New York: Wiley.
Fieux, R. E. 1984. Silicone Polymers for Relining of Paintings. Studies in Conservation 29(Suppl. 1):46–49. https://doi.org/10.1179/sic.1984.29.Supplement-1
.46.
Fuster-López, L., and C. K. Andersen. 2014. Understanding Structural Conservation through Materials Science: Strategies and Didactics. Revue CeROArt-
Conservation et Restauration Oeuvres d’Art, HS 2014. https://ceroart.revues
.org/4380 (accessed 05 August 2019).
Groves, R. M., W. Osten, M. Doulgeridis, E. Kouloumpi, T. Green, S. Hackney, and
V. Tornari. 2007. Shearography as Part of a Multi-functional Sensor for the
Detection of Signature Features in Movable Cultural Heritage. Proceedings
of SPIE, 6618:661810.
Groves, R. M., W. Osten, S. Hackney, E. Kouloumpi, and V. Tornari. 2008. “Development of an Impact Assessment Procedure for Artwork Using Shearography
as a Measurement Tool.” In Lasers in the Conservation of Artworks: Proceedings of the International Conference Lacona VII, ed. M. Castillejo, P. Moreno,
M. Oujja, R. Radvan, and J. Ruiz, pp. 17–21. New York: CRC Press.
Hacke, B. 1963. En utraditionel metode til vacuum rentoillering af temperamaleri
på lærred [An untraditional method for vacuum lining a tempera painting].
Meddelelser om konservering, 4:42–48.
Hearn, E. J. 1997. Mechanics of Materials: An Introduction to the Mechanics of
Elastic and Plastic Deformation of Solids and Structural Materials. 3rd ed.
Volume 1. Oxford: Butterworth-Heinemann.
Hedley, G. 1981. “The Stiffness of Lining Fabrics: Theoretical and Practical Considerations.” In ICOM Committee for Conservation, 6th Triennial Meeting,
Ottawa, 21–25 September 1981: Preprints, paper 81/2/2. Paris: International
Council of Museums. [Reprinted in Measured Opinions, Collected Papers
on the Conservation of Paintings, ed. C. Villers, pp. 76–80, London: United
Kingdom Institute for Conservation, 1993.]

20

•

S M I T H S O N I A N C O N T R I B U T I O N S T O M U S E U M C O N S E R VA T I O N

Hedley, G., and C. Villers. 1982. “Polyester Sailcloth Fabric: A High-Stiffness Lining Support.” In Science and Technology in the Service of Conservation: Preprints of the Contributions to the Washington Congress, ed. N. S. Brommelle
and G. Thomson, pp. 154–158. London: International Institute for Conservation of Historic and Artistic Works.
Hendrickx, R., G. Desmarais, M. Weder, E. S. B. Ferreira, and D. Derome. 2016a.
Moisture Uptake and Permeability of Canvas Paintings and Their Components. Journal of Cultural Heritage, 19:445–453.
Hendrickx, R., E. S. B. Ferreira, J. J. Boon, G. Desmarais, D. Derome, L. Angelova,
D. Mannes, A. Kaestner, H. Huinink, and K. Kuijpers. 2016b. Distribution of
Moisture in Reconstructed Oil Paintings on Canvas during Absorption and
Drying: A Neutron Radiography and NMR Study. Studies in Conservation,
62(7):393–409. https://doi.org/10.1080/00393630.2016.1181899.
Karpowicz, A. 1990. A Study on Development of Cracks on Paintings. Journal of
the American Institute for Conservation, 29(2):169–180.
Keck, S. 1969. Mechanical Alteration of the Paint Film. Studies in Conservation,
14(1):9–30.
Ketnath, A. 1976. Acrylhartser ved konservering af malerier på lærred under anvendelse af “heat seal” metoden [Acrylic resins in the conservation of canvas paintings using the heat seal method]. Meddelelser om Konservering,
2(7–8):223–235.
Keyser, B. W. 1984. Restraint without Stress, History and Prospects: A Literature
Review of Paintings as Structures. Journal of the American Institute for Conservation, 24(1):1–13.
Klausmeyer, P., M. Cushman, I. Dobrev, M. Khaleghi, E. J. Harrington, X. Chen,
and C. Furlong. 2016. “Quantifying and Mapping Induced Strain in Canvas Paintings Using Laser Shearography.” In The Noninvasive Analysis of
Painted Surfaces: Scientific Impact and Conservation Practice, ed. A. Nevin
and T. Doherty, pp. 1–13. Smithsonian Contributions to Museum Conservation, No. 5. Washington, D.C.: Smithsonian Institution Scholarly Press.
Krzemień, L., M. Łukomski, Ł. Bratasz, R. Kozłowski, and M. F. Mecklenburg.
2016. Mechanism of Craquelure Pattern Formation on Panel Paintings. Studies in Conservation, 61(6):1–7.
MacIntyre, J., S. Stillwell, R. Knight, R. Wilsdon, W. Constable, and S. Cursiter.
1934. Some Notes on Atmospheric Humidity in Relation to Works of Art.
London: Camelot Press.
Maheux, A. F., and W. McWilliams, 1995. The Use of the Ultrasonic Mister for
the Consolidation of a Flaking Gouache Painting on Paper. Book and Paper

Group Annual, 14. http://cool.conservation-us.org/coolaic/sg/bpg/annual
/v14/bp14-03.html (accessed 28 February 2017).
Malowany, K., L. Tymińska-Widmer, M. Malesa, M. Kujawińska, P. Targowski,
and B. J. Rouba. 2014. Application of 3D Digital Image Correlation to Track
Displacements and Strains of Canvas Paintings Exposed to Relative Humidity Changes. Applied Optics, 53(9):1739–1749.
Mecklenburg, M. F. 1982. Some Aspects of the Mechanical Behavior of Fabric Supported Paintings. Washington, D.C.: Smithsonian Institution.
Mecklenburg, M. F., L. Fuster-López, and S. Ottolini. 2012, “A Look at the Structural Requirements of Consolidation Adhesives for Easel Paintings.” In The
Sticking Point: Adhesives and Consolidants in Paintings Conservation, pp.
7–23. London: National Portrait Gallery.
Mecklenburg, M. F., and J. E. Webster. 1977. Aluminum Honeycomb Supports:
Their Fabrication and Use in Painting Conservation. Studies in Conservation,
22(4):177–189.
Mehra, V. R. 1975. Nap-Bond Cold Lining on a Low Pressure Table. Maltechnik/
Restauro, 81(2):87–95.
Mehra, V. R. 1981. “Minimizing Strain and Stress in Lining Canvas Paintings.” In
ICOM Committee for Conservation, 6th Triennial Meeting, Ottawa, 21–25
September 1981: Preprints, paper 81/2/14. Paris: International Council for
Monuments.
Plenderleith, H.J., and S. Cursiter. 1934. “The problem of lining adhesives for
paintings -wax adhesives.” Technical studies in the field of fine arts III (2),
Fogg Art Museum, Harvard University: 90-113
Ploeger, R., C. W. McGlinchey, and E. R. de la Rie. 2014. Original and Reformulated BEVA® 371: Composition and Assessment as a Consolidant for Painted
Surfaces. Studies in Conservation, 60(4):217–226.
Ruhemann, H. 1953. The Impregnation and Lining of Paintings on a Hot Table.
Studies in Conservation, 1(2): 73–76.
Tassinari, E. 1974. Characterization of Lining Canvases. In Lining Paintings: Papers from the Greenwich Conference on Comparative Lining Techniques, ed.
C. Villers, pp. 96–100. London: Archetype.
Young, C., and P. Ackroyd. 2001. The Mechanical Behaviour and Environmental
Response of Paintings to Three Types of Lining Treatment. National Gallery
Technical Bulletin, 22:85–104.
Young, C., and S. Jardine. 2012. Fabrics for the Twenty-First Century: As Artist
Canvas and for the Structural Reinforcement of Easel Paintings on Canvas.
Studies in Conservation, 57(4):237–253.

HERIe: A Decision-Supporting Tool Based
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ABSTRACT. A web-based decision-supporting tool, HERIe is based on quantitative assessment of
the climate-induced physical damage risk to heritage objects. The risk is assessed by calculating and
analyzing strain versus time histories engendered in specific objects by real-world microclimates.
The user is asked to provide basic characterization of the object and the 1-year (or multiyear) microclimatic data, measured or simulated for future preservation scenarios. The data are decomposed
into a set of elementary sinusoidal relative humidity (RH) fluctuations using the Fourier transform.
Each elementary sinusoidal RH fluctuation is then transformed, using the precalculated database,
into an elementary strain fluctuation experienced by the object. The complete strain versus time
history of the object is calculated by the superposition of all elementary strain fluctuations. In the
final step, the user can assess the risk of damage by choosing a damage criterion from the provided
list. Damage criteria are derived from mechanical properties of the objects or from collection observations. Strains at yield or at failure were proposed as damage criteria for wood or gesso. The
current version of the software analyzes the influence of variations in RH and temperature on freely
responding wooden panels covered with a gesso layer as a model system imitating panel paintings
and on wooden elements restrained in movement as a model of wooden constructions like sides of
cabinets, doors, and panel paintings restrained by rigid auxiliary support systems. The software will
be expanded to include other objects and collection materials.
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INTRODUCTION
In recent years, there has been growing interest in managing indoor environments in museum buildings for the protection of vulnerable art objects in a responsible manner, especially in terms of reducing energy use and carbon emissions
(Padfield and Larsen, 2004; Atkinson, 2014; Staniforth, 2014). The interest has been
driven by the increasing cost of energy and budget cuts, on the one hand, and the
national or pan-national strategies of sustainable development, on the other. For
example, improving the energy performance of existing buildings is a key measure in
the European program of energy saving, set out in Directive 2010/31/EU on the energy performance of buildings (European Parliament and European Council, 2010).
The directive stipulates that member states set the minimum energy performance
requirements for buildings, as buildings account for 40% of total energy consumption in the European Union and the sector is expanding. Remarkably, however, the
directive allows the member states not to apply such requirements for “buildings
officially protected as part of a designated environment or of a special architectural
or historic merit, in so far as compliance with certain minimum energy performance
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requirements would unacceptably alter their character or appearance.” To leave out historic buildings from the energy efficiency programs seems, however, a serious omission as they
constitute 30% of Europe’s built substance and an important
sector consuming energy. Therefore, there is a tendency to
apply the sustainability targets to a growing proportion of
historic buildings and, consequently, to most museums (for
an example, see Hayton, 2010, for a detailed analysis of the
situation in the United Kingdom).
The reason for not applying in full, as yet, the national
or pan-national legislation regarding energy saving in historic
buildings is insufficient research in the field; there is a lack of
tools and solutions for energy efficiency in overall structures
that at the same time should meet conservation requirements
for the furnishings and objects they contain. The lack of adequate tools is particularly acute for museums, libraries, and
archives housed in historic buildings. Institutions aim to provide strictly controlled, stable humidity and temperature conditions for their collections by inserting into leaky structures
of historic buildings large, energy-intensive air-conditioning
systems. These systems may require serious alterations to
these structures and covering the huge costs necessary to filter, heat, cool, humidify, or dehumidify large volumes of air,
depending on the outdoor conditions.
Reducing energy consumption in buildings preserving
cultural heritage resources has not only economic but also
ecological and ethical aspects. It would mean implementing
the much-debated idea of a “green museum,” which preserves
cultural heritage while respecting the limits of natural environment and resources. This attitude of the museum community was succinctly summarized in the “Joint IIC – ICOM CC
Declaration on Environmental Guidelines” (International Institute for Conservation of Historic and Artistic Works, 2014):
“Care of collections should be achieved in a way that does
not assume air conditioning (HVAC). Passive methods, simple
technology that is easy to maintain, air circulation and lower
energy solutions should be considered. Risk management
should be embedded in museum management processes.”
Vulnerable cultural objects—panel paintings, paintings
on canvas, polychrome wooden sculptures, books, works on
paper, and variable objects of decorative art made of wood,
bone, leather, or textiles—are usually complex multilayer
structures composed of humidity-
sensitive materials. They
respond to changes of RH and temperature in their environment; they shrink when they lose moisture and swell when
they gain moisture. A notable effect is, however, that each
material responds differently to the loss and gain of moisture.
The mismatch in the response of individual materials induces
tensile or compressive stresses in the structure, which can
cause deformation, cracking, and delamination of the layers.
Moisture-sensitive objects may also experience stress due to
a restraint on their dimensional response resulting from the
rigid construction restricting movement or by incorporating
elements with different dimensional responses. The constraint
from free movement can cause deformation and cracking.

In the 1990s, two key issues were systematically examined by Mecklenburg et al. (1998): the dimensional response
of the objects to changes in temperature and RH and the
critical levels of shrinkage or elongation (hereafter referred
to as strain) at which materials begin to deform plastically
or fail physically. The yield stress or strain of materials was
proposed as a “failure criterion”; that is, allowable temperature and RH variations should not cause strains in materials exceeding their yield strains so that the response of the
materials stays at all times in the elastic (reversible) region.
The analysis of the mechanical response of historic objects
was further refined, influencing the development of rational
guidelines for the control of climate in museums and historic
buildings (Bratasz, 2013).
It should be stressed, however, that existing knowledge of
the mechanisms of climate-induced damage to objects serves
the practice of cultural heritage protection only in a limited
way. Obviously, it supports institutional, national, or international guidelines and standards containing universal recommendations that can relate to cultural heritage resources
in general. An example of a document of this kind is European Standard EN 15757:2010 (European Committee for
Standardization, 2010). Since its publication, the standard
has been widely used as a reference for museums and various research institutions to establish climate control strategies in the field of cultural heritage protection. This usage
has revealed considerable demand for supporting decision-
making tools in this area. It is obvious, however, that universal standards and guidelines can be just a starting point for
individual strategies for specific museum collections, as each
object with its individual original structure and conservation
history, acclimatized to a particular environment in which
it has been displayed, needs individual levels and ranges of
temperature and RH. The development of such individual
strategies requires considerable engagement of scientists specialized in modeling and monitoring the response of heritage
objects to microclimatic conditions. Such highly specialized
research competence is not available for the majority of museum institutions, which creates a barrier to exploiting the
available basic knowledge in the conservation practice.
To overcome the barriers described above, HERIe, a
decision-supporting software tool (herie.mnk.pl) for quantitative assessment of the risk of physical damage for various categories of cultural objects vulnerable to real-world climates, has
been developed by a collaborative effort of several institutions.

HOW DOES HERIe WORK?
The software is designed in such a way that it analyzes
the impact of specific 1-year (or multiyear) temperature and
RH microclimate data measured in a given gallery or historic
building or simulated for various climate control scenarios.
The methodology on which HERIe is based consists of four
steps (Kupczak et al., 2019). They are described here for the
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simplest case of a typical museum climate in which yearly
average relative humidity is 50%.

Step 1: Decomposition of Relative Humidity Data
Yearly RH variations are a combination of long-term seasonal cycles, caused, for example, by an RH decrease in winter
due to heating and a return to a higher RH level in summer,
and irregular medium-and short-term changes arising from
weather changes outside, the opening and closing of doors and
windows, the flow of visitors, and/or the intermittent operation of climate control systems. In the first step of the HERIe
algorithm, the yearly or multiyear RH variations are decomposed into a set of elementary sinusoidal RH cycles of varying
amplitudes and durations using the Fourier transform.

Step 2: Translating Elementary RH Cycles into
Elementary Strain Cycles of the Selected Object
The elementary strain cycles were obtained for elementary RH cycles centered at 50% RH with systematically
varied amplitudes and durations covering the whole range
present in the RH versus time histories decomposed in step 1.
Each elementary RH cycle was transformed into an elementary strain cycle of the specific object using finite element numerical simulation. The simulation took into account the size
of the object and its composite structure as well as specific
physical properties of the materials building up the object:
adsorption and desorption of water vapor, moisture-related
swelling and shrinkage, water vapor diffusion and surface
emission coefficients, and tensile properties (elastic and shear
moduli and Poisson’s ratio). The matrices were obtained for
four temperatures: 7°C, 15°C, 21°C, and 25°C.
The object for which the elementary strain cycles should
be obtained is selected and defined by the user. Two model
objects are available so far: (1) freely responding panels covered with gesso layers and (2) restrained panels.
Freely responding panels covered with gesso layers as a
model system imitate panel paintings that are one of the most
precious and frequently exhibited categories of cultural heritage objects. The mismatch in the response of the unrestrained
wood substrate, especially in the most responsive tangential
direction of the wood, and the far less responsive gesso layer
has been identified as the worst-case condition for fracturing
of the pictorial layer (Mecklenburg et al., 1998). The modeling of the elementary strain cycles has established the effective
strain experienced by the pictorial layer induced by the elementary variations of RH for varying thicknesses of a panel and
configurations of water vapor diffusion, that is, a symmetric
diffusion through both the faces of a panel and an asymmetric
diffusion through one of the two faces, the uncoated back face,
which would simulate the extreme effect of a paint or gold
layer blocking the moisture flow through the top face.
Restrained panels as a model of furniture components
include doors and sides of cabinets, table tops, frames, panel
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paintings reinforced with rigid wooden support systems, and
other specific types of decorated wooden constructions. The
modeling has provided the matrices of restrained dimensional
change and engendered stresses in wood, resulting from the
rigid construction restricting movement or from the assemblage of wood elements with different mutual orientations of
their fiber direction.

Step 3: Superposition of Elementary Strain Cycles
In this step, the full strain-time history of an object, a
dimensional response to the climatic variations analyzed, is
obtained by summing up the elementary strain cycles corresponding to the elementary RH cycles obtained in step 1. The
elementary strain cycles in the HERIe database were calculated for four temperatures. Increasing temperature leads to
an increase in the water vapor diffusion coefficient and faster
movement of moisture across the material and to a decrease
in water vapor sorption at a given RH. Using interpolation,
the elementary strain cycles can be scaled to any temperature
value selected.
It has been verified that the superposition of the elementary strain cycles performed by HERIe is in agreement with
the outcome of the full finite element numerical simulation
for the object.

Step 4: Calculating Risk Indexes
Assessing the physical damage risk by choosing a damage criterion, the critical level of the dimensional response
bringing damage, is the final step of the analysis. Currently,
damage criteria are available for wood (strains at yield and
at break and fatigue damage based on the acoustic emission
monitoring of real objects) and for gesso (strain at failure).
New damage criteria may come from other laboratory studies, monitoring of original objects, and collection observations
(epidemiology studies). The damage criterion for which the
risk indexes are calculated is selected and defined by the user.

ANALYZING CLIMATE DATA USING
STRAIN AT FAILURE AS THE DAMAGE
CRITERION FOR THE GESSO LAYER ON
AN UNRESTRAINED WOOD PANEL
Gesso deforms when force is applied, and the stress-strain
curves illustrate subsequent phases of the deformation by increasing stress (Figure 1). Strain is the change in length divided
by the specimen’s original length, and stress is calculated by dividing the force (load) applied to the test specimen by its cross-
sectional area. The final recorded point of the stress-
strain
curve is the strain at which gesso cracks. The mechanical properties of gesso depend on the strength of the collagen glue used,
the ratio of the inert solid (the pigment) to the glue, and the
ambient RH, as gesso undergoes a transition from the brittle
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FIGURE 1. Strain-stress curves for the gesso tested at various RH
values (Rachwał et al., 2012). Strain of 0.2% close to the elongation at break for brittle gesso in the low and middle range of RH is
marked with a red line. Strain below this value is assumed to be safe
for the material.

to the ductile state with increasing RH. As can be seen in Figure 1, elongation at break is approximately 0.2% for stiff and
brittle gessoes in the low and middle range of RH, considered
the worst-case conditions for gesso’s vulnerability to fracture,
but increases by an order of magnitude with increasing RH.
Upon a decrease in RH, wood undergoes shrinkage, inducing compressive stress and negative strain in the gesso
layer, whereas upon an increase in RH, wood undergoes
swelling, inducing tensile stress and positive strain in the
gesso layer. The HERIe software uses 0.2% to calculate the
risk index for a given strain versus time history: strain is calculated as a change in the length of the interface between the
gesso layer and the wood support divided by the length of
this interface at the assumed zero-strain RH level. When the
absolute maximum magnitude of strain experienced by the
gesso layer, in either compression or tension over its entire
strain history, does not exceed 0.2%, the risk index is zero.
When the absolute maximum magnitude of strain experienced by the gesso layer exceeds 0.4%, or the double strain
at failure, the risk index is 1. The risk index increases linearly
between 0 and 1 for maximum magnitudes of compressive or
tensile strains between 0.2% and 0.4%.
Figure 2 shows variations of indoor RH in one of the
rooms in the Yale University Art Gallery (YUAG) in 2015.
The variations slightly exceeded the 40%–60% range

FIGURE 2. Strain versus time history (right) experienced by a 0.4 mm thick gesso layer laid on a 10 mm tangentially cut
wooden panel open to a water vapor flow just through the bare wood surface opposite to the painted face, exposed to RH
variations (left) in a room in the Yale University Art Gallery in 2015. It was assumed in the calculations of strain that no
internal stresses (tensile or compressive) were present in the object at the 50% RH level (the zero-strain RH level). The ranges
of RH and strain recommended as safe are marked with red lines.
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FIGURE 3. Plots as in Figure 2 for Gallery 1 in the National Museum in Krakow in 2013. It was assumed in the
calculations of strain that no internal stresses were present in the object at the long-term average RH of 45%.

recommended as safe for objects containing hygroscopic material in the “Joint IIC – ICOM CC Declaration on Environmental Guidelines” (International Institute for Conservation
of Historic and Artistic Works, 2014). However, the strain
experienced by a gesso layer laid on a 10 mm wooden panel
exposed to the same RH variations would stay, at all times,
well below the critical strain of 0.2% (Figure 2), and therefore, the gesso is deemed not to be vulnerable to fracture (risk
index = 0).
Figure 3 shows RH and strain variations in one of the
galleries in the National Museum in Krakow (NMK) in 2013.
The yearly average RH was 45%, similar to that of YUAG,
and the variations of the parameter were only somewhat bigger, with one exception. In March, a heating system operating in the gallery caused two repeated falls in indoor RH,
from an average of 45% to below 25%, during a spell of
cold, dry weather outdoors when the outdoor air drawn into
the gallery was heated but was insufficiently humidified by
the climate control system. However, the calculated strain
that would be experienced by a gesso layer laid on a wooden
panel exposed to such RH variations stayed just below the
critical strain of 0.2% during the panel shrinkage induced by
the March episode of the RH fall (Figure 2), and therefore,
the variations were assumed not to involve any risk of the
gesso fracturing for the type of object analyzed.
The assessment of the risk of damage to the pictorial layer
based on the analysis of the strain versus time history is particularly useful in the case of unexpected large fluctuations of

RH due to, for example, failures of climate control systems.
Figure 4 shows RH variations in another gallery in NMK in
2013. The yearly average RH was again 45%, and the variations were moderate, within approximately ±15% around
the average. However, the failure of an environmental control
system caused a short-lasting abrupt increase in RH from the
average of 45% to above 70%. The strain experienced by a
gesso layer laid on a wooden panel exposed to such RH variation would considerably exceed the critical strain of 0.2%,
and the calculated risk index was 0.43.
It should be stressed at this point that the software allows users to identify the time of the year or events of greatest
strain risk. Users can also calculate their own risk indexes
by reading maximum strains from the strain versus time histories calculated by HERIe and using critical strains other
than those proposed in the software as the most conservative,
worst-case selection. For example, users can assume that gesso’s elongation at break is above 0.5% at relative humidities
exceeding 60% (see Figure 1), and therefore, the RH increase
recorded in Gallery 2 in NMK in June 2013 involved no or
little risk of gesso’s fracture.

ANALYZING CLIMATE AS THE RISK FACTOR
FOR FULLY RESTRAINED WOOD
Wood deforms when force is applied, and the stress-
strain curves illustrate subsequent phases of the deformation
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FIGURE 4. Plots as in Figure 2 for Gallery 2 in the National Museum in Krakow in 2013. It was assumed in the
calculations of strain that no internal stresses were present in the object at the long-term average RH of 45%.

by increasing stress. The strain that can be recovered immediately on the release of the stress is termed the elastic response. The yield strain defines the upper limit of the elastic
range at which nonrecoverable plastic deformation begins,
and the final recorded point of the stress-strain curve is the
strain at which wood fails via fracture. Uniform desiccation
or humidification of a wooden element completely free in its
movement does not induce stress in the material. However,
when wood is restrained from movement and desiccated
when the ambient RH decreases, it experiences an increase in
tensile strain because, effectively, the material undergoes free
shrinkage and is “stretched” back to its original restrained
length. Similarly, if wood is restrained from movement and
humidified, it experiences an increase in compressive strain
because, effectively, the material undergoes free swelling and
is “compressed” back to its original restrained length. The
yield strain of wood and the strain at failure perpendicular to
the grain are generally around 0.5% and 2%, respectively, in
the midrange of RH, for example, in Bratasz (2013).
When the absolute maximum magnitude of strain experienced by the fully restrained wooden element (in compression or tension) in the entire strain-time history does not
exceed 0.5%, the risk index is zero. When absolute maximum magnitude of strain experienced by the fully restrained
wood exceeds 2%, the risk index is 1; for the maximum
magnitudes of compressive or tensile strains between 0.5%
and 2%, the risk index increases linearly between 0 and 1.
Therefore, a risk index that falls between 0 and 1 would

indicate the object moving beyond elasticity and into nonrecoverable plastic deformation; that is to say, the index indicates the range of plastic damage between no damage and
fracture.
Figure 5 shows the strain experienced by a fully restrained wooden panel exposed to the events of greatest
strain risk identified in the indoor climates shown in Figures
2–4. For the climates in YUAG and Gallery 1 of NMK, the
strain stayed at all times below the critical strain of 0.5%,
and therefore, the wood can be deemed not to be vulnerable
to fracture. However, the abrupt increase in RH in Gallery 2
of NMK, caused by the failure of a climate control steering
system in June, brought about wood swelling that slightly
exceeded the critical strain of 0.5%, and the calculated risk
index of 0.04 indicated potential plastic deformation.

DAMAGE CRITERIA BASED ON
MONITORING OF OBJECTS
The criteria used so far in assessing the risk of damage
were derived from laboratory studies of mechanical properties of wood and gesso—the materials building up the
painted wood structure. Such studies are usually carried out
using specimens of new materials imitating historical ones.
However, the material properties obtained do not necessarily reflect those of historical objects that are aged, deformed,
or fractured in the long process of adaptation to the indoor
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FIGURE 5. Strain versus time history experienced by a fully restrained 10 mm tangentially cut wooden panel open to
water vapor flow through the bare wood surface opposite the painted face exposed to RH variations in a room in YUAG
in 2015 (left) and Galleries 1 and 2 in NMK in 2013 (middle and right, respectively). Note that the restrained shrinkage
induces stretching of wood (positive strain), whereas the restrained swelling induces compression of the material (negative
strain). The range of strain recommended as safe is marked with red lines.

environments in which they are preserved. Therefore, crack
propagation induced by strains experienced by the object
can be used as an alternative measure of risk of damage.
The information on the relationship between crack propagation and strain in cracked wooden panels can be derived
from earlier on-site monitoring of wooden objects displayed
in museums using the acoustic emission (AE) method. The
method is based on monitoring the mechanical energy released in the form of ultrasound and sound waves produced
during fracturing of the material that are detected on the
surface of an object using a piezoelectric transducer that
converts surface vibration to an electrical signal (a microphone). Owing to the noninvasive nature, digital capture,
and processing of single AE events in real time, the method
is capable of continuous monitoring of crack propagation in
actual objects in the real-world conditions of museums and
historic buildings. Two eighteenth century pieces of furniture
were monitored: a wardrobe displayed in the Gallery of Decorative Art in the National Museum in Krakow (Strojecki et
al., 2014) and a French commode decorated with panels of
Japanese export lacquer exhibited in the Furniture Gallery
of the Victoria & Albert Museum in London (Pretzel, 2014).
The AE sensors were located close to the tips of the existing
cracks where further propagation was most likely (Figure 6).

The amazing sensitivity and reproducibility of the AE sensors
enabled tracing extremely small sources of acoustic signals
corresponding to tiny crack propagation. Figure 6 shows a
plot of crack propagation in the wooden elements in the furniture monitored as a function of the amplitude of the cycles
of restrained shrinkage induced by falls in the indoor RH.
The plot demonstrates that no fracturing occurs for shrinkage strains below 0.2%, which can therefore be regarded as
a safe critical strain, eliminating the risk of climate-induced
damage in the monitored objects. The observation indicates
that the objects are more vulnerable to crack propagation
than new wood is to plastic deformation (safe critical strains
are 0.2 and 0.5, respectively).
Further insight into the strain-crack propagation relationship was provided by a study of the dimensional response of a
Dutch veneered wooden cabinet dated to around 1690–1710,
displayed in Amerongen Castle in the Netherlands (Huijbregts
et al., 2014). The study revealed that the wooden panels of
the cabinet experienced shrinkage strain close to 0.4% when
the indoor climate conditions became far drier after room
heating was installed in the castle around 2011. However, a
comparison of the preservation state of the cabinet in 2014
and the state recorded in archival photographs from 1974 did
not indicate any damage progression in the wooden panels. If
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FIGURE 6. Crack propagation as a function of shrinkage strain experienced by wooden elements in furniture (left). The data
for small strains were obtained from the AE monitoring using sensors located close to the tips of the existing cracks (right).

one assumes that a 5 mm crack propagation could have been
traced by the visual analysis of the state of preservation of the
cabinet, an expected range of the crack propagation can be extended to 0.4% strain, as shown in Figure 6. Further AE studies of several wooden objects exposed to larger RH variations
indicated that climate-induced crack propagation was minute,
in the range of square millimeters (Łukomski et al., 2018). The
observations collected so far can be interpreted by the acclimatization of the wooden objects monitored to presumably large
RH variations in the past that caused fracturing. Further damage monitoring of the most vulnerable objects, for example,
freshly treated or consolidated wood, is necessary to refine the
damage criteria available in the software.
All strain versus time histories experienced by the restrained wood, exemplified by plots shown in Figure 5, are
combinations of many simple swelling-shrinkage cycles of
varying ranges, with the cycle strain range being defined as an
algebraic difference between the largest peak and the smallest
valley in the strain versus time history analyzed. The HERIe
software uses a modified rain-flow counting method to obtain simple strain cycles (ASTM International, 2005). The
detailed procedure is not covered here, but Figure 7 shows
how the method separates shrinkage cycles of various durations embedded in the complex strain versus time history experienced by a fully restrained wooden panel exposed to RH

variations in Gallery 1 in NMK in 2013 (only the three largest shrinkage cycles exceeding 0.2% are marked).
The strain versus time history analyzed indicates the propagation of an existing crack in the wood by several millimeters
due to the large shrinkage strain exceeding 0.4% caused by
the March episode of a considerable fall in indoor RH. It is
noteworthy that a mere reduction of this largest cycle to, for
example, 0.3% would reduce the crack growth by an order
of magnitude because of a dramatic decrease in the risk with
a decrease in the strain range, which is evident from Figure 5.

CONCLUSIONS
In recent years, much research has focused on the environmental response of historic materials and objects so
that mechanisms leading to physical damage of objects from
environmental conditions of temperature and RH are better
understood. The online HERIe environmental data analysis
tool incorporates such research findings and aims to facilitate precise assessment of the risk of climate-induced physical
damage based on the specific response of a given object to
real-world microclimates, measured or simulated.
It is hoped that through its network of collaborations,
HERIe will become a platform for data gathering over an
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FIGURE 7. Strain experienced by a fully restrained 10 mm tangentially cut wooden panel open to
water vapor flow through the bare wood surface opposite the painted face exposed to RH variations in Gallery 1 in NMK in 2013. Three wood shrinkage cycles dominating the strain versus time
history, obtained by modified rain-flow analysis, are marked with red lines. Note that the restrained
shrinkage induces positive strain in wood. Crack propagation related to each cycle, derived from the
relationship shown in Figure 6, is indicated.

extended time period. The modeling algorithms can be refined
with a growing understanding of the damage mechanisms. A
particularly important task will be to collect data on aged
historic materials. Taking painted wood as an example, there
are limited studies of aged woods that show a small aging
effect on the moisture response and mechanical properties,
but there is almost nothing substantial on glues and gessoes.
The HERIe software is an open tool; with progress in
research, the database of cultural heritage objects analyzed
will be enlarged. Wooden cylinders of varying diameter will
be added soon as a model system imitating wooden sculptures and other massive elements. The software will also be
expanded to include paintings on supports other than wood.
Encompassing vulnerable library materials like parchment is
an urgent task in the short term. HERIe is available for testing
at herie.mnk.pl. Detailed information on the methodologies
used by the software is available at the above website, which
also contains climate tutorials. Conservation professionals
and decisions makers in museums and museum laboratories
worldwide are encouraged to test the tool. The feedback
gained from users is vital for refining the methodology.
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Museum Study of the Climate4Wood
Research Project
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ABSTRACT. A very important task for conservators and other museum professionals is minimizing the risk of damage to objects in their care. Changes in the physical state of the object are to
be avoided, but under which conditions these changes occur is difficult to predict; for example,
fluctuations in museum climate are a high risk to objects. The focus so far has been to monitor the
indoor climate instead of monitoring changes induced in the objects. This is logical because reading
a climate graph is more straightforward than monitoring an object. By studying many objects in
detail and collecting empirical data over a large collection of objects, our knowledge about expected
damage and its relation to material and constructive parameters will increase. Understanding the
mechanisms leading to damage caused by climate fluctuations will help us to predict when and
where such damage might occur. The Climate4Wood research project was initiated with the aim
to identify the effects of indoor climate fluctuations on the damage resistance of decorated wooden
panels in museum collections. By means of a combined museum, modeling, and experimental study,
climate-related changes of decorated oak wooden panels in furniture and paintings were addressed
from a multidisciplinary conservation and engineering approach. The methodology and the outcome
of the museum study are illustrated by examples from two studies in the Rijksmuseum collection:
(1) a study of 134 doors of 49 Dutch cabinets and (2) a study of 249 Dutch seventeenth century
panel paintings. The outcome of these studies is discussed, as well as how object-based information
serves for the modeling and experimental studies. Examples are given of how this information can
be relevant for preservation strategies and conservation practice.
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INTRODUCTION
In museums and historical collections the aim is to minimize the risk of irreversible change or damage to the artifacts in our care. The main risk for wooden objects is related to the swelling and shrinkage behavior of the material. Swelling and
shrinkage may cause cracks, open joints, induce delamination, cause deformation,
and lead to loss of material. For hygroscopic materials the shrinkage and swelling
behavior is usually considered to be related to fluctuations in the surrounding microclimate, and these conditions are therefore often strictly controlled.
The focus of scientific research since the 1990s on indoor climate–related
changes to museum objects has been on materials in paintings on canvas and panel.
Mechanical and dimensional properties of individual materials or combinations of
materials have been investigated in a variety of climate conditions (Mecklenburg
and Tumosa, 1991; Mecklenburg et al. 1998; Bratasz, 2010). However, there is a
gap between the results gained from laboratory-based research and that gained from
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conservators’ experience working with museum objects. Although scientists have discovered that many objects are less
susceptible to relative humidity fluctuations than considered
thus far, conservators see changes even when museum climate
appears to be stable. The conservation community is asking
for empirical data from larger collections of museum objects
(Boersma et al., 2014; Staniforth, 2014; van Duin, 2014) to
gain insight into changes to the general condition of susceptible objects. This type of information can be obtained by
large-scale surveys of museum collections and can be used to
supplement laboratory-based research and in situ measurements of mechanical damage to museum objects and as verification for models and simulations (Ekelund et al., 2017).
This information might help to bridge the above-mentioned
gap between scientists and conservators. The most interesting outcome of the museum study is that more than 90% of
the observed shrinkage cracks are actually failed glue joints
between boards and not cracks within the wood itself. This
means that the focus of research should also be on the mechanical properties of glue and the interrelation between the
mechanical behavior of wood and glue.
The objects for this research are complex, for example,
a three-dimensional structure consisting of a set of boards,
joined together, and decorated on one or both sides (New,
2014); in the Climate4Wood research project the term decorated wooden panels is used. For this research two types of
decorated panels can be differentiated: paintings on wooden
panels and decorated doors of cabinets. Panel paintings can
be seen as a layered structure of wood with a preparatory
layer of animal glue, a ground, paint layers, and varnish
layers. Panels in furniture are often decorated with (plain)
veneers or, as marquetry, with different wood grain directions or with molding(s) of various thicknesses. Restraint is
a central aspect for understanding the changes of or damage
to decorated wooden panels and has been discussed by several researchers in the literature (Michalski, 1996; Mecklenburg, 2007). The influence of restraint on the shrinkage and
swelling behavior of wood has been taken into consideration by furniture and panel makers historically and is still
considered today.
This paper presents empirical data obtained from examining a large group of museum objects susceptible to fluctuations in relative humidity. To carry out this museum study,
a method was developed that includes collecting detailed
information about the materials, construction, history, and
current and historic condition of the object. From these data,
the properties influencing the results (e.g., shrinkage) can be
analyzed, and the most susceptible part of the panel can be
identified. This paper presents part of the outcome of the
museum study, and examples are given from the two groups
of objects that were studied in the Rijksmuseum collection:
(1) 134 doors of 49 Dutch cabinets and (2) 249 Dutch seventeenth century panel paintings.

EXPERIMENTAL METHODS
The method was developed for a large-scale object survey to be applied in the museum study of the Climate4Wood
research project at the Rijksmuseum in Amsterdam. It serves
to collect empirical data that will form the basis for answering questions related to the interaction between the construction, materials, history, climate fluctuations, and condition of
the objects in the group. By studying many objects in detail,
knowledge about what condition to expect with respect to
the different parameters will increase, which can be combined
with archival information. A set of selection criteria was used
to limit the variations and the number of objects within the
research material. For the survey of the Rijksmuseum collection all objects had to fulfill all criteria for selection: the
object was made in the Netherlands, has an oak wood substrate, was made with a commonly used construction, and is
decorated with paint, veneers, or moldings.
The condition of each object was recorded in two ways.
First, separate parameters were detailed. Second, the overall
condition of each object was then graded on a scale that takes
into account the different layers of the object, the surface as
well as construction.
Measurements were taken of the panel dimensions (height,
width, and thickness) as well as individual members, such as
parts of frames, cleats, moldings, battens for individual boards,
veneer layers, and paint layer thickness, if applicable. The measurements were taken using a digital caliper with an accuracy
of 0.1 mm and both a tape measure and metal ruler with an accuracy of 0.5 mm. Measurements were taken at three points of
each member, for example, at the top, middle, and bottom of a
board. The maximum measurement of each member was used
for further analysis because it was considered more relevant
than an average size measurement since the size of the object
is assumed to influence the mechanical behavior and damage
pattern. Out-of-plane deformation was measured by placing a
straight metal ruler across the whole object on three locations
perpendicular to the wood grain direction and measuring the
largest distance between the object and the ruler and recording
if the displacement was more than 1 mm per 200 mm panel
width or height. Smaller out-of-plane deformations are not visible and therefore could not be taken into account.
The results from the museum study were statistically analyzed. A descriptive analysis was performed, taking into account frequency, mean, standard deviation, and distribution
of parameters (e.g., number of boards, thickness, width, and
height). Logical questions were formulated for further analysis aiming to gain a better understanding of these correlations.
What is the average amount of shrinkage, and what is the
standard deviation? How is this related to the thickness of the
panel and to the width and the height? What is the effect of
restraint within a construction? If there are shrinkage cracks,
are they splits in the wood or glue joints that have broken?
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RESULTS AND DISCUSSION
In this section the major outcomes and results from the
museum study are illustrated with examples. All panels in
this study are made of oak wood, a material that is by far the
most commonly used in northern Europe and one of the selection criteria for this study. Generally, the wood used for the
examined panels is high-quality, radially cut oak wood. For
example, the panel paintings study shows that 96.3% are radially cut and 3.6% of panels have boards with a mixed grain
direction. Not a single tangentially cut panel is recorded. Similar results were found for the cabinet door study.
The number of boards found in the panels in both doors
and paintings varies from one to seven. The width of the individual boards varies from 20 to 615 mm. The distribution
of 457 individual boards from 249 panel paintings follows
normal law, as can be seen in Figure 1, with an average of 245
mm and a standard deviation of 97 mm.
The wood quality is described by three parameters: the
density of the wood, the presence of sapwood, and the presence of knots. The density of the wood, considered to be an
important parameter to describe the quality of the boards
(Wadum, 1998), is measured by the number of annual rings
per millimeter, and this information is obtained by dendrochronological analysis. Traditionally, narrow annual rings
and a high number of annual rings per millimeter are preferred. In the case of oak wood, because each annual ring has
less dense early wood, wood with narrow annual rings is less
dense than wood with broader rings. Wood with narrow annual rings is therefore less affected by moisture sorption and
desorption (swelling and shrinkage).

FIGURE 1. The distribution of individual board widths of 457 individual boards from 249 panel paintings.

FIGURE 2. Annual rings per millimeter versus earliest production
year for different wood origins. Blue circles originate from the Baltic
region, yellow diamonds originate from the Polish region, and red
squares originate from the German/Netherlandish region.

In Figure 2 data for the number of annual rings per
millimeter and wood origin are given over time (the earliest possible production date) for the 199 objects in the panel
paintings study for which dendrochronological data have
been obtained over several decades by Peter Klein. The panels
range from 0.315 to 0.961 annual ring/mm. There is a significant correlation between the origin of wood and annual
rings per millimeter. The highest mean is found in the group
of Baltic origin, 0.7045 annual ring/mm (standard deviation
[SD] = 0.17478), followed by the wood of Polish/Baltic origin, with a mean of 0.7030 annual ring/mm (SD = 0.14108).
The lowest mean, 0.6365 annual ring/mm, is found in the
group of German/Netherlandish origin, which also has the
highest standard deviation (SD = 0.18941). If the number of
annual rings per millimeter is considered a measurement of
wood quality, these data support the common notion that
oak wood of Baltic origin has the best quality.
For the museum study the relevant questions are the relation between wood density (annual rings per millimeter) and
condition. The following condition parameters were considered: open joints, crack(s) in the wood, upraised and/or
abraded paint, and paint losses and fillings. In the analysis
no significant difference could be found between woods of
different densities and open joints, crack(s) in the wood, and
upraised and/or abraded paint. The difference between the
compared means of each parameter is not significant (Student’s t test value greater than 0.05). However, it was found
that the density influences paint losses and fillings.
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Can a change in wood quality over time be identified?
Since a significant correlation between density and origin was
identified, the origin of the wood used over time is of interest
(Figure 2). There is a significant correlation between wood of a
certain origin and time: wood of Baltic and Polish/Baltic origin
dominates at the beginning of the investigated time period (i.e.,
1600–1655), whereas wood of German/Netherlandish origin
increased gradually and dominates by the end of the investigated time period (i.e., 1655–1670). This shift is pointed out
by Klein (1998) and can be explained by the second Swedish-
Polish War (1655–1660), stopping the trade from Baltic states
and opening the market for other suppliers. Indications of an
increased frequency of paint losses and fillings over time can be
identified if we combine the data for annual rings per millimeter, origin, and time of production, as the frequency of panels
made of wood of German/Netherlandish origin increases.
Sapwood is considered to be more susceptible to insect
damage and therefore rejected by panel makers. Data regarding the presence of sapwood are available from the panel
paintings study: sapwood was identified in 26.1% of the 199
panels where dendrochronological analysis was available, and
the amount of sapwood varied from 1 to an unusually high
number of 47 annual rings. The total number of rings per
board is generally (much) greater than 100 rings. Knots were
also rejected by panel makers since the wood grain direction
of the knot and surrounding areas is considered to be prone to
cracks and paint loss. In the panel paintings study knots were
identified in 6 of the 249 investigated panels, that is, 2.4%.
For the museum study a categorization of panel constructions was made, and the panels were divided into three
main categories: nonrestrained panels, panels with cross-
grain members, and complex panels. The subcategories are
described in Table 1. The core construction of the panel is the
most determining characteristic to assess the risks of mechanical damage of decorated wooden panels. Movements in the
core construction also influence the condition of overlying layers. Significant correlations were identified between restraint
and several damage parameters: open joints between boards,
deformation, and lifting and/or abraded decorative layers.
Free-floating panels in frame constructions are good examples of nonrestrained constructions. In this type of object
the panel is set into a groove, leaving space for swelling and
shrinkage. Shrinkage can be seen as narrow, dark or light
areas on the panel, along the edges of the frame, where unvarnished or unpainted wood surface, previously covered by
the frame, has become exposed (Figure 3). When panel paintings are still in their original frame, shrinkage may be calculated by comparing the distances between the horizontal and
vertical gaps between the panel and picture frame, assuming
they were more or less equal when the panel was first inserted
into its frame. Shrinkage is identified on 65.2% of the nonrestrained objects in the cabinet door study; the remaining
panels had either been restored so that no shrinkage could be
identified or had not shrunk. The shrinkage on unrestrained

cabinet door panels is, on average, 0.5% of the original width
of the panel, perpendicular to the wood grain direction. Reliable shrinkage data from the study of panel paintings are
not available because of treatments of the panels and the exchange of picture frames.
Panels with cross-grain members are the simplest type of
historic restrained constructions. As the members of the construction cannot move freely, swelling and shrinkage over the
elastic limit of the material will result in irreversible damage.
Figure 4 shows an example of a panel painting where the reverse has two original battens across the grain of the panel.
Panels with such cross battens usually consist of two or more
boards that are glued together, and battens are attached to, or
sometimes partly inserted in, the reverse of the panel. When
this type of restrained panel shrinks and expands, a gap develops in the glue joint between the boards, as identified on 12
out of a total of 13 panel paintings with original cross members in this study. The 13th panel was made of a single board,
and therefore, this type of damage could not develop. In exceptional cases, minor cracks starting from the end grain of
the boards can also be found, usually on single-board panels.
More elaborate constructions are found in the group
of complex panels such as the one shown in Figure 5, with
a cleated end construction. The panel consists of multiple
boards joined together with glue along the longitudinal direction. At the top and bottom the panels continue with
boards of the same thickness but attached perpendicularly
to the vertical boards. These cleated ends do not protrude
like the previously mentioned cross battens. Both sides of the
panel are flat. In this example the cross-grain cleats are butt
joined, glued, and nailed to the four vertical boards. Other
joints between vertical boards and cleats also exist, such as
tongue and groove without nails (van Duin, 2012). When the
boards of a restrained construction swell or shrink, different
types of change in the core construction will occur: a gap may
develop along the glue joint between the boards and on the
edge of restrained constructions with members in different
grain directions, and a “step” will develop. This step can be
explained by the orthotropic shrinkage behavior of wood; the
shrinkage in the longitudinal direction is negligible compared
to that in the radial direction. As a result, the cleated ends
slightly protrude on the left and right sides of the panel, as
their length has remained the same but the vertical boards
have been reduced in width.
Cradled panels, such as the one shown in Figure 6, also
belong to the group of complex panels and correspond to the
most rigid type of restraint found in the museum study. Cradles consist of a grid of wooden slats mounted to the back of
a painting to act as a reinforcement that keeps the panel flat.
Slats along the grain direction are permanently fixed to the
reverse of the painting, whereas the secondary perpendicular
slats remain loose and should be able to slide as the panel
shrinks or swells. As these slats often become unmovable and
restrain the panel over time, the cradle often causes severe
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TABLE 1. Construction groups.
Construction category

Construction type

Abbreviation

Definition

Freely responding panels
Panel in frame
FC
Boards, usually two or more, joined together (with glue, dowels, and/or
	  construction		 tongue and groove), inserted in a groove or rabbet of a frame. The
corners of the frame are connected with a bridle joint, lap joint, mortise
and tenon joint, miter joint, or butt joint. Nonrestrained panel but
restrained construction of the frame.
Simple panel
PC
Boards, usually two or more, joined together (with glue, dowels, and/or
	  construction		  tongue and groove). Nonrestrained construction.
Panels with crossBoard and molding
BM
Boards, usually two or more, joined together
 grain members	  construction		 (with glue, dowels, and/or tongue and groove). Moldings applied on at
least on side, with glue, nails, and/or dowels, partly cross grain. Restrained
construction.
Cleated ends
CE	Boards, usually two or more, joined together (with glue, dowels, and/or
 tongue and groove). Cross-grain cleats are joined with glue, tongue and
groove, and/or nails or dowels. Restrained construction.
Panel with cross
PB
Boards, usually two or more, joined together (with glue, dowels, and/or
	  battens		 tongue and groove). Cross-grain battens are attached to the back of the
wood substrate, with glue, nails, and/or dowels. Restrained construction.
Panel with local
PL
Boards, usually two or more, joined together (with glue, dowels, and/or
	  reinforcement 		 tongue and groove). Cross-grain reinforcements such as wood blocks or
butterfly keys are attached to the back of the wood substrate, with glue,
nails, and/or dowels. Locally restrained construction, at the position of
the reinforcement.
Complex panels
Hollow construction
HC	Thin boards, usually two or more joined together (with glue, dowels, and/
 or tongue and groove), mounted on both sides of a central frame. Rails
and glue blocks inside the frame are glued and/or nailed to the boards.
Restrained construction.
Kussenkast: board
K
Boards, usually two or more, joined together (with glue, dowels, and/or
	  and molding 		 tongue and groove). The boards are usually veneered with wood veneers
in a graphic pattern (parquetry). Moldings are applied on the front face
of the boards, and a thin board is attached to the moldings, creating a
hollow “pillow.” The moldings are fixed with glue, nails, and/or dowels,
partly cross grain. Restrained construction.
Cradled panel
CP	Boards, usually two or more, joined together (with glue, dowels, and/or
 tongue and groove). A grid of slats is attached to the backside of the
panel, the slats in the wood grain direction are permanently fixed, and
battens in the cross-grain direction of the boards are intended to slide. In
many cases cradled panels are restrained as the sliding battens are stuck.
Frame construction,
FT
Boards, usually two or more, joined together (with glue, dowels, and/or
	  thin panels 		 tongue and groove), inserted in a groove of a frame. The boards are less
than 7 mm thick. Thin moldings are glued onto the boards, partly cross
grain. The construction is restrained by the inner moldings, and the frame
is restrained.

damage to the panel. Shrinkage and swelling of cradled panel
paintings commonly result in the opening of glue joints between boards and, in some cases, cracks in the actual wooden
boards. These cracks are initiated from the end grain of the
board and propagate along the wood grain.
The damage pattern resulting from shrinkage of restrained objects is consistent. Because of the constraint across
the grain the panels cannot swell and shrink freely with fluctuations in relative humidity, leading to stress and strain and
resulting in plastic deformations or cracks. In the museum
study, the most common type of damage is longitudinal cracks

on restrained constructions due to shrinkage perpendicular to
the grain, following the wood grain along the glue lines. Glue
joint failure can be found on 90.2% of the restrained paneled doors of furniture and on 73.1% of the restrained panel
paintings. The same type of damage can be found on only
19.0% of the nonrestrained panels.
Decorated panels are built up in several layers, and
panels are often decorated with veneers with different grain
directions. Changes to the construction layer will affect the
condition of the surface layer as well. As described earlier,
the most common type of change to the core construction
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FIGURE 3. Shrinkage of an unrestrained panel in frame construction. The grain direction is indicated by the black arrows. The largest movements due to shrinkage and swelling occur perpendicular
to the grain, indicated by red arrows. The shrinkage behavior of
unrestrained panels can be observed as lines along the edge of the
frame, here marked in pink. Rijksmuseum BK-15320, 1,120 × 834 ×
27 mm, 1775–1800. Photo and diagram by Stina Ekelund.

is the failure of the glue joints in the longitudinal direction
of the wood between the boards. The openings can be several millimeters wide and create a gap or cavity. This cavity
is damaging to the decorative layers, which are attached to
the surface of the assembled boards. Ground and paint layers tear apart along the joint, resulting in loose parts or loss
of material. Over smaller cavities, bridging of the decorative
layer is possible, but these areas are very fragile to handling
or vibrations, and what is more relevant, they interrupt the
image and visual impression of the artwork. Figure 7 shows
a detail of the four-board panel painting with cross battens
presented in Figure 4. The open joints between the boards of
the substrate are visible on the front side of the panel painting
as well. Along the glue joint failure of the substrate, losses of
paint and ground layer can be seen. The losses are filled and
retouched and, over time, discolored.
Out-
of-
plane deformation, warping and cupping, was
found in this survey of the restrained panels to occur in 7.2%
of the cabinet door panels and 5.3% of the panel paintings.

FIGURE 4. Four-board panel with original cross battens and characteristic glue joint failure, later rejoined. Hendrik Noorderwiel,
Rijksmuseum SK-

C-
1550, 1,177 × 1,770 × 10 mm, 1647. Top
photo courtesy of Rijksmuseum; bottom photo by Stina Ekelund.

For unrestrained panels out-of-plane deformation is far less
common, occurring in less than 1.0% of furniture doors
panels and 2.2% of panel paintings. This can probably by
explained by the high quality of the oak wood used for the
substrates, mainly the exclusive use of radially cut wood as
well as thin panels.
This large-scale survey, involving more than 380 naturally aged panels, provided empirical data and a number of
parameters related to the construction, material, history, and
condition that could then be analyzed statistically. The results
from the museum study show that shrinkage cracks and failing joints are the most common types of damage registered
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FIGURE 5. Shrinkage of a restrained construction. The grain direction of the panel members is indicated by black arrows. The dashed
rectangles represent the nails with which the horizontal cleats are
fixed to the vertical boards. The largest movements of shrinkage and
swelling occur perpendicular to the grain, indicated by the red arrows. Shrinkage gaps (cracks) between the members of the panels
are marked by red circles. The gaps occur in the board-to-board joint
as well as between the boards and horizontal cleats. Rijksmuseum
BK-1966-16, 1,170 × 830 × 30 mm, 1690–1710. Photo and diagram by Stina Ekelund.

on decorated oak wooden panels. The selection criteria for
the museum study considered only oak wood, and the great
majority of the panels were radial-cut boards, which explains
the relatively large amount of shrinkage in the radial direction and the low frequency of out-
of-
plane deformation.
Since the weakest points of the objects are the glue joints
between the different members of the panel, the number of
boards in a structure is highly significant for the current condition of the object. The correlation between restraint, that
is, the restriction of a board from deforming freely, and damage is also significant. It can be concluded from the museum
study that the complexity of the structure is important to
understand the object’s failure criteria and should therefore
be considered.
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FIGURE 6. Three-board panel with restraining cradle. Pieter Jansz
van Asch, Rijksmuseum SK-C-88, 1,020 × 745 × 6 mm (panel without cradle), 1640–1678. Painting photo courtesy of Rijksmuseum;
other photos by Stina Ekelund.

The empirical data obtained from the museum study
were used for the experimental study of the Climate4Wood
research project. The experimental work, involving exposure
of mock-ups to well-controlled climate fluctuations, was designed on the basis of the results of this study (Luimes, 2018).
The results from both these studies can be used as input parameters and validation of the thermohygromechanical modeling. The results from this combined approach can then be
used for the development of sustainable preservation strategies and to further develop rational guidelines for sustainable
indoor climate conditions.
Understanding the mechanisms that lead to visual changes
of the condition will help conservators to predict when and
where damage will occur and help conservators and decision
makers to make well-informed decisions. The empirical data
from the museum study can serve as input for the decision-
making process for conservation treatments; for example, the
data can serve as an input in the discussion of cradle removal.
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closely related to changes within the substrate construction,
and losses of decorative layers are often located in the areas
along the glue joints. The empirical data from what conservators have observed in the museum study are essential as input
and part of the validation of the experimental and modeling
studies of the Climate4Wood research project.
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The museum study also provided insight into what conditions
can be expected in relation to construction, material, and historical parameters.

CONCLUSIONS
The objective of this paper was to show how construction, material, dimensional, and historical parameters can
be related to patterns observed in the condition of a selected
group of decorated panels in the Rijksmuseum collection. The
results given were obtained using the method developed for
the museum study, combing archival and visual information.
In accordance with the selection criteria all panels studied were
of oak wood, and the great majority of the investigated panels
were made of high-quality quarter-sawn wood. The main conclusion from this study is the effect of restraint on joint failure.
A restrained panel is likely to develop open joints, whereas
nonrestrained panels are likely to shrink without major effects on the construction. Cracks in the actual wood and out-
of-plane deformations are uncommon in restrained as well
as nonrestrained panels. Damage in the decorative layers is
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Microclimate and Vibration Environment
of a Custom Shipping Crate
Nobuyuki Kamba1,2*

ABSTRACT. When cultural objects are transported, various hazards can occur during the different
stages of the process. These include handling and packing, machine vibrations, dramatic temperature and relative humidity changes, and accidents. This study tries to clarify the conditions inside a
custom shipping crate by measuring temperature, humidity, and vibration inside the packaging using electronic instruments during transportation. This paper discusses the severity of these hazards,
especially temperature change and vibration.

INTRODUCTION
This study tries to clarify the conditions inside a custom shipping crate by measuring temperature, humidity, and vibration inside the packaging using electronic
instruments during transportation. The equilibrium moisture content (EMC) of a
hygroscopic material depends on temperature and relative humidity (RH). To maintain the same EMC in a piece of wood, the RH of the environment must decrease
if the temperature decreases and vice versa. Therefore, should either temperature
or RH change, strain will be induced. However, a larger strain will occur when the
EMC changes. For example, for wood kept at a constant EMC and subjected to a
sudden temperature change from 10°C to 40°C, the induced strain will remain less
than ±0.1% of the strain of the wood, where such a low yield strength suggests that
no fatigue will occur in the wood.
Vibration caused by transportation is random and can be expressed by the maximum acceleration (Gp), root-mean-square of varying G (Grms), and power spectrum
density (PSD). It becomes clear from analyzing different transportation methods that
conveyance by an airport dolly has the largest Gp, Grms, and PSD values. The next
largest influences occur as a result of truck transportation and loading onto and
unloading from a truck, an airplane, and a pallet. Movement in the museum may
occasionally have influences similar to those of the handling process.
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RISKS IN TRANSPORTATION OF CULTURAL OBJECTS
When cultural objects are transported, they are subjected to specific risks arising
from vibrations, rapid temperature and humidity changes, sharp pressure changes,
and impacts during various transportation stages and processes (manual handling,
packing, transportation by equipment, unpacking). One of the specific risks is the
strain that can occur in the hygroscopic material of the cultural object resulting
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from change(s) in temperature and humidity. The deformation caused by this strain, if beyond a certain value (i.e., the
yield strength), can be irreversible. In addition, during unpacking, condensation may build up on the object’s surface
as a result of a temperature difference (Kamba and Tanaka,
1994a) between the object and the work area atmosphere.
With regard to vibration, the frequency of the oscillation motion may coincide with the eigenfrequency of an object and
cause resonance, generating a large amount of energy that
could break the fragile joint of a connected part, whereas a
strong vibration could cause bounding of an object secured in
a shipping crate, thus breaking it. Furthermore, fatigue could
accumulate at the joint of an object as a result of repetitive
vibration. So far, we have not seen any deformation caused
by the influence of temperature and humidity that has been
confirmed visually, but we have seen some cases of damage to
objects that could have been caused by vibration and shock,
such as the impact from a drop, which could break any fragile part of an object.
Generally, packing materials have a certain level of thermal insulation. Thus, changes in temperature and humidity
within the packaging are relatively moderate and occur in a
delayed fashion. Consequently, it is relatively easy to identify
the timing of temperature and humidity changes during transportation. On the other hand, the precise causal relationship
between transportation processes and vibrations remains
unclear because detailed information about these processes
can only be presumed on the basis of the timetable; however, vibrations can be accurately recorded over time using an
instrument. Detailed information for the entire transportation process was successfully obtained from a courier traveling with an object being transported to a special exhibition,
which facilitated precise understanding of the timing of the
occurrence of vibration and contributed to a breakthrough
for a specific vibration analysis (Kamba and Takagi, 2008).
The magnitude of the impact of temperature and humidity changes inside a shipping crate on a cultural object, the
characteristics of the vibration that occurred during transportation, and the magnitude of the impact of the vibration(s)
occurring during each process on an object could be evaluated on the basis of measurements of temperature and humidity changes inside a custom shipping crate, as well as the
vibration(s) induced. These factors are considered to have the
most significant impacts on cultural objects during transportation. Finally, the results of tests on the deformation of wood
with temperature and humidity changes are also discussed.

MICROCLIMATE INSIDE A
CUSTOM SHIPPING CRATE
AND INDUCED STRAINS
The characteristics of an ideal shipping crate include its
relatively high airtightness and the minimal volume of air that

it contains (Kamba, 1990). When an object is made of highly
hygroscopic materials such as wood, the small amount of
moisture contained in the air will be absorbed into the wood
when the ambient temperature decreases, which causes a corresponding decrease in the relative humidity of the air. Under
the same principle, an increase in temperature will cause the
wood to release moisture, with a corresponding increase in
the relative humidity. The amount of water that wood can
hold is far larger than the amount of water contained in the
air inside the packaging. Consequently, the relative humidity
is strongly influenced by the transfer of moisture into and out
of the wood. When a hygroscopic object is sealed in a package with an extremely small amount of air, the interior air
temperature and relative humidity of the packaging change
so that the EMC of the object is maintained at a nearly constant value.
Using a diagram of the relationship between temperature and relative humidity at a constant equilibrium moisture content of wood (Kollmann, 1951), it can be understood
that the temperature and humidity must change in the same
direction to maintain a constant EMC value. However, the
previously mentioned condition is not likely to occur if the
packaging has poor airtightness and allows the flow of inbound air. Combining the temperature and relative humidity
data for the interior of the shipping crate obtained during
actual transportation (Figure 1), the looped changes in the
temperature and relative humidity, as shown in Figures 2 to
5, follow the rule of maintaining a nearly constant EMC.
When a humidity buffering material such as a silica gel
is packed with an object in a sealed crate, the EMC of the object changes with the temperature while a constant relative

FIGURE 1. The packing crate of an ancient wooden saddle coated
with Japanese lacquer that was transported from the Tokyo National Museum to the Arthur M. Sackler Gallery in Washington,
D.C., between 8 and 9 June 2007.
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FIGURE 2. Outward trip from the Tokyo National Museum to
the Arthur M. Sackler Gallery in Washington, D.C., between 8 and
9 June 2007. Combining the temperature and humidity data for the
interior of the shipping crate obtained during the transportation and
the data for the EMC curve of wood with changes in the temperature
and humidity, following Kollmann’s approach (1951), indicates that
both temperature and humidity changed in a loop.
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FIGURE 4. Outward trip from the Tokyo National Museum to the
Museum of New Zealand Te Papa Tongarewa in Wellington between 19 and 20 February 2006.

FIGURE 5. Outward trip from the Tokyo National Museum to the
National Museum of Korea on 5 October 2005.

FIGURE 3. Outward trip from the Tokyo National Museum to the
Montreal Museum of Archaeology and History on 3 May 2006.

humidity is maintained (Kamba and Tanaka, 1994b). In
order to study the strain occurring in an object when the
EMC changes, an examination was conducted using Japanese cypress wood (Chamaecyparis obtuse; Kamba and
Nishiura, 1993). Each package had a single sample consisting of a 70g piece of cypress wood. The samples were
pretreated under the same seasoning conditions, and strain
gauges were attached to them in the tangential direction
to measure the strain. The following four test conditions
were used: (1) the test sample was sealed in a 1 L polypropylene container by itself, (2) the test sample was sealed in
a 1 L polypropylene container including 20g of Art-Sorb,
(3) the test sample was simply exposed to the testing environment, and (4) the above test samples were coated with

moisture-proof silicone-modified acrylic resin to inhibit the
transfer of moisture (see Table 1).
All test samples were placed in an environmental chamber
in which the interior atmospheric temperature was changed
from 10°C to 40°C at a constant relative humidity of 60%.
The test results for conditions 1, 2, 3, and 4 were plotted in
graphs with the temperature on the abscissa and the strain on
the ordinate, as shown in Figures 6 to 9.
Figure 10 shows temperature and relative humidity
changes within the container for condition 1 as well as the
looped change. The results show that the magnitude of the
strain is the smallest for condition 4, followed in ascending order by conditions 1, 2, and 3. For conditions 4 and
1, the strain in the test samples stays within approximately
±0.1%, whereas for conditions 2 and 3, the strain values exceed ±0.1%. Under condition 4, the test sample shows only
the strain from thermal expansion and contraction caused by
the temperature change, with no or minimal strain generated
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TABLE 1. Test samples under the four different conditions to examine the dimensional stability of wood with the temperature-humidity
change. All samples were 70 g pieces of Japanese cypress wood (Chamaecyparis obtusa). In the testing environment the temperature was
changed from 10°C to 40°C at 60% RH.

Condition

Surface		
preparation
Container

Humidity buffer		
in container
Test sample

Testing
environment

1
No coating
Sealed in 1 L polypropylene
No buffer
70 g piece of Japanese
temperature was
		 container		 cypress wood	 changed from
				  (Chamaecyparis obtuse)	  10°C to 40°C,
					  at 60 %RH.
2
No coating
Sealed in 1 L polypropylene
With 20 g of
same as above
same as above
		 container	 Art-Sorb
3
No coating
Simply exposed to the
No buffer
same as above
same as above
		 testing environment
without a container
4
All samples were coated
Simply exposed to the
No buffer
same as above
same as above
	  with moisture-proof 	  testing environment
	  silicone-modified 	  without a container
	  acrylic resin

FIGURE 6. Strain of Japanese cypress in the tangential direction
under condition 1, in which the test sample was sealed in a 1 L polypropylene container. The container was placed in an environment
chamber in which the interior atmospheric temperature was changed
from 10°C to 40°C with a constant relative humidity.

FIGURE 7. Strain of Japanese cypress in the tangential direction
under condition 2, in which the test sample was sealed in a 1 L polypropylene container along with 20 g of Art-Sorb. The container was
placed in the same environment chamber as in condition 1.

by a change in the EMC. Meanwhile, under conditions 2
and 3, the test samples show strains larger than in the other
conditions, generated by changes in both the temperature
and EMC.
Figure 11, based on the graph from Asano et al. (1979)
shows that approximately ±0.1% of the strain generated in
the wood piece that was kept under a constant EMC condition has a far lower value than the yield stress. Studies by
Mecklenburg and Tumosa (1991), Michalski (1991), and
Ashley-Smith (1999) suggest that this strain will not accumulate and cause fatigue, thus minimizing the impact.

VIBRATION CHARACTERISTICS
AND IMPACT MAGNITUDE FOR
TRANSPORTATION PROCESSES
Cultural objects that are transported for international
exhibitions undergo more complicated processes compared
to those shipped domestically because international shipment involves a variety of transportation means (Kamba et
al., 2008). Specifically, the processes involved include moving within a building; truck transportation; conveyance by a
dolly (Figure 12); and air transportation, requiring loading
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FIGURE 8. Strain of Japanese cypress in the tangential direction
under condition 3, in which the test sample was simply exposed to
the testing environment. The sample was placed in the same environment chamber as in condition 1.

FIGURE 9. Strain of Japanese cypress in the tangential direction
under condition 4, in which the three test samples in conditions 1–3
were coated with moisture-proof acrylic resin to inhibit the transfer of moisture. The samples were placed in the same environment
chamber as in condition 1.

and unloading from a truck (Figure 13). Because of the complex processes involved, GPS devices and detailed records
taken by an accompanying attendant were necessary to obtain an accurate workflow.
Because the vibration that occurs during transportation
is random, consisting of a combination of sinusoidal waves of
various frequencies and amplitudes, the vibration characteristics can be effectively expressed using the PSD; effective G
value or root-mean-square acceleration (Grms); and peak, or
maximum, acceleration (Gp). Further information about these
points can be found elsewhere (Harris and Piersol, 2002; Vibration Research Corp, 2017). The Gp distribution had been
analyzed in previous transportation studies (Saunders, 1998);
therefore, consideration of the risks was somewhat focused
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FIGURE 10. Temperature and relative humidity changes under condition 1, in which the test sample was sealed in a 1 L polypropylene
container.

FIGURE 11. Tensile and compressive stress-strain diagram of Japanese cedar where the stress σ is on the ordinate and the strain ε is on
the abscissa. Adapted from Asano et al., 1979.

on the unexpected events inherent in each transportation
process, such as dropping and rough handling, and was not
expanded to include an assessment of the potential risks that
might be encountered in each process. The PSD indicates
the distribution of the power density in the frequency spectrum of the time series vibration, as well as the resonance
frequency. The integration of the area under the PSD curve is
equal to the integration of the total energy of the entire transportation process and thus is an indicator of the severity of
the transportation condition. In addition, Grms expresses the
mean value of the various vibration accelerations that occur
during the transportation process and may be used as an indicator of the vibration severity.
The opportunities provided by various special exhibitions in 1999 allowed the use of electronic devices with
built-
in triaxial accelerometers to measure shock and vibration levels during the various transportation processes.
Among these, the data obtained during the transportation
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FIGURE 12. A dolly conveyance of pallets on an airport apron.

FIGURE 13. A packing crate loaded onto a truck by a forklift.
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from Pointe-à-Callière, Montreal Archaeology and History
Complex (henceforth Montreal Archaeology and History
Complex). to the Tokyo National Museum are shown here
as an example of a case where the details of the vibration
that occurred throughout the entire transportation process
could be perfectly recorded. The goal of clarifying the characteristics and impact of the vibration that occurred in each
process can be reached by combining the results derived from
these data and other examples. The entire transportation
time from Montreal to Tokyo was 28 hours, which included
11.5 hours of temporary storage between transshipment and
16.5 hours for the actual transportation. The transportation
time included 13.67 hours of air transportation, 1.67 hours
of truck transportation, and 40 minutes of dolly conveyance.
Furthermore, in addition to the time spent in temporary storage at the origin of the shipment and transit points, the time
included 10 minutes in unloading from the aircraft, 10 minutes in unloading from the truck, 7 minutes for loading and
unloading from pallets, and 3 minutes to move within the
museum.
Figure 14 shows the time series acceleration of Gp recorded during the transportation process. Table 2 shows the
vibrations measured during the 2006 exhibition travel, organized by handling process. Measurements were taken during
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loading, unloading, and movement of objects, as well as during takeoff, flight, and landing of the aircraft. Measurements
were taken during transportation from the Montreal Archaeology and History Complex to the Tokyo National Museum,
with transfers at the Montreal airport, Toronto airport, and
Narita airport. Movement by dolly (in bold) produced the
highest Grms (effective G value/root-mean-square acceleration) and the most instances of PSD (resonance frequency/
power spectrum density). Vertical movement during transport also registered higher levels of Grms and PSD than other
directional movement.
Figures 15 to 23 show the PSD curve for each of the
described processes, whereas Figure 24 corresponds to the
resting state at a warehouse for comparison. On the basis of
these results, it seems that the conveyance by dolly, whose Gp,
Grms, and PSD values are all ranked at the top level, exerts a
remarkably large impact among the transportation processes
(Kamba et al., 2010; Figure 25). The upper limit of the measurement device was set to 10 G; therefore, it is suspected
that acceleration much larger than 10 G might have occurred.
For example, a value of 14 G was measured during transportation in July 2008 at the Narita and Domodedovo airports.
Meanwhile, the shock and vibration values generated by
takeoff and landing of an aircraft are small and thus will

FIGURE 14. Peak acceleration during the shipment of the return trip from Pointe-à-Callière, Montreal Archaeology and History Complex to
the Tokyo National Museum between 21 and 23 October 2006.
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TABLE 2. Vibrations measured during 2006 exhibition travel, organized by handling process. Measurements were taken during loading,
unloading, and movement of objects and during takeoff, flight, and landing of the aircraft. Measurements were taken during transportation from the Montreal Museum of Archaeology and History Complex (MMAHC) to the Tokyo National Museum (TNM), with
transfers at Montreal–Pierre Elliott Trudeau International Airport (YUL), Toronto Pearson International Airport (YYZ), and Narita
(Tokyo) International Airport (NRT). Movement by dolly (in bold) produced the highest Grms (effective G value/root-mean-square
acceleration) and the most instances of PSD (power spectrum density/resonance frequency). Vertical movement during transport also
registered higher levels of Grms and PSD than other directional movement. Symbols for the direction indicate the following: → = running forward/backward, ↔ = moving left/right, ↕ = moving up/down. In the PSD column, symbols indicate the following: ● = peak PSD
< 10−4 G2/Hz, ●● = 10−4 G2/Hz ≤ peak PSD < 10−3 G2/Hz, ●●● = 10−3 G2/Hz ≤ peak PSD.
Handling Process
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Dolly conveyance
Unloading from a truck
Unloading from a truck
Unloading from a truck
Unloading from a truck
Unloading from a truck
Unloading from a truck
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Unloading from an aircraft
Moving by a truck
Moving by a truck
Moving by a truck
Moving by a truck
Moving by a truck
Moving by a truck
Loading onto an aircraft
Loading onto an aircraft
Loading onto an aircraft
Loading onto an aircraft
Loading onto an aircraft
Loading onto an aircraft
Moving within the museum
Moving within the museum
Moving within the museum
Landing
Landing
Landing
Landing

Location

Direction

PSD

Grms

NRT
YYZ
YYZ
YUL
YYZ
YYZ
NRT
NRT
YYZ
YYZ
YUL
NRT
YUL
NRT
NRT
TNM
YUL
YUL
TNM
TNM
YUL
YYZ
NRT
NRT
YYZ
YYZ
NRT
NRT
NRT
NRT
MMAHC to YUL
NRT to TNM
MMAHC to YUL
NRT to TNM
MMAHC to YUL
NRT to TNM
YUL
YYZ
YYZ
YUL
YUL
YYZ
MMAHC
MMAHC
MMAHC
YYZ
NRT
YYZ
YYZ

↕
↕
↕
↕
→
→
↕
→
↔
↔
↔
→
→
↔
↔
↕
→
↕
→
↔
↔
↕
↕
→
↔
→
↕
→
↔
↔
↕
↕
↔
↔
→
→
↕
↕
→
↔
→
↔
↕
→
↔
↕
↕
→
↔

●●●
●●●
●●●
●●●
●●
●●
●●●
●●
●●
●●
●●
●●
●●
●
●
●●
●●
●●
●●
●●
●●
●●●
●●●
●●
●●
●●
●
●
●
●
●●●
●●
●●
●●
●
●
●●
●●●
●●
●●
●●
●●
●●
●●
●
●●
●●
●●
●

0.194
0.191
0.189
0.152
0.104
0.100
0.090
0.089
0.076
0.073
0.064
0.061
0.054
0.035
0.026
0.102
0.082
0.078
0.072
0.070
0.040
0.093
0.079
0.054
0.054
0.052
0.040
0.030
0.028
0.020
0.081
0.067
0.065
0.043
0.033
0.033
0.080
0.079
0.053
0.052
0.046
0.042
0.069
0.057
0.043
0.064
0.043
0.027
0.025

number 10

•

49

TABLE 2. (Continued)
Handling Process
Landing
Landing
Loading onto a truck
Loading onto a truck
Loading onto a truck
Loading onto a truck
Loading onto a truck
Loading onto a truck
Loading onto a pallet
Loading onto a pallet
Loading onto a pallet
Unloading from a pallet
Unloading from a pallet
Unloading from a pallet
Moving on a runway
Moving on a runway
Moving on a runway
Takeoff and flight
Takeoff and flight
Takeoff and flight
Takeoff and flight
Takeoff and flight
Takeoff and flight

Location

Direction

PSD

Grms

NRT
NRT
MMAHC
NRT
NRT
NRT
MMAHC
MMAHC
YUL
YUL
YUL
NRT
NRT
NRT
YYZ
YYZ
YYZ
YUL to YYZ
YUL to YYZ
YYZ to NRT
YYZ to NRT
YUL to YYZ
YYZ to NRT

→
↔
→
↔
↕
→
↕
↔
↕
→
↔
↕
↔
→
↕
→
↔
↕
↔
↕
→
→
↔

●
●
●●
●●
●●
●●
●
●
●
●●
●●
●●
●●
●
●●
●●
●●
●●
●
●●
●
●
●

0.024
0.016
0.060
0.049
0.046
0.038
0.037
0.033
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FIGURE 15. Power spectral density of the dolly conveyance at the
Montreal airport.

FIGURE 16. Power spectral density of truck transportation from
the Montreal Archaeology and History Complex to the Montreal
airport.

have a minimal impact on cultural objects, even though they
are generally strongly felt by the human body (Figure 26).
Following the conveyance by dolly, the manual handling involved in the process of loading and unloading from an aircraft, a truck, a pallet, etc., has a large impact (Figure 27).
Similarly, truck transportation has a large impact (Figure
28). Attention must be given to the fact that a relatively high

Grms was recorded for the movement that occurred within
the museum. It can be determined from the data that there is
a potential risk in the material handling process even though
no significant Gp occurs. The PSD data also show that the
level of vibration is noticeably higher in the vertical direction compared to other directions when a package is traveling, whereas no significant difference is found between the

50

•

S M I T H S O N I A N C O N T R I B U T I O N S T O M U S E U M C O N S E R VA T I O N

FIGURE 17. Power spectral density of moving within the facility of
the Montreal Archaeology and History Complex.

FIGURE 19. Power spectral density of the loading process onto the
aircraft at the Toronto airport.

FIGURE 18. Power spectral density of takeoff and flight from the
Toronto airport to the Narita airport.

FIGURE 20. Power spectral density of the unloading process from
the aircraft at the Narita airport.

directions of vibration during the material handling process.
The PSD had peak values in the range of 4–30 Hz in most
of the processes, although for truck transportation the peak
value is at approximately 2 Hz, which originates from the
air suspension of the truck. As a result of the measurements
and analyses, the characteristics of the vibration for every
process became clear, allowing us to predict their influence at
every stage of the operation. However, an evaluation of the
amount of accumulated fatigue, which depends on time and
vibration characteristics, still requires further study (Nakajima et al., 2007).

PSD values for conveyance by dolly and truck transportation may vary according to airport and traffic conditions.
Figures 29 and 30 show the measured set of data for transportation from Narita to the Domodedovo airport, which previously had the largest Gp value, along with an extremely large
Grms value of 0.631 at the Domodedovo airport. The Grms of
truck transportation in Domodedovo was much smaller than
the one in Narita.
Figure 31 shows the PSD of the conveyance by a dolly
that was equipped with a suspension to prevent vibration
risks, and it is clear that the PSD values decreased. However,
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FIGURE 21. Power spectral density of the loading process onto the
truck at the Narita airport.

FIGURE 23. Power spectral density of the loading process onto the
pallet at the Montreal airport.

FIGURE 22. Power spectral density of the unloading process from
the truck at the Tokyo National Museum.

FIGURE 24. Power spectral density of the resting state at the warehouse of the Tokyo National Museum.

the drawback is that these special dollies have a high cost,
and therefore, a decision-making process is required to decide whether they are justified for each transportation case.
Another challenge is to suppress the Grms value of truck
transportation, as discussed by Wada et al. (2010). A weight
of 4,000 kg was placed on the carrier to suppress the vibration of an 11-ton truck equipped with an air suspension system in order to transport an extremely fragile Buddha statue.
This measure reduced Gp, but the effect on the value of Grms
was contrary to what had been expected, as shown in Figures 32 to 35.

CONCLUSIONS
The strain to which the contents of a shipping crate are
subjected as a result of temperature and relative humidity
changes can be minimized by sealed packaging of the object.
It was confirmed that sealed packaging suppressed the occurrence of strain, limiting the yield strength to low levels, which
is understood to prevent the accumulation of fatigue. Consequently, the most effective measure to minimize the change in
strain of the cultural object is the reduction of temperature
changes within the crate.
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FIGURE 25. Power spectral density of the dolly conveyance during the whole transportation process.
Only the z component of the acceleration is shown in the diagram. The PSD values are all ranked at
the top level.

FIGURE 26. Power spectral density of the air transportation. The PSD values generated by the transportation by air are remarkably small.
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FIGURE 27. Power spectral density of loading and unloading from a truck during the whole transportation process. The thick red line shows the PSD curve of the dolly conveyance, and the thick
purple line represents the PSD during flight.

FIGURE 28. Power spectral density of the truck transportation during the whole transportation
process. The thick red line shows the PSD curve of the dolly conveyance, and the thick purple line
represents the PSD during flight.
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FIGURE 29. Comparison of the power spectral density of dolly conveyances during the shipment of the return trip from the Domodedovo airport to the Narita airport on 25 July 2008.

FIGURE 31. Power spectral density of a normal dolly conveyance
during the shipment of the outward trip at the Narita airport on 14
March 2007 and a special dolly conveyance during the shipment of
the return trip at the Narita airport on 20 June 2007.

FIGURE 30. Comparison of power spectral density of truck transportation during the shipment of the return trip from the Domodedovo airport to the Narita airport in 25 July 2008.

FIGURE 32. Peak acceleration of truck transportation without
weight on 11 November 2008.

In addition, the Gp, PSD, and Grms values could be effectively used in assessing the vibration impact of each process. As a whole, higher accelerations were observed during
the loading and unloading of the crate, which usually takes
10 minutes. It was also found that the vibration acceleration
that occurs during conveyance by a dolly in aircraft parking
apron areas is remarkably larger than that of other processes.
Because this process is indispensable for air transportation
and the vibration level cannot be controlled, extra attention

must be given to the packaging to cope with this risk. On
the other hand, the minimal vibration that occurs during air
transportation has the lowest vibration risks, an important
point since the amount of flight time is probably the highest in the entire transportation process. Finally, the impacts
of truck transportation and the manual handling involved in
loading and unloading from a truck, an aircraft, and a pallet
are large, and the movement within a museum can generate
the same level of impact as manual handling in some cases.
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FIGURE 33. Peak acceleration of truck transportation with a 4,000
kg weight on 21 March 2009.
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FIGURE 35. Root-mean-square value of acceleration of truck transportation with a 4,000 kg weight on 21 March 2009.
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was provided by Sunstar Engineering Inc. (Takatsuki, Japan;
http://www.sunstar-engineering.com).
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These findings should be taken into consideration during
crate design, and the airfreight forwarder should be informed
as well. Future work will address a more effective assessment
of transportation quality by analyzing the accumulation of
fatigue caused by vibration.
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Low-Energy Museum Storage
Poul Klenz Larsen1* and Morten Ryhl-Svendsen2

ABSTRACT. The energy needed for climate control in a museum storage building can be greatly
reduced by allowing a moderate annual temperature cycle. The energy saving is achieved partly by
abandoning heating or cooling and partly by a less strict humidity control. Temperature moderation
can be provided by the building itself. The proposed system is a highly thermally insulated building
envelope with an uninsulated floor directly on the ground. The inside temperature is allowed to vary
freely, buffered by the large heat store of the ground. Such a structure will completely even out the
daily temperature variation and reduce the annual temperature amplitude to about half the average outside cycle. In a northern European temperate climate, the inside temperature will span less
than 10°C. The relative humidity is buffered by hygroscopic materials or controlled by mechanical
dehumidification. This climate control strategy relies on an almost airtight building with an air exchange rate of less than one air change per day and consumes annually as little as 1 kWh per cubic
meter space. Relative humidity is easily controlled within the 40%–60% range, which is acceptable
for most materials and conforms to all standards. Mechanical failure caused by this temperature
variation is unlikely for most objects. However, some standards propose contradictory temperature
limits. The reason might be due to recommendations that are intended for both storage and exhibition spaces, whereas temperature constancy is mainly for the benefit of human comfort and should
be implemented only in permanently occupied buildings.

INTRODUCTION

1
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This paper presents a generic model for museum and archive storage with very
low energy consumption. The principle is being applied in two different locations,
Ribe, Denmark, and Washington, D.C., but is suitable for any temperate climate
zone. The main difference between this simple approach to climate control and conventional air conditioning is that the inside temperature is allowed to follow the
outside annual cycle. The humidity control takes advantage of the weather pattern
and combines humidity buffering with either winter heating or summer dehumidification. The building structure is designed to provide moderate variations in temperature and relative humidity, which calls for unusual but less expensive solutions.
Orthodox air conditioning is not needed, as the described climate control system is
simple to install and cheap to operate. The simplicity of the mechanical equipment
affords better security against climatic failure than highly sophisticated machinery.
Unfortunately, the most influential environmental advice for museums is incompatible with the most economical climate control system. The latest version of the
former British Standard 5454, now a “published document” (PD 5454), recommends 13°C–20°C for mixed archives (British Standards Institution [BSI], 2012),
and the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) guidelines for museums, galleries, archives, and libraries suggest
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15°C–25°C for class A control (ASHRAE, 2015). This temperature range was also adopted by the joint declaration by
the International Institute for Conservation of Historic and
Artistic Works (IIC) and International Council of Museums–
Committee for Conservation on environmental guidelines
(IIC, 2014). However, the lower limit, 13°C–15°C, cannot
be maintained by buildings that follow the annual average
temperature.
If the standards are rigidly imposed, these limits will
prevent the implementation of the simplest and cheapest
temperature control in museum and archive storage. However, scientific studies of the degradation of materials provide
slender evidence that these temperature ranges are justified.
Broader impacts can affect historic structures where upgrading may be restricted.

CONSERVATION CONSIDERATIONS
Chemical Degradation
A large number of reactions leading to the decay of museum objects belong in the general category called hydrolysis:
the addition of water to a polymer, resulting in the breaking
of the polymer chain molecule. The rate of decay increases exponentially with rising temperatures. The water required for
the hydrolysis reactions is provided by the relative humidity
(RH), and its potential to engage in chemical r eactions—the
so-called water activity—is directly proportional to the RH.
The effects of temperature and relative humidity were
elegantly combined by Sebera (1994) into curves of equal
degradation rate, which he called isoperms. The diagram in
Figure 1 shows the curves of equal degradation rate relative
to a constant climate at 20°C and 50% RH, which is set to 1.
It is evident that at a moderate relative humidity level, temperature is the dominant factor. Superimposed on the diagram are the climate ranges proposed by PD 5454 (BSI, 2012)
and by ASHRAE (2015) class A. The blue oval representing
a dehumidified indoor climate reflects the climate range in
the purpose-built, low-energy storage building in Ribe, which
will be described later. This store does not comply with the
recommendations, yet the chemical durability of the collection is better because of the lower winter temperature.
The Sebera diagram relates widely to organic reactions
but not to ionic and crystal rearrangement reactions, such as
phase transformations. These reactions are both temperature
and humidity sensitive in a way that depends on the individual chemical species. Furthermore, widespread inorganic
salts on the surface of objects will deliquesce at high relative
humidity, providing a thin surface film of aqueous solution,
which facilitates ionic corrosion reactions. The tendency of
separation of components, such as plasticizers, increases at
low temperature (Shashoua, 2008), but their diffusion rate
also diminishes, so cooling usually favors durability. The

FIGURE 1. The Sebera isoperm diagram showing curves of equal
chemical reaction rate relative to the rate at 20°C and 50% RH.
The relative reaction rate is marked on each curve. The curves are
calculated for an activation energy of 100 kJ. The preservative effect
of low temperature is evident, but low relative humidity only really
gives improved durability when it is very low, at a value that would
cause serious mechanical stresses to the many laminated and jointed
hygroscopic objects in museum collections. The climate envelopes
for PD 5454 (BSI, 2012) and ASHRAE (2015) class A and two low-
energy climate-control principles are superimposed on the diagram.

history of good preservation of movie film in cold storage
demonstrates this.

Mechanical Degradation
Mechanical damage caused by too high or too low temperature is a source of worry for many conservators. A variety
of materials have the capability of losing flexibility, that is, an
increase in rigidness, when temperature decreases. Therefore,
for objects made of very soft materials, such as wax or grease,
storing at a cool temperature is critical for their conservation.
This avoids deformation, which might otherwise occur on a
warm summer day. Similarly, in cool conditions, dust will be
less adherent to the surface of the materials, and soiling will
be minimized.
For polymeric materials, the transition to the glassy state
occurs at different temperatures for different materials. Below
this so-called glass transition temperature (Tg), the material becomes more brittle and will crack more easily than at a higher
temperature. However, cold storage is still recommended for
the optimal conservation of most plastic objects, regardless of
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the risk of rigidness, as the gain in chemical stability far outweighs the physical disadvantages (Shashoua, 2008).
It must be emphasized that damage following the increased stiffness at decreasing temperature is only a problem
in combination with physical impacts (sudden shock, rough
handling, etc.). There is no mechanical implication for objects that are simply stored at cool temperatures, even well
below their glass transition temperature. Delamination issues
when materials with different dimensional change upon cooling react with each other become a real problem only well
below 0°C.
Paints are among the materials that are susceptible to
damage at low temperature, especially when adhered to a
support, such as canvas, which allows flexing by physical impact. For oil paint, Tg is below 0°C. For acrylic paints, Tg is
typically between 5°C and 10°C (Michalski, 1991; Mecklenburg, 2007).
For a large, mixed collection, there will always be a few
objects with special climate requirements that are not fulfilled
by the conditions maintained in a general storage environment. Most often, these materials require a relative humidity diverging from normal room conditions (e.g., rusty iron,
which must be kept very dry). Acrylic paint with zinc white
is another such material; it becomes very stiff and delaminates easily at low temperature, as reported by Mecklenburg
(2007). For such particularly fragile objects, alternative storage solutions must be found if, for example, the general storage conditions allow for a winter temperature below Tg of
a component. Still, temperature has little significance with
regard to mechanical damage to such objects during normal
and professional handling of the general collection.

Biological Degradation
Biological activity is mainly controlled by keeping relative humidity below about 60%. This level will prevent
breeding of most insects and germination of most species of
mold. An additional benefit of a cold environment is the inactivity of most insects at temperatures below about 10°C.
The development of mold and fungus is also prevented by
low temperatures.

TEMPERATURE CONTROL
Our starting point is typical northern European weather.
There are two superimposed cycles: the annual cycle, which
ranges from an average of −5°C in winter to 20°C in summer,
and the daily cycle, which may span over 15°C. There are
two ways to moderate the daily cycle inside a building. One
is to increase the heat capacity of the wall. This does not impede heat flow, but concrete or brick absorbs heat, so it does
not reach the inner space. High thermal mass is advocated
in the standards and guidelines for museum storage, notably
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PD 5454 (BSI, 2012). However, it is not necessary because
the same damping of the daily cycle can be attained by lightweight thermal insulation. The difference is that the heat flow
into the wall is much smaller, and less heat is absorbed by
the structure. Dampening the annual cycle by absorbing the
heat flow in the same way as for the daily cycle would require
much thicker walls, of about 4 m. The necessary thickness of
an insulated wall could be reduced, depending on the heat capacity of the stored collection. A cheaper solution combines
thermal inertia with insulation, using the ground beneath the
building as a heat store, combined with thermal insulation
of the superstructure (Bøhm and Ryhl-Svendsen, 2011; Ryhl-
Svendsen et al., 2011).
The museum storage building in Ribe has insulated walls
and ceiling but an uninsulated floor, placed directly on the
ground. Its floor dimension is 24 × 45 m, and the undivided
interior space is 6.3 m high. It was described in detail by Ryhl-
Svendsen et al. (2011, 2012a), and a detail from the storage
hall can be seen in Figure 2. The measured temperature inside and outside the building is shown in Figure 3. The 8°C
annual temperature cycle amplitude is an easily attainable
moderation of the outside temperature. One could achieve
a smaller amplitude, but that would make humidity control
more expensive, as discussed later. The floor functions as an
effective cooling surface in summer, but the temperature difference between the floor and ceiling is rarely more than 2°C,
corresponding to a 6% difference in relative humidity. There
is no need to insulate the area beneath the perimeter of the
building. The edge effects are small, and after a few years of
operation, the ground beneath the building becomes, thermally, part of the building (Figure 4).

RELATIVE HUMIDITY CONTROL
Dehumidification
The relative humidity arising from the diminished annual temperature cycle acting on the slowly infiltrating air
will be moderate in winter because of the higher than ambient temperature. At the Ribe storage site, the temperature
buffering from the ground gives a winter temperature sufficiently above ambient temperature that it holds the relative
humidity above 45% (Figure 5). The water vapor concentration balance is almost even during the period from December
to March. However, during the summer, dehumidification is
necessary because the indoor temperature is well below the
ambient one, so the relative humidity would rise to 100%
with no intervention. The relative humidity could be reduced
by allowing more direct solar heating of the building through
the roof. But the advantage of maintaining a lower temperature is improved collection durability, and a better use of
solar energy is running the dehumidifiers, rather than direct
heating (Ryhl-Svendsen et al., 2013). As shown in Figure 5,
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FIGURE 3. The temperatures measured in the Ribe storage building. The inside temperature cycle is reduced to an 8°C amplitude by
temperature buffering from the floor. The graph also shows the very
small variation in temperature with height inside the storage room.
The filled trace shows the maximum temperature difference within
the building. Even in summer, when warm air would be expected to
accumulate at the ceiling, there is less than 3°C temperature difference between the floor and the ceiling 6 m above. The gray trace is
the outside temperature.

FIGURE 2. A section of the compact shelving inside the Ribe storage building. The height is about 6 m. Objects made from wood,
textile, cardboard, and other hygroscopic materials are present in
large quantities.

the dehumidifiers use energy almost only in summer, when
solar power is abundant. If a building is airtight, the dehumidification load is very small, and sufficient power can
be provided by solar voltaic panels on the roof (see Energy
Considerations).

Humidity Buffering
Hygroscopic materials absorb and release water vapor as
the ambient relative humidity changes. The relative humidity
can be moderated by an abundance of hygroscopic materials
within a confined space. Humidity buffering has long been
used in small enclosures such as showcases and transport
crates. The same principle can be applied to an entire building, provided the air infiltration rate is low. It is also important
that the buffer be cheap and easily accessible because of the

FIGURE 4. The temperature distribution under the uninsulated
floor at the center of the Ribe storage building after several years,
compared with the temperature at various depths as well as of the
surface of the nearby open field.

large quantities needed. Fortunately, many museum storage
sites contain so much cellulosic material, as paper records and
cardboard containers, that the collection itself may provide
sufficient humidity buffering. Otherwise, clay plaster or a wall
lining of unfired brick will offer the same effect.
Padfield and Jensen (2011) studied the quantification of
this effect in a dynamic situation. In that study, the sorption
of water vapor by a test surface was continuously measured
during a regular relative humidity cycle. The vapor absorbed
by 1 m2 of exposed surface on the upward swing of the relative
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FIGURE 5. Climate data acquired at the Ribe storage site. The
relative humidity is kept close to the 50% target by only dehumidification. In winter, the relative humidity dips below this value; in
summer it rises above it because of the slightly underdimensioned dehumidifier. The energy consumption for dehumidification is shown
below in the diagram.

humidity was recalculated to the equivalent volume of space,
which will experience the same change in relative humidity
with the same injection of water vapor as that taken up by the
absorbent material. This equivalent volume will depend on the
time required for a relative humidity cycle because of the slow
diffusion within the material. A textured clay wall plaster, for
example, has a buffer value (B value) of about 100 for a four-
day cycle of relative humidity. This means that 1 m2 of wall has
a sorptive capacity similar to 100 m3 of space. When all the absorbent surface B values are summed up this way, the building
will have a virtual volume many times its actual volume. This
number is then divided by the actual room volume. For museum storage, with mostly metal objects and little absorbent
material, this “virtual volume ratio” may be about 10 or lower.
A building such as the Ribe storage, containing a large number
of hygroscopic objects and wall lining, could have a virtual
volume ratio around 50. For an archive filled with paper, the
ratio can be on the order of several hundred to 1,000 times the
actual room volume.
A theoretical model of the course of the relative humidity at the Ribe storage site is shown in Figure 6. The model
shows several scenarios with increasing humidity buffer capacity. What is important to note, however, is that no matter
the amount of buffer available, the relative humidity increases
with time toward the average value outside, which in Denmark
is near 80%. For this reason dehumidification is necessary.
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FIGURE 6. A theoretical model of the course of the relative humidity at the Ribe storage site, starting from an arbitrary 50% RH.
The trace marked B=1 shows the RH in a space with no moisture-
absorbent materials (inert room), given an air exchange rate of 0.03
per hour. It reaches 100% in summer when the outside air is warmer
than inside. The other traces show the moderating effect of humidity
buffer capacity illustrated by an increasing virtual room ratio (B).
Note the general upward trend of RH with time, indicating the need
for dehumidification.

as the ground below the building gradually equilibrates over
several years to the higher average indoor temperature. However, the temperature will remain quite moderate; for example, in Denmark it will always be below ~22°C. The relative
humidity will stabilize at an average value around 55% with
an annual cycle, which depends on the humidity buffer value.
A virtual volume ratio over 50 is needed to avoid a disturbingly high relative humidity in summer, when the outside temperature is often higher than inside. A virtual volume
ratio of 1,000 is achievable in storage areas containing paper
and cardboard boxes filled to capacity. This gives a very stable relative humidity, with an annual cycle within a 5% envelope, better than can usually be achieved by air conditioning
and well within all museum standards. The relative humidity
need not be measured constantly and is never directly controlled. The winter heating alone defines the annual average
relative humidity. Thermostats are more reliable than relative
humidity sensors and the associated computer-controlled air
conditioning. We call this method of climate control “buffered conservation heating” by analogy with the gentle winter
heating used to keep moderate relative humidity in historic
buildings that are closed in winter (see also Figure 1).

Buffered Conservation Heating

VENTILATION AND AIR QUALITY

If a low winter temperature is not acceptable, climate
control can be achieved by moderate winter heating. This
periodic heating will also increase the summer temperature,

Museum storage sites and archives are not intended for
permanent occupation by people. Workshops and offices
should never be located together with the collections. There
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is little need for ventilation to provide for human health and
comfort in a storage building. The intake of outside air should
be limited as much as possible to keep away external pollutants and to minimize climatic disturbance. The Ribe storage
site has an air exchange rate of 0.03 room volume per hour
throughout the year. The outside air mainly enters through
the door when objects are moved in and out. There is no
mechanical air intake, and the building is very airtight. The
outgassing of components from the collection or from the
building itself may reach high concentrations due to the low
ventilation rate. It is partly prevented by the proper choice of
inert materials and finishes for the building and the storage
shelving. Wooden construction materials should be avoided
because of the emission of corrosive volatile compounds, especially acetic acid. However, the collection itself may be another source of contaminants, and these can be removed by
air filtration through a recirculating system. In addition, some
interior finishes, such as the clay material previously mentioned with regard to humidity buffering, also provide some
control by passive sorption of pollutants (Ryhl-Svendsen and
Clausen, 2009; Ryhl-Svendsen, 2011). Measurements in the
Ribe storage building and other Danish low-energy museum
storage sites have revealed lower than expected concentrations of indoor pollutants. We attribute this to the mostly
cool temperature inside those buildings, which slows down
the off-gassing from materials, yet another benefit of maintaining an unheated environment. The museum guidelines
and standards are usually vague on advice about safe levels
for indoor air pollutants. Especially for paper-based collections, the cost and effort of air filtration have been questioned
from a cost-benefit perspective (Di Pietro et al., 2016). The
issues related to air quality control in low-energy buildings
still pose many unanswered questions.
A special problem exists for collections that have previously been treated with organic insecticides. They must be
cleaned before they are stored at a low ventilation rate in
order to minimize the potential reevaporation of insecticides
into the air. In such cases, health regulations may require constant ventilation, which will make low-energy storage impossible. This is a problem that poses big challenges and deserves
attention in future research and innovation.

ENERGY CONSIDERATIONS
The energy used by heating to moderate the relative humidity depends on the heat transmission through the walls
and ceiling of the building. The heat loss to the ground will
diminish as the years pass. The energy used by dehumidification depends entirely on the humidity of the outdoor air and
the air exchange rate, which can be reduced to below one air
change per day in modern buildings with simple geometry.
The power consumed by the Ribe storage site dehumidification is 1.5 kWh per year for each cubic meter of storage space.

FIGURE 7. The link between the chemical reaction rate within a
storage environment and the energy used for climate control. The reaction rate is normalized to that of 20°C and 50% RH, following the
approach of Sebera (1994). All data points refer to places described
in Ryhl-Svendsen et al. (2012a) and are comparable in the sense that
they are located above ground in a Danish temperate climate but differ in the construction of the building envelope and climate control
systems. The point next to the asterisk (*) is the Ribe storage site.
Green data points represent unheated and dehumidified buildings.
Blue points are conservation heated in winter, and red points are
buildings with various degrees of air conditioning. The white point
shows the reaction rate for unheated outdoor air, conditioned to
50% RH, assuming complete airtightness of a building.

Other Danish storage facilities perform even better. The energy consumption of several storage buildings in Denmark is
shown in Figure 7 and compared to conservation quality in
terms of chemical reaction rate (Ryhl-Svendsen et al., 2012a).
There is a correlation between low energy consumption and
good preservation, as predicted by the Sebera diagram. The
linked reduction in cost and improvement in object durability is mainly attributable to allowing an annual variation in
temperature.
The principles of low-
energy climate control do not
need a constant feed of energy. The buildings will cruise
over temporary interruptions in supply without noticeable deterioration in their interior conditions. This makes
them ideally suited to solar energy or wind power, which
is naturally variable. In the case of a building the size of
the Ribe storage site, having about 5% of the roof covered
with solar panels will provide the necessary energy for dehumidification, which is mostly needed in summer (Ryhl-
Svendsen et al., 2011, 2013). A small wind turbine will give
enough power for conservation heating in winter. This gives

number 10

an opportunity to run a museum storage site or an archive
entirely without external energy supply.

A STORAGE BUILDING MODEL:
WASHINGTON, D.C.
The outside climate defines the inside climate of a building. This fact must be considered when the model is applied to
a location with a natural climate different from that in Denmark. There are two ways to predict the inside climate and
the need for supplementary climate control. One is by computer modeling of the building’s hygrothermal performance,
as presented in Figure 6 for the Ribe storage building. Previously, we demonstrated a similar model for a storage building in Canberra, Australia (Ryhl-Svendsen et al., 2012b). A
simpler approach is by considering the monthly average of
the outdoor climate. An example from Washington, D.C., is
given in Figure 8 (EnergyPlus, 2016). The monthly average
temperature ranges from 1°C in winter to 27°C in summer.
The daily maximum and minimum temperatures can be far
different from these values, but these extremes will not affect the interior conditions. The minimum and maximum
temperatures inside a storage building, similar to that in the
Ribe facility, are determined by reducing the amplitude of the
outside average cycle by half. This will give an annual temperature span of 13°C, ranging from 9°C in winter to 22°C

FIGURE 8. The predicted climate inside a Ribe-type store when located in Washington, D.C. The statistic climate data for the monthly
average of the outside temperature and humidity is shown in black
(EnergyPlus, 2016). The temperature-buffered store is marked in
red, and the humidity-buffered store is marked in green.
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in summer. The temperature is offset by 2°C from the annual
average because of the heat gain from the sun and internal
loads such as electric light.
The resulting average indoor relative humidity for each
month is calculated with this new temperature, assuming the
same moisture content of the air as for outdoors. In Figure 8,
this is shown graphically by the dew point lines. Without any
control, the relative humidity will be in the range of 30%–
90%. With a good humidity buffer, it will be possible to keep
the relative humidity between 50% and 80%. Dehumidification is needed to keep the relative humidity below 60%, but
only from May to October. As for the case of the Ribe building, it can be powered entirely by photovoltaic elements on
the roof of the building. Such a museum storage or archive
will work with little energy consumption and is therefore
quite safe and sustainable. It will also be resilient to global
climate change, but the temperature and humidity levels may
be slightly altered according to the ambient conditions.

CONCLUSIONS
We presented an alternative way of building museum
storage to minimize energy cost and mechanical complexity
without compromising the longevity of the collection, as expressed by the relative rate of organic hydrolysis reactions,
risk of physical damage, or biological attack. The essential
change from previous practice is to allow an annual cycle
of temperature that exceeds the limits given by most recommendations. The amplitude of this cycle is limited by using a
highly insulated building envelope and an uninsulated floor
as a heat store. The relatively high winter temperature then
gives a moderate relative humidity without mechanical aid.
During the summer, dehumidification is needed in humid
temperate climates such as northern Europe that have a high
relative humidity throughout the year. For collections that
cannot endure low temperature, buffered conservation heating can be used to moderate the relative humidity. A large
humidity buffer capacity is then needed to hold down the
increase in summer relative humidity. In drier locations humidity buffering by the building or the collection will keep
the relative humidity moderate all year.
In northern Europe, the typical temperature cycle for an
unheated but dehumidified store will be 8°C to 16°C; for a
winter-heated store, it will be 14°C to 23°C. In other parts of
the world with a temperate climate, for example, Washington,
D.C., the temperature will be different but still acceptable for
most objects. Neither of these temperature ranges conforms
to PD 5454 or ASHRAE class A. At present, the limits are set
at apparently arbitrary, precautionary numbers, without consideration for the energy cost and the complexity of the air
conditioning. There is no doubt that the temperature variation, which we advocate, touches upon or passes through the
theoretical phase changes of some materials found in mixed
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collections. However, does preventing the possibility of phase
change warrant the tenfold penalty in energy costs and the
considerable complexity of air conditioning?
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The Role of Micromechanics in the
Epidemiology of Climate-Induced Damage
Michał Łukomski,1* James Druzik,1 Vincent Beltran,1
Ashley Freeman,1 Foekje Boersma,2 and Joel Taylor1

ABSTRACT. Environmental standards for cultural heritage collections have become one of heritage
conservation’s most discussed and controversial topics in recent years. Although not universally accepted, there has been growing agreement that museum collections can sustain greater variations in
relative humidity and temperature than previously recommended.
However, broadening the variations in indoor climate has to be informed by a sound understanding of the way change affects real objects. This paper explores how epidemiology can be applied to cultural heritage to better understand the presence, or absence, of climate-induced damage,
using statistical data of variable quality and credibility. The main focus of this paper is the application of micro-and nanoengineering techniques to better understand the mechanical properties of
cultural materials and their interaction. Application of such techniques opens a new perspective
for characterizing submillimeter samples taken from real works of art. Systematic measurements
of acrylic paint samples at the micro-and nanoscales were performed to evaluate the influence of
sample size, compliance of the embedding resin (edge effect), and sample polishing and cleaning
procedures on the sample. Mechanical parameters such as reduced modulus and hardness were
obtained for paint cross sections and compared with results obtained with nonembedded material.
Those tests clearly demonstrate the feasibility for the routine application of micro-and nanoindentation techniques to characterize preexisting cross-sectional samples of historic paints, binding media,
and polymer coatings and films and, consequently, improve our understanding of risk of damage
caused by unstable climatic conditions for real works of art.
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Reviewing environmental standards for display or storage of cultural heritage collections has been much debated in the past decade. The foundation of this
debate is well illustrated by the transcriptions of two roundtables of the International Institute for Conservation of Historic and Artistic Works (IIC): “Climate
Change and Museum Collections” (IIC, 2008) and “The Plus/Minus Dilemma:
The Way Forward in Environmental Guidelines” (IIC, 2010). Both generally conclude that managing indoor environments in a responsible manner, especially in
terms of reducing energy consumption and carbon emissions, is a necessity in a
world facing climate and energy threats. The fact that broadening the acceptable
range of climate fluctuations can help reduce energy consumption and make museums more sustainable was thoroughly discussed and practically demonstrated
(Artigas, 2007; Łukomski et al., 2013). Also, the growing debate that museum collections can sustain greater variations in relative humidity (RH) and temperature
(T) than previously recommended was reflected in the Bizot Green Protocol (Bizot
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Group, 2015) and the joint IIC and International Council
of Museums–Committee for Conservation (ICOM-CC) declaration (IIC and ICOM-CC, 2014). Both documents underline, however, the difficulties in developing strategies for
optimum protection of museum collections, resulting from
insufficient knowledge of how environmental conditions
influence real objects. Elucidating damage mechanisms and
determining environmental conditions that cause damage
are therefore essential for defining long-term strategies for
the preservation of collections.
Because of the great importance of the issue for the
whole museum community, the problem has been addressed
by numerous national and international research projects
(e.g., Friendly Heating, Noah’s Ark, and Climate4Wood).
This work has resulted in a range of publications and reports
describing the presence, or absence, of climate-induced damage for particular objects, groups of objects, or whole collections. The amount of existing information is extensive, but to
help develop general recommendations for collections, these
observations need to be interpreted using sound methodologies capable of dealing with statistical data of variable quality
and credibility.
In this paper, we present how the extent and variability
of existing information make it possible to use an epidemiological approach to develop rational guidelines for collection
environments. However, unknown or limited information
about the quality of evidence and the lack of sound information about the mechanical properties of historic materials
are the critical gaps, which can limit the effective application
of an epidemiological methodology. Both can be addressed
by laboratory studies. The possibility of routine mechanical
characterization of historic materials using the nanoindentation technique will be discussed in detail.

In epidemiology, the quality of evidence is very important:
how strong is an association, and does it rise to the level of
convincing causation? The standard model for ranking the
quality of evidence within epidemiology has favored some version of the pyramidal structure shown in Figure 1. It builds
from general background information up through basic study
designs into critically appraised articles; validated predictive
models, including web-based tools; and finally, systematic reviews, including metastudies. These all build upon the evidence
to demonstrate and, ultimately, prove causality. If the conservation field were to apply this epidemiological approach, more
systematic studies with a known quality of evidence would be
needed. This concept has been addressed in previous papers
(Koestler et al., 1994; Suenson-Taylor et al., 1999).
There have been several epidemiological studies in the
cultural heritage field. In an excellent example of a retrospective cohort study, a group of 34 deteriorated books from
the New York Public Library was compared with duplicates
supplied by other libraries from around the United States to
show the effects of urban air pollution on paper (Kimberly
and Emley, 1933). Similar, although less convincing, was an
approach applied to analyzing the relationship between heating energy and cumulative damage to painted wood in historic churches (Melin and Legner, 2014) and, recently, to a
wooden furniture collection (Ekelund et al., 2014). Suzanne
Keene’s assessment treatment study for archaeological iron
(1983–2003) follows an explicit epidemiological design employing survival probability and life tables (Keene, 1994).
The biggest challenge present in the above-mentioned
studies is related to the quality of recorded evidence with respect to sample statistics and accuracy of observations. Sampling quantities in epidemiology require some reasonable

EPIDEMIOLOGY
Epidemiology is a branch of medical science that deals
with the incidence, distribution, and control of disease in a
population. It has proven to be a very effective, and broadly
accepted, tool for population-
based health management,
enabling societies to assess the health states and needs of a
target population and implement and evaluate medical interventions. The effectiveness of epidemiology is based on rigorous methodology capable of providing sound results for a
group of very diverse members subjected to poorly defined or
unknown stresses.
Applied to cultural heritage, epidemiology can identify
how a physical condition or environmentally derived adverse
effect is distributed in museum collections (diverse objects
with often unknown history). Thus, it may be used to develop
rational guidelines for collection environments by identifying safe indoor recommendations with respect to T and RH
fluctuations.

FIGURE 1. Pyramidal structure ranking the quality of evidence
within an epidemiological study in cultural heritage research.
Adapted from Hugel (2013).
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estimate of the results for what is to be measured in advance.
Estimation of a sample size for studies based on the comparison of groups of objects exposed to different conditions
requires one to predefine five conditions (Gordis, 2014). The
first condition ensures that one must be able to estimate the
difference in the response rates of the groups that are being
measured, whereas the second condition ensures that an
estimate of one of the groups is possible. After those two
conditions are fulfilled, then one should be able to specify
the appropriate level of statistical significance. In the third
condition, the α or p value is set to 0.05, meaning that there
is only a 1 in 20 chance that the two comparison groups do
not statistically represent the populations from which they
are drawn. This condition also reduces the probability for
making a type I error, that is, missing a statistically valid
result predicted by the hypothesis being tested. The fourth
condition, 1 − β, sets the mark high for avoiding a type II
error, that is, deriving a false-
positive result or thinking
that a benefit exists when it really does not. The fifth condition tests equally for both positive and negative effects,
that is, whether a one-sided or two-sided test is going to be
performed.
With the use of standard commercial and publicly available computational techniques, it is possible to evaluate the
appropriate sample size, as represented in Figure 2 using
OpenEpi software (Dean et al., 2013). It is assumed that
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one cohort group of wooden objects will serve as the control
(50% ± 5% RH) and the other is allowed to vary through
the largest possible ranges of observable change, plotted as a
percentage of the group. This might correspond to a similar
range of RH variation. It is also assumed that there is adequate time for full response by all hygroscopic objects. The
statistical value for α, or the more commonly known p value,
was set to 0.05. The power, 1 − β, was set to 0.80, and we
tested for two-sidedness. Results presented in Figure 2 show
that, keeping the control group unchanged, if only 1% of the
collection were to show a measurable adverse effect, the number of samples in each group would have to be in the thousands, which is practically impossible to analyze. But as the
response difference between the two groups grew larger (as
the noncontrol group was exposed to a more extreme condition), the number of required samples per group (to meet our
statistical criteria) grew smaller. Our calculations were based
upon the percentage of expected collection response and not
the percent RH fluctuation, but they share a similarity in their
numerical values. The primary x axis in Figure 2 is the percentage of exposed collection with a measurable change, but
a secondary axis was added at the top representing the difference in RH fluctuation extremes between the collections to
make the important point that sample numbers drop quickly
as the percentage of the collection with measurable adverse
effects increased.

FIGURE 2. Number of samples necessary to perform rigorous epidemiological analysis
calculated with OpenEpi: 1 − α = 0.95, 1 − β = 0.80, two-sided. DIC = Digital Image
Correlation.
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There are ways to reduce sample size. One can make the
exposure fluctuations more extreme or decide to populate
cohorts with a skewed distribution of those objects thought
to represent the most sensitive categories. However, if these
two ways are not feasible, then the sensitivity of the assessment technology must be increased to reduce the sample size.
Some measuring techniques are listed in Figure 2. Visual observation and ranking are the least sensitive. Simple handheld measurements are a little more precise, followed by
conventional photography, computational imaging, and then
the most powerful tools of acoustic emission, thermography,
and laser speckle interferometry. Combining techniques can
increase detection limits to the degree that they each provide unique information. This leads to the conclusion that
to be effective, an epidemiological study for a collection of
cultural heritage objects requires recording physical features
at a high level of accuracy and the precision to reproducibly
detect small-scale changes. Within the frame of the Managing Collection Environments Initiative, a research and education program of the Getty Conservation Institute, a pilot
study is being conducted to determine the optimum level of
precision, from an epidemiological point of view, in documenting the preservation state of objects (Getty Conservation I nstitute, 2014).
This study combines the application of acoustic emission (AE) monitoring with physical measurements and photographic documentation of various historic, nonmuseum
wooden objects subjected to well-controlled environmental
stresses. AE has already proven to be an effective nondestructive method of tracing fracture intensity in wooden cultural
objects, where stress has been induced by variations in T and
RH. A proper, quantitative calibration of sensors and an anticorrelation measuring scheme to reduce environmental noise
allow AE systems to trace microdamage development in historic objects (Strojecki et al., 2014). Complementary to AE
monitoring, measurements of dimensions and crack width
and photographic documentation of cracks and paint flaws
are carried out. The goal of our pilot study is to establish
the reliability and reproducibility of these different methods (with different precisions and accuracies) in recording
climate-induced condition changes. This study will contribute to developing protocols that could be applied by institutions in monitoring the preservation state of their collections
at the level required by epidemiological methodology.
Although epidemiology is often viewed as a set of statistical tools used to elucidate the associations of exposures
to outcomes, a deeper understanding of this methodology is
that of discovering causal relationships. Correlation is a necessary but not sufficient criterion for inference of causation.
Therefore, when using epidemiological methodology to establish conditions leading to physical damage, it is crucial to
understand the mechanical properties of materials and their
interactions. This task, easy in many design and engineering applications, poses challenges that are very difficult to

overcome in the cultural heritage field and requires undertaking extraordinary measures.

MECHANICAL CHARACTERIZATION
OF ARTISTIC MATERIALS
Conventional methods for measuring the mechanical properties of a material require the destruction of large
samples. A typical tensile test specimen for paint and coating research has a width of 1 cm and a length of 10 cm and
must be uniform in thickness, whereas samples on the order
of several millimeters in length, again with uniform thickness, are suitable for various thermomechanical instrumentations. However, obtaining such samples of historic material
in a quantity sufficient for characterizing a range of paint
types and the distribution of the aging factor across time is
practically impossible. As a result, samples mimicking historic materials (mock-ups of similar composition and manufacture technology) and subjected to accelerated aging at
elevated temperature and humidity are generally used to approximate the physical properties of naturally aged artists’
materials. Nonetheless, recommendations for exhibition and
storage conditions based on the analysis of mock-up samples
are often questioned in relation to artificial aging (which does
not reflect the complexity of physical and chemical processes)
and prepared mock-ups (which do not always mimic the precise composition of the artist’s materials).
The use of small-scale engineering techniques, such as
micro-and nanoindentation, provide an alternative means
of mechanical properties characterization that is suitable
for the direct examination of historic samples at the submillimeter scale. Developed in the mid-1970s, nanoindentation has become a well-established technique used for the
mechanical characterization of materials (Hay and Pharr,
2000; Van Landingham, 2003). It is particularly well suited
in industrial applications where the physical size of samples
is predominately small. Standard tests use a probe with a
well-defined geometry and are performed by applying, pausing, and then removing a predefined load to the sample. The
resulting force-displacement curve serves as the “mechanical fingerprint” of the material, from which quantitative
mechanical properties are determined, including the elastic
modulus, the elastic-
plastic energy ratio, creep, and storage and loss modulus (when measurements are performed
in dynamic mode). Furthermore, microscopic observation
of the probe imprints allows one to determine the hardness
and fracture toughness of the sample. Although most successful for homogeneous, nonviscous media, this technique
can also provide useful information about a diverse range of
materials. Recently, nanoindentation has been successfully
applied in the characterization of historic painting materials,
demonstrating its capability of consistent measurements on
submillimeter cross-sectional paint samples (Salvant et al.,
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2011; Wright et al., 2014). These results signal the potential
of nanoindentation to mechanically characterize a wider set
of historic materials, which is essential for supporting and
furthering conservation practice and the development of predictive models.
In preventive conservation research, micro-and nanoindentation can address two significant gaps in knowledge: the
probabilistic distribution of mechanical properties across a
typical collection of a certain age, and the aging factor, which
alters the mechanical properties of different artists’ materials. However, preceding a systematic study of a collection
of historic materials, it is first necessary to evaluate how the
preparation of cross-
sectional samples may influence the
measured mechanical properties of the embedded material.
In this study, the mechanical properties of the same paint are
compared when nanoindentation is applied to two sample
preparations: a submillimeter cross section and a free film.

MATERIAL
The material selected for this study was titanium white
(TiO2) acrylic-based paint. Acrylic paints, which consist of
a latex binder and a variety of fillers, are a common medium for modern artists. Latex-based paints can be either
elastic or viscous, depending on pigment volume concentrations and environmental conditions. The frequent appearance of acrylic paints in collections makes it important
to characterize its mechanical properties as a function of
temperature and humidity. Thus, this class of material represents a challenging case study for mechanical properties
characterization.
Test samples were prepared using TiO2 acrylic-based
paint from Golden Artist Colors with a pigment volume concentration of 0.38 and a particle diameter of 300 nm (Hagan
et al., 2009). The free paint film was cast on Mylar in wells
defined by multiple layers of 3M Scotch tape. The wells were
filled with wet paint and brought level with the tape using a
glass slide, resulting in a wet film thickness of 0.46 mm; care
was taken to prevent bubbles from appearing in the material.
All castings were then dried uncovered in ambient laboratory
conditions for at least 30 days. The thickness of dry paint was
equal to 0.15 mm. The cross-sectional paint samples were
prepared by embedding submillimeter samples of the free
film in Technovit 2000 LC resin, which was then cured with
UV radiation for ~40 min. Afterward, samples were polished
using Micro-Mesh cloths (Scientific Instrument Services) with
particle sizes ranging from 30 to 2 μm.

APPARATUS
Nanoscale characterization of paint samples was conducted using an ultra nanoindentation tester from Anton Paar.
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This apparatus is capable of performing indentation with a
force up to 100 mN and a penetration depth up to 100 µm
with a nanoscale resolution and is fixed to a high stiffness
frame alongside a micro combi module (microindentation and
microscratch testing), an atomic force microscope (Nanosurf
Nanite B), and an optical microscope. A sample stage with
an XYZ stepping motor allows for automated positioning between the ultra nanoindentation tester and micro combi modules and the imaging units with accuracy sufficient to locate
individual indents. The frame and stage are also attached to a
vibration-isolating table to lessen the influence from vibration
and noise. The overall system (frame with modules, stage, and
table) is installed within a climatic chamber that enables analysis in a range of temperature and relative humidity conditions and reduces thermal drift during extended experiments.
All presented results were obtained using a diamond Berkovich tip for which reference measurements were performed on
a silica standard at 50% RH and 22°C.
The analysis of load-displacement data for each individual indentation process establishes a set of mechanical
parameters for the material. Three distinguishing parameters
of the loading-unloading curve are the maximum load, the
maximum displacement, and the elastic unloading stiffness,
which allows one to define the hardness and elastic modulus
of the sample. The hardness (H) is defined by the ratio of the
maximum load (Pmax) to the projected contact area (A) made
in the test material by the indenter:
H=

Pmax
,
A

where the projected area is directly related to the maximum
depth of indentation (Fischer-
Cripps, 2009). The reduced
elastic modulus (Er) can be calculated on the basis of the
unloading curve using the Oliver-Pharr method (Oliver and
Pharr, 1992). The obtained Er value is related to Young’s
modulus (E) and Poisson’s ratio (ν) of the tested material and
the indenter itself (indicated by the subscript i) as follows:
2

1 1 − o2 1 − oi
.
=
+
Er
E
Ei

Since Young’s modulus of the indenter (frame and diamond
tip) is several orders of magnitude higher than that of the
tested material, it is possible to omit the last term in the above
equation, simplifying the equation to the following:
Er = E / (1 − o 2).

Poisson’s ratio for the TiO2 acrylic-based paint was not measured in this study. Other authors report values between 0.35
and 0.5 (Hagan et al., 2011), but to avoid choosing an arbitrary value from this range, the reduced modulus rather than
Young’s modulus (dependent on Poisson’s ratio) was reported
when discussing the experimental results. Analysis of the indentation loading-unloading curve also allows assessing the
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relative change in the indentation depth when under constant
load (CIT). This measure provides information about the
creep properties of the test material.

EXPERIMENTAL PROCEDURE
An important step in the study design was the selection
and optimization of the measurement protocol. The indentation schema allows for the control of load, displacement,
delay time, and cycling. When characterizing material properties, the load control measurement schema is the most
common. This schema, however, does not allow for precise
control of the maximum indentation depth and, in the case
of very shallow indents, may lead to systematic error due to
the size effect (Han et al., 2016). An alternative approach
is to control displacement, but the pronounced stress relaxation exhibited by both Technovit 2000 LC resin and TiO2
acrylic-based paint when deformed may lead to imprecise
results. The problem is that relaxation at a constant penetration depth leads to a significant reduction of force exerted by
the indenter on the material surface and, as a consequence,
only a very short retraction curve is available for stiffness
calculation.
Specification of the experimental parameters was based
on a series of tests performed on embedded paint and free-
film paint samples. Since the experiments sought to compare
the mechanical properties of different material types, rather
than establishing absolute values, the main criterion of the indentation scheme was that the results obtained would be only
weakly dependent on the initial parameter values. It is critical
to carefully choose the suite of parameters that results in an

FIGURE 3. Schematic representation of the indentation-controlled
procedure. A detailed description is provided in the text.

appropriate maximum indentation depth (hmax), although this
is made difficult by conflicting requirements. Shallow indentations allow for efficient use of the available sample surface
and, as a consequence, more statistically accurate results.
On the other hand, deeper indentations may be necessary to
avoid errors caused by the roughness of the sample surface
and surface size effects. To mitigate these issues, a combined
load and strain control method was employed (see Figure 3).
The key parameters of the test are rate of displacement
(phase 1), depth h0 (phase 1), length of the pause (phase
2), and probe retraction speed (phase 3). The first part of
the curve represents the displacement-controlled indenta1
tion with a constant rate of displacement (dh
dt h) up to a predefined indentation depth, h0. During the second phase of
the experiment, a constant force (equal to that recorded at
h0) is applied to the sample, resulting in hmax. Loading in the
second phase should be longer than the time constant of
creep, allowing for an accurate evaluation of CIT. The third
phase is again displacement controlled, with unloading of
the sample at a constant speed. This segment of the load-
displacement curve is used to calculate the stiffness of the
test material. It should be noted that movement of the probe
during unloading is slower than during the loading phase
to allow for more precise calculations of the slope of the
load-displacement curve. A measurement rate of 45 Hz was
selected for all phases of this indentation scheme. Measurements of Er at different hmax values are presented for resin
and free paint film in Figure 4.
As the Er of free paint film becomes only weakly dependent on hmax values higher than 3 µm, this value was selected

FIGURE 4. Reduced modulus measured for different hmax for resin
and free paint film. Fitted exponents show trends for both resin and
free paint film.
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as the optimum maximum indentation depth (Figure 4).
When applying this indentation procedure to resin, the resulting hmax of 1.6 µm is almost two times shallower. Although
this depth of indentation on resin is too small to measure Er
independent of the indentation depth, the procedure was adopted because the focus of this experiment was a comparison
between embedded and nonembedded paint. Tests presented
in the next section were performed at 22°C and 50% RH
using a Berkovich indenter with the following parameters:
a loading strain rate of 0.4 s−1, pause duration of 120 s, and
an unloading speed of 1.8 µm/min. The distance between
indents within each series of measurements was not smaller
than 50 µm.

COMPARISON OF CROSS-SECTIONAL
AND FREE-FILM SAMPLES
The aim of the experiment was to explore how nanoindentation can be used to characterize mechanical properties of historic materials in submillimeter samples. It was
achieved by comparing the mechanical properties of cross-
sectional and free-film TiO2 acrylic-based paint samples. The
free film of paint was self-adhered onto a glass slide and polished using the same procedure used to prepare the surface
of the cross-sectional sample. The free-film sample offers a
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virtually boundless surface for nanoindentation measurements. Conversely, measurements performed on the submillimeter paint sample embedded in resin may be affected by
the proximity to the resin-paint interface. To investigate this
phenomenon, a series of measurements at varying distances
from the resin-paint edge was performed on the embedded
paint sample (Figure 5). Measurements were also performed
with two different predefined indentation depths (h0 = 1.2
and 0.7 µm).
Results are summarized in Figures 6 and 7. The first observation was that values of H and Er recorded in the middle
of the cross-sectional sample agreed within statistical uncertainty with those obtained for the free paint film. This agreement remained consistent for both deep (hmax = 3 µm for paint
and 1.6 µm for resin) and shallow (hmax = 1.9 µm for paint
and 0.9 µm for resin) indentations. Results obtained with the
smaller indentation depths have a larger statistical error resulting from similar scales of the indentation depth and surface roughness. It should be also noted that values of H and
Er are different for the two sets of measurements because of
the size effect illustrated in Figure 4.
In Figures 6 and 7, a pronounced dependency of the measured properties on the distance from the resin-paint interface
is observed. This dependence may result from the significant
difference in stiffness between the paint and resin and/or the
possible diffusion of the resin into the paint structure during

FIGURE 5. Cross-sectional sample of TiO2 acrylic-based paint. The red rectangle shows the area where nanoindentation measurements were
performed. On the right side a geometrical representation of the indentation matrix is presented.
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Conversely, if the diffusion of the resin into the paint fundamentally changes the material properties, measurements
should not depend on the depth of indentation. Two series of
measurements of H and Er performed with different indentation depths show similar results (Figures 6 and 7), indicating
that the diffusion of resin into the paint structure should be
taken into consideration when examining a cross-sectional
TiO2 acrylic-
based paint sample at distances smaller than
70 µm from the resin-paint interface. Further details can be
found in (Freeman at al., 2019)

CONCLUSIONS

FIGURE 6. Measured reduced modulus of the paint as a function of the distance from the sample edge for two different h0.
The paint-resin interfaces are located at 0 and 270 µm. Red and
blue dotted lines represent Er obtained for the free-film sample and
resin, respectively.

FIGURE 7. Measured hardness of the embedded paint as a function of the distance from the sample edge for two different h0. The
paint-resin interfaces are located at 0 and 270 µm. Red and blue
dotted lines represent H obtained for the free-film sample and resin,
respectively.

the embedding process. These two effects can be distinguished by performing indentation measurements with different depths. If the interface effect is geometrical, the influence
from the resin-paint interface should be evident in deep indentations and, to a lesser extent, in shallow indentations.

The combined application of an array of documentation
tools and analytical procedures has the potential to address
the development of climate control strategies for specific collections. The field of epidemiology provides a reliable and
well-elaborated methodology that has proven effective for
the study of health and disease in human populations. Epidemiological principles can be directly applied to the cultural
heritage field if one can tackle the issues of quality of evidence
and causality.
The presented research demonstrated the use of existing
methods to address these issues where they are most needed.
The development of microdamage in objects can be monitored using acoustic emission, which provides sufficient accuracy to reduce the statistical uncertainty to a level manageable
from the point of view of an epidemiological methodology.
By using different documentation protocols when monitoring
object response, one can examine the quality of evidence of
existing studies. Furthermore, by promoting these protocols,
the conservation community can improve the quality of evidence in studies they perform, which in turn would feed into
evidence synthesis and meta-analysis (Figure 1).
The inference of causation can be addressed by better
understanding the mechanical properties of historic materials. Nanoindentation has been shown to be particularly
well suited for this task. The experiments conducted on free-
film and cross-sectional samples of TiO2 acrylic-based paint
show that reliable measurements on embedded cross sections are possible, but a proper protocol must be elaborated,
and the geometrical effects of the sample must be taken into
consideration. Restrictions for mechanical characterization
using nanoindentation result from the properties of existing samples (e.g., material type, embedding method, surface
polishing) rather than limitations of the measuring technique itself.
Subsequent research seeks to extend the measurement
program to investigate correlations between the nano-, micro-, and macroproperties for specific classes of artistic materials. Establishing such a relationship would make accessible
the use of nanoindentation data within existing predictive
models of material behavior and predictive tools built specifically for the conservation field.
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The Mechanical Behavior of Library
and Archive Materials
A. Carver-Kubik* and James Reilly

ABSTRACT. The mechanical behavior of fine-art objects has been the subject of major conservation research for several decades. However, works of art are only one element of the world’s cultural
heritage. Printed materials dating from the fifteenth century to the present represent the bulk of our
cultural heritage. Printed materials, such as books, embody a great deal of knowledge and culture,
and many of them have significant artifactual value. Emphasis has been placed on the preservation
of the paper or parchment on which the intellectual content is printed. Changing attitudes in bibliographic research and conservation practices have resulted in an interest in the preservation of the
entire bound volume. Studying the mechanical behavior of books is particularly challenging as they
are three-dimensional, complex, composite objects made of a variety of materials and constructed in
a variety of ways. Digital image correlation (DIC) is a relatively new imaging technology that allows
us to study three-dimensional objects. The Image Permanence Institute has been studying the chemical and mechanical stability of collection materials for 30 years. Our research has led us to understand that it may take weeks or even months for an entire bound volume to equilibrate to a change in
environment. However, through experiential evidence it appears the outside, or “skin,” of the book
reacts to changes in environment more quickly. Using DIC, we are now exploring the mechanical
behavior of bound volumes in order to determine safe temperature and relative humidity limits.
The results of this research will better inform our models for sustainable environmental parameters.
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The mechanical behavior of fine-art objects, particularly paintings on panel and
canvas, has been the subject of conservation research for several decades. However, works of fine art are only one element of the world’s cultural heritage. Printed
materials dating from the fifteenth century to the present embody a great deal of
knowledge and culture, and many of them have significant artifactual value. Libraries and archives are the repositories for most of these materials. Although significant
research has gone into the role of environment on the chemical stability of book
materials, namely, cellulosic and collagen-based materials, the effects of temperature and humidity on the mechanical behavior of bound volumes have not been as
extensively studied. Recently, the Image Permanence Institute (IPI) has taken on the
challenge of better understanding the mechanical behavior of library and archive
materials. Following the methodological approach to materials research established
by conservation scientists at the Smithsonian Institution, new tools are being used to
approach age-old problems in hopes of establishing practical guidelines for the limits
of temperature and relative humidity (RH) control.
One main reason for the lack of research on the mechanical behavior of library
and archive materials has been earlier attitudes toward the preservation of printed
materials and bound volumes. Until very recently, library and archive practices
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mainly emphasized preservation of the intellectual content
held within the bound volume. Research regarding bindings
was limited to their functional durability or else to an art
historical approach to fine bindings with an eye to preserving decoration and embellishments. Simple or plain bindings
were not only ignored but considered more or less disposable. General attitudes were that a book’s binding was merely
functional. It served to protect the text block from damage
and to keep the text block together in order to prolong the
life and usefulness of the book (Pearson et al., 2010). As a
result, with the exception of very fine bindings, rebinding a
physically damaged book was and continues to be common
practice (see Figure 1).
Harold Tribolet and Kenneth Sonderland (1969) presented a history of bookbinding as it relates to book preservation in a 1969 issue of Library Quarterly. The article relates
the decline in chemical and structural stability of books to a
decline in the quality of craftsmanship and materials as demand for books increased after the eighteenth century. This
article, intended for library and archive professionals, advocated the practice of rebinding damaged books, albeit with
a thoughtful and measured approach saying, “prolonging
the life of the book is the logical objective in most instances.

However, the manner which this is done requires intelligent
judgement” (Tribolet and Sonderland, 1969:130). The authors go on to describe making assessments on the rarity of
a book to determine if it requires repair by a skilled binder
or if it deserves a simple rebinding or something in between.
They not only advocate for the rebinding of books but extoll
the excellence of “perfect” bindings in which the text block
is glued to the cover with a synthetic adhesive. This type of
binding has proven to be problematic as the adhesive often
fails, resulting in the text block becoming detached from the
cover. In more recent years, bibliophiles follow the adage
“perfect binding, isn’t.”

PHYSICAL VERSUS
CHEMICAL INSTABILITY
Because of the emphasis on preservation of information, past research focused on the chemical degradation of
the paper and parchment on which the content of the book
was written or printed. The poor stability of paper produced
in the latter half of the nineteenth century and into the first
half of the twentieth century raised an alarm regarding the

FIGURE 1. These three books from the Rochester Institute of Technology’s Cary Graphic Arts Collection were printed in the sixteenth century
by Robert Estienne. The book on the left was rebound with a simple twentieth century binding. The book on the right was rebound with a much
more elaborate twentieth century binding. The center book is in its original, simple vellum wrapper. Image by A. Carver-Kubik.
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potential for a major loss of our intellectual heritage due to
cellulose degradation. As Edwin Williams (1970:3) so aptly
stated in Library Quarterly, “Everything in library collections is deteriorating today, was deteriorating yesterday, and
will continue to deteriorate tomorrow although we ought to
retard the process.” William J. Barrow of the Barrow Research Laboratory answered this call to action and took on
the issue of paper degradation and loss of cultural heritage.
After decades of research the laboratory published the series
Permanence/Durability of the Book. Part 7 (Barrow, 1974),
addresses the physical and chemical properties of book papers. Like the work of Tribolet and Sonderland, this publication describes a correlation between changes in papermaking
practices and the decline in chemical and physical stability
of paper from 1507 to 1949. In this study, the physical attributes of paper were considered only in relation to chemical
degradation; paper becomes weak and brittle as the cellulose
chain breaks down. Subsequent important studies by a variety of scientists address the role of environment on the degradation of cellulose and collagen materials, particularly the
effects of high RH, which leads to hydrolysis in cellulose and
gelatinization in collagen materials. Until recently, studies in
the dimensional properties of paper were mainly produced
for the printing industry. Understanding dimensional changes
of paper and how they relate to changes in environment are
essential to four-color printing as a change in paper dimensions can easily result in a print with poor color registration.
In recent years, there has been a major shift in bibliographic scholarship. Although a book’s binding still performs
a utilitarian function, there is significantly more consideration for the binding itself. Scholars now regard the entire
book as a cohesive object rather than just a convenient carrier of information. The British Library Preservation Advisory Centre’s pamphlet Bookbindings epitomizes this shift in
scholarship, emphasizing the need to preserve all bindings,
even the simplest binding (Pearson et al., 2010). Every detail,
including the materials that were used, the style of binding,
and the way the text block is sewn, has research value. The
pamphlet states, “each and every one of these bindings is potentially of interest and worth caring for, not only for its function of holding the text in place but also for its artefactual
value, its contribution to the individual history of the book
it covers,” and also “bookbindings are worth preserving not
only for their aesthetic qualities but for their value as an intrinsic part of our documentary cultural heritage (Pearson et
al., 2010:1–2).”
Conservation practices have followed this trend not only
in conservation research but also in treatment approaches.
Conservators are turning their attention to a better understanding of specific binding styles and techniques ranging
from elaborate bindings to simple paper and modern mass-
produced bindings. Treatments tend to be more thoughtful
and conservative, with emphasis on preserving the integrity
of the original design while maintaining an acceptable level
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of function. The British Library warns that “regardless of the
quality of the conservation work, something of the original
is lost during treatment. This can lead to a less useful or less
valuable item” (Henderson, 2013:1). In addition, treating individual volumes takes considerable time, and books that are
being treated are not available for use. Therefore, libraries
and archives are beginning to take a broader, preventive approach to conservation that relies on environmental management. Understanding moisture sorption of organic materials
and its relationship to a material’s physical behavior is the
key to providing environmental parameters of proper temperature and RH for preventive conservation.

HYGROEXPANSIVITY OF PAPER
AND PARCHMENT
In 1986 Paul Banks discussed the problem of moisture
sorption and physical behavior in the Book and Paper Group
Annual, stating that books and bound manuscripts are complex, composite objects made from a wide range of materials
with different hygroexpansivities; that is, they expand and
contract because of variations in moisture content as the RH
in the surrounding air changes. The materials are at some
points restrained by one another and at others are free to
expand and contract. It is necessary to understand not only
the expansivity of each unrestrained material but also that
of restrained materials. Smithsonian scientists recognized this
problem as well and published several papers on the role of
temperature and RH on mechanical behavior of cellulosic
material aimed toward preservation of collections. In a 2001
paper exploring chemical and physical changes of both naturally and accelerated aged cellulose, Smithsonian scientists
concluded that paper itself is relatively dimensionally unresponsive compared to other materials used in the construction of books and that paper will likely not exceed its elastic
limits unless completely restrained to a more environmentally
responsive substrate (Erhardt et al., 2001). It is the other,
more responsive materials, such as wood or collagen-based
materials, that determine the environmental parameters for
bound volumes (Erhardt et al., 2001).
Although the hygroexpansivities of cellulosic materials, such as wood and cotton paper, are well known, less is
known about hygroexpansivities of collagen materials like
vellum or parchment and leather, as well as other materials used in the construction of books, including cloth, book
board (pasteboard, pulpboard, millboard), and adhesives
(collagen glues, synthetic adhesives). Several studies have
been done on the response of collagen-based materials to
moisture changes (Mecklenburg, 1988; Dernovskova et al.,
1995; Bowden and Brimblecombe, 2002); however, it is still
unclear what the elastic limits are. As a result, the mechanical
behavior of books and recommended RH limits are based on
theoretical calculations derived from what is known about
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cellulosic materials, such as the sorption isotherm for pure
cellulose, and experimental data on the hygroexpansivity
of some cotton papers (Tumosa et al., 1995; Erhardt et al.,
1997). There is little information published on the basis of
actual experimental evidence of the mechanical behavior of
common book materials or of actual books, especially compared to what is available for painting materials. As a result,
there is a lack of consensus in recommended temperature and
RH limits for libraries and archives. Some agencies recommend tight RH control allowing a 40%–50% range (LYRASIS, 2013), whereas others suggest a broader range of 35%
to 60% (Henderson, 2013). It is still unclear how much of
the physical damage seen in books is attributed to handling
versus environmental extremes, much less exactly what can
be considered an environmental extreme.
Understanding the relationship between moisture and
organic materials is key to gaining an understanding of the
mechanical behavior of library and archive materials. For cellulosic and collagen-based materials, the extent of physical
expansivity is proportional to the extent of moisture sorption. Materials will absorb and desorb water and expand and
contract as the ambient relative humidity changes, creating
strain within the materials. Tumosa et al. (1996) determined
that the point at which many organic materials experience
plastic, or permanent, deformation occurs at a strain of at
least 0.004, or 0.4% elongation. In a Smithsonian Conservation Analytical Laboratory report titled “Guidelines for
the Museum Climate,” Erhardt et al. (1995) state that unrestrained cellulosic material will not likely experience plastic
deformation. It is only when the materials are restrained that
dimensional change can cause enough strain for damage to
occur. They state that materials will not experience damage if
the change in RH does not last long enough for full mechanical response to occur (full moisture equilibration). Therefore,
rapid RH fluctuations within the allowable RH range will
not produce stresses and strains that exceed the elastic limit.
LYRASIS and others contradict this assessment, stating that
rapid fluctuation in temperature and RH cause the most damage to collections (LYRASIS, 2013).

EXPERIMENTAL GOALS
The IPI is seeking to answer these questions and establish environmental parameters for library and archive
material. Of particular interest is to determine how low
RH affects bound volumes as many collections experience
winter dryness. We have done several studies on moisture
equilibration of library and archive materials. The unpublished research of Jean-Louis Bigourdan, a senior research
scientist at IPI, on understanding temperature and moisture
equilibration found that although temperature equilibration
is fast, taking only a few hours, it will take several weeks
for a book to reach full moisture equilibration at 20°C. The

reason is likely because water vapor has to diffuse through
the entire object, which takes considerable time. Studies by
Mecklenburg agree that it will take months for a large object
to come to near equilibration (Mecklenburg and Tumosa,
1999). British Standards Institute publication PAS 198 concurs, noting that it will take weeks for a tight stack of p
 apers
to equilibrate fully and large wooden objects take weeks
or months to equilibrate fully (British Standards Institute,
2012). However, experientially, it has been observed that
the outside, or “skin,” of bound volumes reacts quickly to
changes in RH. Mecklenburg also states that small, thin objects like a single sheet of paper or parchment will take only
hours to fully equilibrate (Mecklenburg and Tumosa, 1999).
Moisture equilibration and therefore mechanical response of
the skin of the book may be more akin to the response of
a single sheet of paper or parchment, taking hours to fully
respond, rather than the center of the book, which takes several weeks to fully respond.

DIGITAL IMAGE CORRELATION
Through a grant from the National Endowment for the
Humanities (NEH), IPI is using a 3-D digital image correlation (DIC) system to investigate the mechanical response
of the skin of bound volumes. Digital image correlation is a
photogrammetry system for measuring mechanical deformation of an object’s surface. The advantage of DIC over other
testing methods is that it is possible to test completely unrestrained materials and to measure actual strain in three-
dimensional structures such as books. The system requires
the test samples to have a high-contrast, random pattern of
speckled dots on its surface, either naturally occurring or applied. Two digital cameras are positioned in front of the test
sample, and images are captured in stereo at regular intervals
during the test period. The images are uploaded to specially
designed software that tracks the movement of the applied
speckles in three dimensions. Algorithms calculate in-plane
and out-of-plane displacement as well as the strain for the
material tested. Data are produced as numerical data that can
be graphed as well as visual 2-D and 3-D maps that can be
animated (see Figures 2 and 3).
Originally applied to materials testing for industrial and
building applications, DIC has been adopted for cultural heritage materials. Earlier studies using DIC to determine strain
in paintings on canvas (Kujawinska et al., 2011; Lasyk et al.,
2011; Malesa et al., 2011) and for tapestries (Lennard and
Dulieu-Barton, 2014) provided proof of concept that this
system is effective in acquiring dimensional displacement
and strain data for organic materials. This system will allow
us to gain an understanding not only of the expansivities of
unrestrained materials but also that of restrained materials in order to better understand the elastic limits of bound
volumes.
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FIGURE 2. The DIC software produces 3-D maps that can be exported as video files. This parchment sample is from an 1823 indenture. Average principle strain is shown after the RH was changed from 50% to 30%.

The first phase of IPI’s NEH-funded project is to gather
data on the unrestrained mechanical behavior and elastic limits of materials from which archive and library objects are
made, such as various types of modern and historic paper,
parchment, leather, book board, and book cloth. We will then
begin to gather data on three-dimensional bound volumes.
To initiate the first phase of the project, several preliminary tests were conducted. The digital image correlation technique involves imprinting the sample materials with
a particular type of dot pattern that the image-processing
software uses to measure displacement. Researchers using
DIC to monitor strain in tapestries were able to utilize the
natural weave pattern of the tapestry as the basis for image
correlation (Lennard and Dulieu-Barton, 2014). With a few
exceptions, book materials are fairly homogenous with no

naturally occurring pattern. Therefore, a speckle pattern had
to be applied to our test samples. The software requires a
high-contrast dot pattern that evenly covers about 50% of
the sample and works best when the dots are about 5 pixels
across in the final processed images. Therefore, the camera
setup (focal length, distance from samples, stereo geometry),
size of the dots imprinted on the samples, and method of applying the dots had to be determined.

REFINING DIC APPARATUS
AND EXPERIMENTAL SETUP
Applying the dots to the samples posed a challenge. The
dot application system supplied to us when the system was
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FIGURE 3. The DIC software also produces a 2-D map. The highlighted parchment sample is from an 1823 indenture. Average principle strain
is shown after the RH was changed from 50% to 30%.

purchased consisted of aqueous ink and relief dot templates
(rubber stamps). However, the ink produced dots with too
little contrast for the software to analyze effectively. Applying the dot pattern by hand using the rubber stamps led to
problems achieving the correct dot density and variation.
We decided to use traditional letterpress and printer’s ink to
print the dot pattern on our samples. Most books and documents were printed with letterpress from the invention of the
press in 1450 until about 1960. The Rochester Institute of
Technology is fortunate to house the Cary Graphic Arts Collection, which includes an impressive collection of working
letterpress presses. The curators at the Cary were enthusiastic
about the project and agreed to help us print our test samples.
In order to print the samples, a printing matrix needed to
be made. Preliminary tests were done to determine the optimal camera setup as well as dot size and pattern for the matrix. Two 5.0-mexapixel digital cameras with 8mm Schneider

compact lenses were mounted to a tripod apparatus with an
aluminum arm and cross bar. The cameras were positioned at
a 35° angle directly above the sample materials (see Figure 4).
This angle was determined by the DIC apparatus manufacturer as the optimal stereo angle for the 8mm lenses. The tripod height was adjusted to allow the maximum field of view
in order to accommodate the maximum number of samples
to be tested at one time. Several dot sizes and patterns were
tested in order to determine the appropriate diameter of dot
(5 pixels in the final image) and the optimal dot density and
amount of variation for the software. A dot pattern with dots
0.06 inch (1.524 mm) in diameter, 60% dot density, and 70%
dot variation was selected. Preliminary tests were also done
to determine the best sample size. The DIC system has a high
level of accuracy. We found that large samples measuring
10 × 10 inches (25.4 × 25.4 cm) and smaller samples measuring 4 × 4 inches (10.16 × 10.16 cm) of the same materials
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yielded the same displacement and strain results. We determined the smaller, 4 × 4 inch (10.16 × 10.16 cm), sample size
would allow us to maximize the number of samples tested
at one time. We decided to print 8 × 8 inch (20.32 × 20.32
cm) samples and then cut the samples down to 4 × 4 inches
(10.16 × 10.16 cm) in order minimize printing time and effort. The final dot pattern was produced from a digital file on
a polymer letterpress printing matrix made by Boxcar Press.
The samples were printed by the Cary’s assistant curator,
Amelia Hugill-Fontanel, using a Vandercook cylinder press
(see Figure 5).
The IPI testing chamber is a programmable walk-in temperature-and humidity-controlled chamber capable of consistent RH control from 10% to 80% RH and temperatures
between 10°C and 30°C. Our preliminary tests showed that
the test chamber required modifying and tuning. The distribution of temperature and humidity conditions was even
throughout the room; however, the velocity of the air flow
caused the unrestrained samples to move out of position.
Even minimal restraint of the samples to hold them in place
imposed strain, skewing the test results. The solution was to
place a filter in front of the air circulation fans, minimizing
the velocity of air flow but still maintaining even distribution
of temperature and humidity. Another issue observed in the
preliminary tests was that the RH rapidly oscillated around
the set point, giving 3%–4% RH swings. Some test samples,
particularly parchment, respond quickly to changes in RH,
resulting in rapid expansion and contraction of the samples.
FIGURE 4. The DIC setup in IPI’s walk-in chamber. Image by
A. Carver-Kubik.

FIGURE 5. (left) Amelia Hugill-Fontanel, assistant
curator of the Cary Collection, printing samples
using a Vandercook press. (above) The speckle pattern printed onto each sample has dots 0.06 inch in
diameter, 60% dot density, and 70% dot variation.
Image by Stephanie Hofner.
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The DIC software was not able to track the movement, producing bad data and, in some cases, no data. The chamber
uses a proportional-
integral-
derivative (PID) controller, a
control loop feedback mechanism used in many control systems. The PID controller had to be tuned so that the chamber
maintained a steady RH at each desired set point and was
able to transition smoothly between programmed set points
without significant overshoot or being sluggish.

MOISTURE EQUILIBRATION EXPERIMENT
The final preliminary step was to determine the testing
profile. Because mechanical behavior is linked to moisture
sorption, it was important to know the rate of full moisture equilibration in order to avoid false results. If the soak
time (duration at a single RH set point) was too short and
materials were not allowed to fully equilibrate, it may have
appeared as if they had permanently deformed when, in reality, they may not have had sufficient time to fully expand or
contract. Although some studies suggest it takes only hours
for small, thin objects like a single sheet of paper or parchment to fully equilibrate (Mecklenburg and Tumosa, 1999),
we needed to know exactly how many hours it took for our
samples to reach full moisture equilibration. Also, there is
little information on the moisture equilibration of leather and
book board. To determine this, a representative selection of
4 × 4 inch single sheets of test materials was equilibrated at
10% RH for 60 hours. The samples were weighed and then
sealed in aluminum foil bags. The RH in the chamber was
raised to 80%. Each sample was removed from its bag and
placed on a digital balance. The weight gain of each sample
was recorded with a digital single-lens reflex camera set to the
time-lapse function. An image was recorded every 5 minutes
for 24 hours. Each sample was set aside in the chamber and
then weighed a final time after having been in the chamber
for at least 1 week or longer before being resealed in an aluminum foil bag. The chamber RH was dropped to 10%, and
the experiment was repeated.

RESULTS
When the absorption data were plotted, it appeared as if
the paper and parchment samples had reached full moisture
equilibrium between 40 minutes and 3 hours, the book cloth
equilibration ranged from 2 to 7 hours, and the leather and
book board did not reach equilibrium within the 24-hour test
period. However, when the samples were weighed again after
having been in the test chamber for 1 week or longer, each
sample had gained significantly more weight. For example,
the Arches 100% cotton paper gained an additional 2.46%
of water weight, about a third of its total percent weight
gain. Each sample gained at least a quarter to a third percent more water weight after the initial 24-hour test period

(see Figures 6 and 7). From these data we calculated that it
may take between 1 and 4 days for most paper, cloth, and
parchment samples to fully equilibrate at 80% RH, and it
may take leather more than 5 days to fully equilibrate. We
also found that desorption happened far more quickly than
absorption. All samples reached full moisture equilibration
at 10% RH, well within the 24-hour test period. The Arches
paper was tested again within a more moderate RH range.
The sample was equilibrated at 50% RH, the chamber set
point was increased to 70% RH, and the sample was left to
equilibrate for 5 days. Within this more moderate range, the
sample reached full moisture equilibrium in a few hours. The
Arches is the only sample tested thus far within this more
moderate RH range.
We have not identified any studies on cellulosic material that suggest this kind of sorption behavior; however,
published studies on the hygroscopic behavior of parchment
corroborate our findings. In general, parchment absorbs and
desorbs a significant amount of water with changes in RH
conditions (Mecklenburg, 1988; Hansen et al., 1992). It has
been found that absorption time is generally slower than desorption time and that historical parchment has a higher and
quicker sorption curve than modern parchment (Dernovskova et al., 1995). The amount of water it absorbs and the
sorption rate are, in part, determined by the thickness of the
material and the amount of gelatin in the material (Dernovskova et al., 1995). Under conditions of high heat and humidity the collagen structure in parchment and leather breaks
down in a process called gelatinization, resulting in a material
that has a mixture of gelatin and collagen. Historical parchment, such as IPI’s samples, likely has some gelatin content.
Moisture equilibration rates for cellulosic and collagen-
based materials need to be studied further. This phenomenon
of surprisingly long equilibration time in high-RH conditions
is likely due to the molecular interactions between water and
cellulose or collagen chains. Although it is known that highRH conditions are dangerous for collection materials because
of the risk of chemical and biological decay as well as a decrease in mechanical stability, it is unknown if or how this
extra gain in water weight impacts the dimensional displacement of the materials leading to mechanical damage.
After more than a year of preliminary tests and planning, we have just begun our initial experiments using DIC
on library and archive materials. These first experiments,
looking at the dimensional response of unrestrained materials, are within the more moderate RH range of 30% to 70%
RH. This is indicative of the range we see in real-world collections storage spaces and mirrors the test parameters used
for our previous studies in moisture equilibration of library
and archive materials. We will also look at the upper and
lower extremes between 10% and 80% RH. In our preliminary tests and our initial experiments, we are seeing a strong
correlation between the rate of RH change, water weight gain
in grams, and the initial slope of the strain curve. In both
instances the initial response is quite rapid and nearly in sync
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FIGURE 6. (top) Most cellulosic samples reach equilibrium within 3 hours. This graph shows percent weight change over
time in hours. (bottom) All samples gained a significant amount of water weight after the initial 24-hour test period at 80%
RH. The yellow bars show percent weight change after 24 hours, and the blue bars represent percent weight change after 1
week or longer. The sample code is as follows: C for cloth and P for paper.
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FIGURE 7. (top) Most parchment samples reach equilibrium within 5 hours, and leather samples nearly reach equilibrium
within 20 hours. This graph shows percent weight change over time in hours. (bottom) All samples gained a significant
amount of water weight after the initial 24-hour test period at 80% RH. The yellow bars show percent weight change after
24 hours, and the blue bars represent percent weight change after 1 week or longer. The sample code is as follows: L for
leather and V for parchment or vellum.
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FIGURE 8. Mean principle strain of sample V1 (1823 parchment indenture) versus percent RH. The initial response of the sample is immediate
as the RH drops. The response then becomes gradual.

with the increase or decrease in RH; the materials quickly
absorb or desorb water and expand or contract, respectively.
The response then slows, and changes happen much more
slowly before reaching equilibrium (see Figure 8).
We have also observed that the amount of water absorbed and dimensional response vary. These differences are
likely dependent on a variety of variables. For paper and
cloth, they may be dependent on the fiber composition, type
of sizing used, age, and thickness of the sample. For leather
and parchment, they may be dependent on the type, age, and
diet of the animal as well as the thickness and age of the
material and variations in how the material was produced.
Other variables to consider for bound volumes are not only
the materials used but also the construction and structure of
the book. It is unclear how the style of binding and sewing
impacts a book’s dimensional response.
Another variable that needs further research is the impact
of the rate of RH change on mechanical response. Researchers in the field have not reached a consensus on whether damage is potentially greater with slow changes in RH or rapid
changes. PAS 198 states that change in RH will cause less
stress if it occurs over several months rather than a few days

(British Standards Institution, 2012). However, the notion
put forth in PAS 198 that slow change in RH is better because
it allows the material to slowly adapt is rejected by Padfield
(2005:10–11). He says this is only a “quarter truth,” indicating the issue is more complicated. He states, “Slow change
does not diminish the strain caused by material properties
such as the differential shrinkage of wood in its three directions.” It has yet to be determined if this effect extends to the
differential response of various restrained book materials.

CONCLUSION
The IPI’s research on the use of digital image correlation
methods to study the mechanical behavior of single sheets
of paper, parchment, book cloth, and cardboard as well as
bound volumes is promising. The results of experiments done
to better estimate moisture equilibration times for a single
sheet of such materials so far show conformity with expected
behaviors in a moderate 50%–70% RH range. However,
samples continue to absorb moisture when exposed to 80%
RH for long periods of time. When materials are exposed to
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very low RH, moisture desorption is more rapid than moisture absorption. The end goal of this research is to refine our
understanding of the mechanical response of bound volumes
and establish proper environmental parameters for library
and archive materials based on experimental evidence. This
will help to ensure that original bindings will remain intact
and be available for future generations to research and enjoy.
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Future Trends in Studies of the Mechanics
of Artists’ Paints
Kenneth R. Shull*

ABSTRACT. In this brief paper I present what amounts to an opinion piece regarding future investigations of the mechanics of artists’ paints. The field is ripe for the incorporation of new experimental and computational methods. Many of these methods are being developed outside the
context of cultural heritage science. The cultural heritage field is well poised to take advantage of
these developments for several reasons, including the intrinsic educational and cultural value of
these investigations. Two examples are described here: nanoindentation and quartz crystal rheometry. An advantage of nanoindentation is that it requires a very small sample size and can be used to
study actual historic samples. Quartz crystal rheometry is a new technique developed largely in my
laboratory at Northwestern. It requires the use of model paint formulations but provides quantitative information about the time-dependent properties of the paint coating and the response of these
properties to environmental conditions.

INTRODUCTION
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Investigations of the long-term aging of artists’ paints present a variety of practical challenges to the materials science research community. The most obvious
technical challenge is the inability to directly perform experiments over relevant
timescales, which can range from decades to centuries. Artificial aging by changing the temperature or other environmental conditions is not a promising strategy
because the degradation mechanisms can be affected by these changes. For example,
increasing the temperature to speed up different chemical processes that occur in an
aging paint will not enhance all processes at the same rate since these processes will
be characterized by a variety of activation energies. As a result, the properties of an
artificially aged sample will not necessarily be representative of a material that has
been aged under ambient conditions over a very long period of time. Mecklenburg
and his coworkers recognized this and performed a very careful set of investigations
of the mechanical properties of paint films naturally aged for a period of years or
even decades (Erlebacher et al., 1992; Erhardt et al., 2000; Mecklenburg and Tumosa, 2001; Mecklenburg et al., 2005; Tumosa et al., 2005). This work has led to
a remarkable database of material behavior that continues to serve as a valuable resource to the cultural heritage science community. Mecklenburg’s vision at the time
he initiated this work was quite extraordinary and forward thinking. What does
the corresponding vision for fundamental investigations of the mechanics of artists’
paints look like in 2019? I don’t claim to have a comprehensive answer to this question, but I do have some specific thoughts that I believe will be helpful to the subset
of the cultural heritage science community that is interested in issues related to the
mechanical properties of artists’ paints. The first point is a philosophical one related
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to strategies for addressing important questions in this field in
the absence of some of the financial driving forces relevant in
many related fields of science. After a very brief discussion of
this topic, I give two examples of relatively recent experimental capabilities in materials science that are likely to have an
important impact on our understanding of artists’ paints and
on the evolution of the mechanical properties of these materials over long periods of time. Finally, I discuss my view of
the computational chemistry approaches that are beginning
to play an important role in this field.

SYNERGIES WITH OTHER FIELDS
Progress in understanding the behavior of artists’ paints
is limited by a very practical question that all of us involved
in fundamental research are compelled to answer: who is
going to pay for the research to be performed? My central
assumption is that an increasingly important part of the path
forward is to find research problems that are of simultaneous
benefit to the cultural heritage science, industrial research,
and educational communities. The argument can most readily be made at the educational level. It is often much easier to
motivate a student to think about what has happened to the
visual appearance of a Rembrandt painting over the past several hundred years than to get them to think about the curing
kinetics of a commercial automotive paint or other industrial
coating, for example. However, the need to enhance coating performance and to fund work in this area is recognized
by a broader constituency that is able to pay for this work.
Fortunately, the industrial coatings and cultural heritage science communities use similar tools and can benefit from each
other, provided that these communities interact with one another in a helpful way. Examples where I have pursued this
approach in my own research include the development of in
situ rheometric techniques that can be used to monitor curing
and aging of paint and the use of nanoindentation to characterize a range of different paint coatings. These examples are
described in more detail below.

NEW EXPERIMENTAL METHODS
Nanoindentation
Nanoindentation is a technique that involves pressing a
hard indenter of known shape into a material while monitoring the load and displacement in order to measure the
hardness and elastic modulus of the material. The technique
requires that a small sample, with dimensions in the range
of ~100 μm or more, be embedded in a suitably chosen resin
and polished to obtain a smooth surface. A schematic of the
sample geometry, illustrating the tip-sample contact, is shown
in Figure 1a, and a representative indentation curve is shown

FIGURE 1. (a) Schematic representation of a nanoindentation experiment. (b) A typical load-displacement relationship for the indentation of the polyester resin used to embed the paint samples, labeled
to illustrate the values of three experimental quantities (Pmax, δmax,
and S) that are used to extract paint properties from the indentation
curve.

in Figure 1b. The hardness, H, of a material is given by the
ratio of the maximum compressive load, Pmax, to the projected contact area of the nonrecoverable impression made in
the material by the indenter, A:
H=

Pmax
,
A

The projected area can be obtained from the displacement,
δ, by a variety of approaches that have been described in the
literature, with the method of Oliver and Pharr (1992) being
the most common method of analysis. Since the material is
viscoelastic, a well-defined hold period is typically introduced
before the unloading portion of the experiment. The elastic
modulus is determined from S, the initial slope of the unloading curve at the end of this hold period.
Despite this inherent difficulty, I am still hopeful that nanoindentation will play an important role in elucidating the
state of the paint within a composite paint film. The primary
reason for optimism is that much more information exists in a
single nanoindentation experiment than the two single values
(modulus and hardness) that are obtained for the standard
analysis. This analysis is based solely on the use of three individual numbers from the nanoindentation curve, Pmax, δmax,
and S. More complete methods of analysis are needed that
make use additional information contained within the indentation curve. One example involves the details of the load
relaxation that is observed as the displacement is held fixed at
the maximum value, δmax. In the “displacement-controlled”
experiments preferred within my research group, this load
relaxation corresponds to the drop in the compressive load
from point A to point B in Figure 1b. The hardness value
from the loads measured at these two points will obviously be
different, in some cases dramatically so. This difference depends on the length of time that the displacement is held fixed
at δmax (typically 1 or 2 minutes in my own experiments) and
is an additional property of the material than can be utilized.
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Additional useful information can be obtained by performing indentation experiments under carefully controlled
environmental conditions. Temperature and humidity are
obvious conditions to investigate. For example, an oil-based
paint in which the ester bonds have been hydrolyzed to a
large extent would be expected to have a very different response at very high and very low values of relative humidity.
Similar approaches involving measurements while the sample
is being exposed to an equilibrium vapor pressure of other
liquids, apart from water, can be similarly useful.
Many of these experiments involve the use of new experimental protocols requiring a certain degree of technique development. To some extent these techniques are already being
developed within the broader materials science community.
Some of the research questions and required methods are quite
specific to conservation science, however, and the required protocols are not likely to be developed elsewhere. Some of this development work is quite tedious but also necessary. Examples
include studies of the best embedding media to use for sample
preparation so that the results are not affected by the method
of sample preparation. Also, instrumental artifacts that impact
details of the load-displacement relationship can lead to erroneous interpretations if not properly understood. These instrumental issues become quite important when understanding the
load relaxation experiments, for example, since a small displacement drift in the device will be incorrectly interpreted as
stress relaxation within the material itself. Careful calibration
experiments with rigid materials need to accompany published
data sets in order to assess these instrumental limitations.

Quartz Crystal Rheometry
Although some specific experimental protocols are
needed for nanoindentation to have a larger impact on cultural heritage science, the general method is well established
and can be performed with commercially available instruments. In this section I describe a much more specialized
technique called quartz crystal rheometry that has been developed in my own research laboratory at Northwestern University. The technique is an adaptation of the quartz crystal
microbalance and provides the mass per area, the modulus-
density product at a fixed frequency (in this case, 15 MHz),
and the viscoelastic phase angle at this same frequency for
a film coated on the electrode surface of a vibrating quartz
crystal, as shown schematically in Figure 2. I use it here as
an example of a new experimental technique that can be applied to examine the aging properties of a variety of polymer
coatings, including artists’ paints. The technique is based on
the fact that the electrical impedance across a quartz crystal
vibrating at its resonance condition is closely coupled to the
mechanical load impedance of a thin film that is placed on a
crystal surface. For films in the appropriate thickness regime
(typically, several micrometers for the films of interest to us)
the load impedance depends on both the mass of the film and
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FIGURE 2. Schematic representation of a quartz crystal microbalance, applied in this case as both a mass balance and a high-
frequency rheometer.

its viscoelastic properties. The method has a long history, but
its use as a technique for quantifying the time dependence of
polymer curing is relatively new. A description of the application of the technique to quantitatively determine the properties of a thin polymer film was given previously (DeNolf et
al., 2011, 2014), as was its application to investigate the cure
kinetics of an alkyd paint system (Sturdy et al., 2014, 2016).
Examples illustrating the capabilities of quartz crystal rheometry are shown in Figure 3. In Figure 3a I show the time dependence of the film mass over 5 orders of magnitude in time,
from several minutes out to ~3 years (Sturdy et al., 2016).
These data correspond to a commercial alkyd film, and the
mass response can be separated into three regimes. In regime
I, corresponding to the first several minutes after deposition
of the film, the mass decreases as excess solvent in the paint
medium evaporates. Regime II corresponds to a mass increase
due to oxygen incorporation into the film during the initial
stages of the oxidative crosslinking process and is complete
after ~1 day. Regime III corresponds to the late stages of curing, where the mass decreases as volatile compounds evolved
during the late stages of the cure process are released. The
identity and quantity of these volatile compounds can be used
to provide information regarding the mechanisms by which

FIGURE 3. (a) Mass of an alkyd paint film as a function of cure
time. (b) Time dependence of the modulus-density product for alkyd
films with different loadings of zinc oxide, normalized to account for
the effects of filler loading on the modulus.
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curing occurs. Significantly, these processes are still ongoing,
giving measurable changes in the film mass and mechanical
response for a period of at least several years.
The quartz crystal rheometric technique also provides
mechanical property information at the quartz vibrational
frequency of 15 MHz. The inverse of this frequency gives
the timescale of the material response probed by the quartz
crystal rheometric experiment, which in this case is ~60 ns.
The shear modulus that I measure at this frequency is a dynamic shear modulus with real and imaginary components
corresponding to the storage and loss moduli at 15 MHz.
Equivalently, I can express the complex modulus in terms of
its magnitude, |G*|, and phase angle, ϕ, which is the convention used in my lab. Quartz crystal rheometry measures
the product of |G*| and the density, ρ. Figure 3b plots |G*|ρ
at 15 MHz for the same commercial alkyd sample used in
Figure 3a, but with different volume fractions, ϕZnO, of zinc
oxide, representative of zinc white pigment used in a variety
of artist paint samples. The zinc oxide increases |G*|ρ by a
factor that depends on ϕZnO. I have normalized by this factor
in Figure 3b to illustrate the effects that the zinc oxide filler
has on the properties of the alkyd itself. Effects are observed
only at cure times exceeding 10 days, where the ZnO-filled
samples have a measurably lower value of the modulus than
the samples without the ZnO. I have tentatively attributed
this to ZnO catalyzed hydrolysis of the alkyd backbone.
The quartz crystal rheometry experiments have some important similarities to the Mecklenburg work in that the aim is
to monitor the properties of freshly cast films over a long time
period. The quartz crystal experiments require the use of films
within a narrow thickness range close to 5 μm. An important
advantage arising from the use of films in this range is that significant composition and property gradients throughout the
thickness of the material do not exist. The diffusion of oxygen
and other small-molecule constituents is fast enough so that
the composition can be assumed to be uniform throughout
the full thickness, an assumption that cannot be made for the
much thicker films commonly used for traditional mechanical experiments. There are, of course disadvantages arising
from the quartz crystal rheometric measurement as well, in
that it is a fixed-frequency measurement that is sensitive only
to linear viscoelastic (low strain) properties of the material.
When coupled with appropriate model systems and an overall framework for interpreting results, important mechanistic
information can be obtained from these experiments in order
to generate a predictive capability. This predictive capability
originates from computational approaches that are described
in a general sense in the following section.

THE ROLE OF COMPUTATION
AND CONCLUSIONS
A conception of the role that computational science
plays in this field is illustrated in Figure 4, within the specific

FIGURE 4. The role of computational microkinetic modeling in
conservation science.

context of artists’ paints. The artist begins with a set of starting materials and production methods (which are often not
known to researchers in detail) and produces an object that
continues to evolve and age over time. Through a variety of
investigations, the conservation science community develops
an understanding of the aged paint in as much detail as possible. I refer to this understanding as a “virtual paint,” in that
it is an incomplete picture of the actual paint, generated from
the information that is available. This understanding evolves
in a way that brings the virtual paint into closer conformity
with the actual paint. Many of the tools utilized in this process are experimental tools able to assess either historical art
objects or closely related physical models and include indentation and quartz crystal rheometry as described above. Examples of experimental techniques that have been applied to
the analysis of network formation in oil-based paints include
Fourier transform infrared spectroscopy (Lazzari and Chiantore, 1999; Oyman et al., 2005a), Raman spectroscopy (Ellis
et al., 1990; Oyman et al., 2005a, 2005b), nuclear magnetic
resonance (Muizebelt et al., 1994; Muizebelt and Nielen,
1996; Oyman et al., 2005a), size exclusion chromatography
(Lazzari and Chiantore, 1999; Oyman et al., 2005b; Bouwman and Gorkum, 2007), and mass spectrometry (Muizebelt
et al., 1994; Muizebelt and Nielen, 1996), among others.
Computational methods play an important role in the
development of the virtual paint because existing experimental techniques are not able to probe many of the relevant
structural features of an actual paint sample at a molecular
level. One overall aim of computational approaches in the
area of film structure involves the development of a detailed
microkinetic model that will enable the community to build
a much higher level of structural and chemical detail into the
virtual paint than is currently available. The computational
model accounts for the rich species diversity of the starting
materials and relevant aging protocols involving very long
times that are not experimentally accessible and is based on
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experimentally validated reaction pathways and kinetic parameters. Computational models become very important for
highly aged samples for which direct experimental investigations are simply not feasible. Development of the computational microkinetic model and the associated virtual paint
will enable a range of questions to be answered, including the
following:
• What is the fraction of soluble products that might be
susceptible to extraction by a given cleaning treatment?
• How will different storage conditions affect the chemical and mechanical response of the paint, including its
tendency toward embrittlement?
• How reliable are analytical parameters that conservation
scientists use to describe drying oils with respect to modifications such as heat pretreatments or other interventions beyond curing in ambient conditions?

The overall effort as it pertains to the behavior of artists’
paints is a large one that extends well beyond the efforts of
a single research group. My purpose here is not to outline
the complete scope of these activities, which are ongoing in
a variety of research groups throughout the world. My main
point here is that these computational approaches need to
be at the center of our efforts of understanding changes in
paint structure at the molecular level over long periods of
time. Once validated computational models of structure are
in hand, these models can be used to understand the corresponding mechanical response of the material.
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Future Trends in Mechanical Research
Applied to Heritage Science
Łukasz Bratasz,1 Liu Liu,2 Cynthia Schwarz,3
and Anne Gunnison3

ABSTRACT. Despite unquestionable developments in the understanding of the mechanical behavior of heritage objects in response to their environment, several significant gaps in this knowledge
still exist. This paper aims to identify some of these gaps and suggest future applications of mechanical research to heritage science. One area in need of further study is the interface between the chemical degradation of modern materials and their mechanical properties, especially material shrinkage.
The pressing need for further research in this area is illustrated in the case study of two identical cellulose acetate objects made by Marcel Duchamp. After being housed in two different environments
the objects arrived at dramatically different states of preservation. Unexpected material shrinkage
not related to plasticizer loss was also confirmed by the artificial aging of samples prepared in the
laboratory. This paper also focuses on gaps in knowledge that create barriers in the development of
meaningful models for risk assessment and management of heritage collections. There is a lack of
adequate models to assess the risk of mechanical damage caused by extreme but rare climate variations and to estimate the rate of mechanical damage caused by a large number of moderate ones.
The absence of these models has impeded progress toward a consensus on museum standards with
wider RH variations. It also creates a barrier in communication with decision makers when designing strategies for climate control in new museum buildings or when retrofitting existing ones. This
barrier limits the implementation of more energy efficient strategies of collection care in museums,
libraries, and archives.
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The notion that the deterioration of objects is related to the environment, more
precisely, to indoor climate, existed long before the first museums were created.
Historically, we see this concept reflected in good practice and housekeeping rules
(Staniforth, 2013), which over centuries evolved into the climate specifications we
know today. This evolution was driven by two factors: first, a better, albeit incomplete, understanding of the cause-effect relationship between climate parameters,
namely, temperature and relative humidity (RH), and deterioration processes and,
second, the development in the first half of the twentieth century of mechanical systems to control indoor climate.1
Without going into detail and acknowledging the existence of a complex mix
of various deterioration mechanisms, in specific instances (i.e., glass deterioration), one can say that the general structure of the degradation processes related
to climate is well understood. Within this structure we can distinguish several key
processes:

94

•

S M I T H S O N I A N C O N T R I B U T I O N S T O M U S E U M C O N S E R VA T I O N

• biological degradation, including fungal growth and insect infestation
• chemical degradation, in particular degradation of chemically unstable materials, corrosion, and pyrite d
 egradation
• phase changes of hydrates and dissolution of hygroscopic salts
• mechanical damage caused by material dimensional response to climate variations

The biological damage caused by fungal or pest infestation and chemical degradation are both cumulative processes
that are dependent on temperature and RH. The chemical
degradation of heritage materials can be caused by interaction with several environmental agents, among the most important being temperature, RH, pollutants, and visible and
UV light. In recent years, the chemical degradation of plastics
has become more and more relevant as the number of objects in museums’ collections made of synthetic polymers has
systematically increased. The most common are polymethyl
acrylate, polyesters, polyurethanes, polyolefins, polyvinyl
chloride, cellulose nitrate, and cellulose acetate.2
Humidity variations can lead to various types of erosion of mineral materials contaminated with soluble salts,
especially archaeological objects, pottery, ceramics, masonry
sculptures, etc. This deterioration is because the physical
structure of some hydrates can change in response to changes
in relative humidity and temperature. Additionally, some
minerals can deliquesce above a certain RH and recrystallize
when RH drops below this value.3
The dimensional response of materials to temperature
or relative humidity changes can cause cracking or delamination of brittle materials. However, the risk generated by
temperature variations is practically negligible, with the exception of extreme temperature changes typically larger than
±40°C (Mecklenburg et al., 1992; Richard et al., 1998). Such
changes commonly occur during object freezing for pest control or during transportation. The risk is also practically limited to laminated objects composed of materials having very
different temperature expansion coefficients such as ceramics or glass and metal in enamels and mirrors and oil paint
and wood in its longitudinal direction in furniture or musical
instruments. At this point, it is worth mentioning that past
temperature specifications as well as recent ones recommending temperature between 15°C and 25°C (American Society
of Heating, Refrigerating and Air-
Conditioning Engineers
[ASHRAE], 2015; International Institute for Conservation
of Historic and Artistic Works, 2014) were adopted not to
diminish the risk of mechanical damage induced by temperature changes but to ensure the thermal comfort of visitors
and museum staff. In fact, except for certain materials like
acrylic paints, which become brittle at low temperatures, cool
storage is optimal for library, archive, and mixed museum
collection objects endangered by the chemical degradation of

polymers (see Sebera, 1994; Strang and Grattan, 2009; Strlič
et al., 2015) or biological infestation.
In contrast to temperature, RH specifications were proposed to safeguard vulnerable collections from mechanical
damage. With the exception of specifications for historic buildings with limited potential for climate control, for example,
class 2 of Thomson’s (1978) influential guidelines, most past
RH specifications were not designed according to actual objects needs, but rather according to the best available technology. This resulted in the dissemination of a very stringent band
of allowable RH fluctuation as energy costs were low, and asking difficult questions was avoided. Partially, the reason for
such situations was a poor understanding of the mechanism
of mechanical damage development caused by climate variations. This situation continued until Marion Mecklenburg and
his group at the Smithsonian undertook research that laid a
foundation for our understanding of the structural response
of objects to changes in ambient RH (Mecklenburg and Tumosa, 1991). Sensitive materials—wood, animal glue, gesso,
paints, paper, ivory, textiles, and leather—respond dimensionally to humidity changes. These materials shrink when they
lose moisture and swell when they gain moisture. Responsive
materials may also experience stress due to a restraint on their
dimensional response resulting from an external construction
restricting movement or by assembling materials that respond
differently to RH changes, which is the case with panel and
canvas paintings. Materials can also experience internal restraint as moisture diffusion is not instantaneous and uneven
moisture change induces uneven dimensional response. The
stress resulting from restrained movement can cause deformation as stress exceeds the yield point and can continue to
cracking of the material when the stress exceeds its strength.
Mecklenburg (2007) systematically examined the dimensional
response to climatic changes and the critical levels of strain
and stress at which materials begin to deform plastically or fail
physically for wide classes of materials.
The model developed by Mecklenburg provided the field’s
first maps of allowable RH variations. These maps, as well as
maps obtained by other researchers, take into account the amplitude, duration, and starting RH levels (Mecklenburg et al.,
1998; Jakieła et al., 2008; Bratasz et al., 2015) and propose
environmental specifications for collections of historic objects
(Erhard and Mecklenburg, 1994; ASHRAE, 2015).
Scientific research into the damaging impact of RH variations on some materials was further refined by taking into account their vulnerability to fatigue fracture (Michalski, 1991;
Rachwał et al., 2012; Bratasz et al., 2015), a consequence of
the cumulative strain effects caused by cyclically repeated RH
fluctuations, which may range from slow seasonal changes
(i.e., an RH decrease in winter due to heating and a return
to a higher RH level in summer) to brief RH fluctuations,
even under an hour in duration, for example, during object
transportation.
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The most general conclusion from a critical review of
existing data and recent publications is that moderate variations within the approximate RH range 30%–60% are safe
for almost all collection objects. This range was derived using
the extremes of conservative criteria of the materials’ yield
and fatigue fracture and assumptions of maximal possible
material response. The quoted allowable RH variations correspond approximately to class of control B of the ASHRAE
specifications. This class of control is often the only possible
moderate-cost strategy in historic buildings also in use as museums, with limited potential for precise climate control.
Further broadening the allowable fluctuations can result
from observations that objects survived remarkably well in
conditions that were even broader than 30%–60%. Therefore, climate specifications based on the acclimatization
concept remain a useful tool, especially when electronic monitoring systems can provide long-term past climate records in
remarkable detail.

FUTURE RESEARCH
Despite unquestionable developments in the understanding of the mechanical behavior of heritage objects in response
to their environments, several significant gaps in knowledge
still exist. The purpose of this paper is to share our opinion
on what those gaps are and what future trends in mechanical
research in the field of heritage science will be.

COUPLING OF CHEMICAL DEGRADATION
WITH MECHANICAL DAMAGE
Although objects made of modern materials began to
appear in museum collections in the 1940s, conservation
strategies for these objects were not well investigated until
the 1980s. The reason, in part, is that severe structural
degradation of modern materials develops over a relatively
long dormant period during which the properties of these
materials remain almost unchanged. However, recently, the
anxiety of conservators and curators related to storage, exposition, and transport has been reflected in the growing
number of conference presentations, scientific publications,
and research projects focused on problems specific to the
degradation of museum objects made of plastic (Preservation of Plastic Artefacts in Museum Collections [POPART],
2016). A review of existing information shows significant
progress in the ability of the conservation community to
precisely characterize materials and degradation products.
This progress is especially visible in our understanding of
chemical reactions leading to plastics degradation. However, the cause and effect relationship between chemical degradation and the resulting changes in mechanical properties
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is much less researched and understood. Especially missing
is information about material dimensional changes, which
are usually the first manifestation of undergoing chemical
changes.
The case study presented below of Marcel Duchamp’s
Little Large Glass is, in our opinion, a convincing illustration of the need for new research, as existing explanations of
the mechanisms of material deformation are not complete.4
In the mid-twentieth century, the Yale University Art Gallery received several objects created by Marcel Duchamp as
part of the Société Anonyme Collection. The gift included
two of Duchamp’s “deluxe” versions of the Boîte-en-valise.
The piece is a leather valise containing 69 miniature replicas
and color reproductions of Duchamp’s most famous works.
Within each of the boîtes is a small replica of Duchamp’s The
Bride Stripped Bare by Her Bachelors, Even, called the Large
Glass. This miniature version of his famous work is referred
to as the Little Large Glass. The replica is a 0.6 mm thick
transparent cellulose acetate (CA) sheet on which imagery
has been etched, printed, and stenciled. Among the other
pieces donated with the Société Anonyme Collection was a
stand-alone Little Large Glass, not associated with a boîte
but identical to those within each Boîte-en-valise (Figure 1).
Within the last 5 years, the stand-alone Little Large Glass
was encapsulated in Mylar as part of a rehousing effort. In
early 2015, liquid had accumulated in the encapsulation (Figure 2) The Mylar was opened, and the liquid immediately
formed crystals—later characterized with Fourier transform
infrared spectroscopy as primarily the plasticizer triphenyl
phosphate (TPP)—across both sides of the object, as shown
in Figure 4. When first removed from the Mylar, the CA substrate was relatively flat, but over the course of the week it
undulated, and over the next few weeks, it cupped.
An acetic acid odor indicates that the CA is partially hydrolyzed. When compared to the Large Glass reproductions
in the two boîtes of the YUAG collection, the difference is
striking, with the two in situ still relatively planar and the
plastic clear.
The analysis of the behavior of the Little Large Glass
indicates that processes of plasticizer diffusion and evaporation, which are frequently used to explain shrinkage of plastics over a time (Preservation of Plastic Artefacts in Museum
Collections [POPART], 2016), cannot explain the above
observations. First, encapsulating the object between Mylar
sheets would have limited rather than accelerated plasticizer
diffusion and evaporation, indicating that another transport mechanism was involved. Second, separation of the
plasticizer from the material, both when visible as droplets
in Figure 2 and as crystallization of the plasticizer shown
in Figure 3A, did not cause any readily visible dimensional
change. Therefore, the main and open question is, What is
the primary cause for the observed CA shrinkage? The answer to this question is fundamental for the development of
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FIGURE 1. Boîte-en-valise containing Little Large Glass (left; Marcel Duchamp, Boîte-en-valise, 1948, Yale University Art Gallery, 1948.102)
and its replica (right; Marcel Duchamp, Little Large Glass, circa 1942, Yale University Art Gallery, 1953.6).

an effective preservation strategy and treatment options not
only for this piece but also for collections containing millions
of objects made with CA film, as in the case of the Disney
Animation Research Library (Hoeyng et al., 2016).
Tests performed at the Yale Institute for the Preservation
of Cultural Heritage were able to shed some light on the degradation and related shrinkage of cellulose acetate. For our
testing, both samples prepared in the lab and commercially
purchased CA films were used. In total, almost 200 CA samples were prepared by casting acetone-solubilized CA into
0.04 mm films using a drawdown bar. The film was then cut
into 120 × 8 mm flat samples. The samples have plasticizer
contents of 0%, 10%, 20%, and 40%. A 1:1 mixture of TPP
and diethyl phthalate (DEP) was used as a plasticizer. Additionally, commercial CA film with a thickness of 0.035 mm
was purchased from Electron Microscopy Sciences.
Samples were artificially aged in a climate chamber at
70°C ± 2°C and 75% ± 3% RH in three desiccators. The
aging conditions were chosen to be close to conditions of tests
carried out at the Getty Conservation Institute on commercial
CA (Richardson et al., 2014) for comparison. One desiccator
contained only NaCl saturated solution to additionally stabilize the RH. The second one contained NaCl solution and a
container with acetic acid (AA), and the third one contained

NaCl solution, AA, and TPP and DEP. Acetic acid was added
to create an environment mimicking the worst-case environment typical for tightly enclosed small volumes resulting from
the accumulation of AA released during CA hydrolysis. The
plasticizers were added to the third desiccator to block plasticizer diffusion and evaporation from the material in order to
see the role of these processes in CA degradation.
The experiment was planned to run for many days, similar to the test performed by Richardson et al. (2014). Surprisingly, all samples that were exposed to AA underwent sudden
and severe deformation after 13–15 hours. Interestingly,
shrinkage occurred in all samples independent of plasticizer
content, indicating that observed mechanical damage is related to some changes in the CA matrix. The only observed
difference between the behaviors of samples with different
plasticizer contents was the development of a noticeable efflorescence of plasticizer crystals on the sample surface containing 40% of the plasticizer, similar to the efflorescence
observed on Duchamp’s Little Large Glass. All samples aged
in the AA-free environment survived the test without any observable change.
Both the empirical observations of Duchamp’s Little Large
Glass and the preliminary test described above indicate that
the mechanism of material shrinkage leading to deformation
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FIGURE 2. Little Large Glass encapsulated between Mylar sheets. Liquid droplets are visible on
the surface.
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FIGURE 3. Three stages of Little Large Glass after the object was removed from the Mylar: (A) immediately, (B) 1 week, and (C) 2 years after
object removal.

in cellulose acetate objects still needs to be understood for better preservation and treatment of modern materials.

FURTHER REFINEMENT OF ALLOWABLE
RANGE OF CLIMATE VARIATIONS
The past 30 years of scientific research underscore the
relationship between biological, chemical, and mechanical
degradation processes and climate parameters and allow the
heritage preservation field to better define the optimal climate
for mixed museum collection while keeping cost reasonable.
If access to the collection is not a priority, the conservation
community knows how to build economic but at the same
time almost zero energy storage for collections and significantly reduce the rate of chemical degradation of organic
materials and the risk of mechanical damage, as shown by
Larsen and Ryhl-Svendsen (this volume). The conservation
community still debates environmental standards for heritage collections on display or in storage, where demand for
human comfort cannot be neglected. The “no change” position has been best articulated by the National Gallery in
London on their web page on “Paintings and Their Environment” (National Gallery, 2017). The position is supported

by painting conservators in Germany, Austria, and Switzerland, as expressed by the Doerner Institute (2013.) and by
the paper of Burmester and Eibl (2014). As a consequence,
many institutions still follow stringent climate specifications.
Therefore, energy consumption remains high and could be
significantly reduced as shown by the Museum Conservation
Institute (2015) and Łukomski et al. (2013).
Despite the lack of consensus on new environmental
standards, the main conclusion from the ongoing discussion
is that many existing ones intended to help museums, libraries, and archives to meet their responsibility to preserve cultural collections have the following characteristics:
• They are too tight and therefore impossible to implement
in most buildings, especially historic buildings.
• They require significant financial, organizational, and
environmental costs.
• They do not address actual priorities, even those related
to climate parameters, of most institutions identified by
practical risk assessment.

Subsequent sections aim to identify the main barriers
preventing museum communities from reaching a common
consensus toward broadening the acceptable RH variations
in a museum climate.
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Analysis of Mechanical Behavior of Materials
in Response to Climate Variations
As mentioned above, today, the conservation community
has enough information to reliably assess the risk of mechanical
damage to many categories of museum objects. This information comprises both conceptual models of materials’ responses
to climate changes and key material parameters. These parameters include moisture diffusion and surface emission coefficients, sorption isotherms, hygric and temperature expansion
coefficients, Young’s moduli, Poisson’s ratios, yield points, and
strength. Additionally, the secant modulus and failure strain
master curves and fatigue parameters are known for some art
materials. The increasing availability of specialized software
for numerical simulation and the development of powerful
computers now also allow us to analyze the structural response
of objects composed of several materials and of complex geometry to long-term real word climate variations.
One of the main barriers to the acceptance of the results
based on the analysis of mechanical behavior showing that
a far wider RH range is safer than previously assumed is
that the supporting arguments have been obtained via new
or artificially aged samples. Therefore, there is a need to determine more mechanical parameters using original historic
samples. The project started at the Getty Conservation Institute (Łukomski et al., this volume) aims at the mechanical microcharacterization of statistically relevant groups of historic
artistic materials and will be a fundamental step forward to
address this gap. As large sets of historic materials are available only as submillimeter samples, new nanoindentation
techniques seem especially promising. One of the open questions is, however, how to use nanoindentation to determine
yield strain and strain at failure—key failure criteria used in
all models assessing risk of damage—in historic microsamples.
Another vital element of mechanical models that requires
more attention is the level of residual stress in artifacts. The
usual practice is to assume zero stress for average climate
parameters. There is a tacit assumption behind this practice
that the relaxation time of materials is much shorter than the
period during which a material was exposed to that particular environment and that stress relaxation leads to zero stress.
This assumption might hold for some materials but definitely
does not apply to all. Hence, there is a need to study the long-
term time-dependent behavior of materials, especially those
that exhibit limited potential for stress relaxation, like wood
and certain decorative layers. The new data would give the
conservation community a better understanding of the safe
range of climatic conditions for objects in climates that differ
significantly from “optimal” museum conditions.
Most of the mechanical research aimed at determining
the safe range of climate variation has been focused on vulnerable museum objects like paintings, furniture, textiles,
etc. However, minor sound mechanical analysis has been
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performed for library and archival collections. The conceptual model of mechanical damage developed by Mecklenburg needs to be refined to address these objects, especially
illuminated parchments, manuscripts, and books. In such
objects, mechanical damage is related not only to cracks,
tears, wear, and delamination but also to three-dimensional
deformation.
The gap in sound data in this area is well illustrated by
the fact that the new standard ISO 11799:2015 (International Standard Organization [ISO], 2015) does not specify
stringent climate specification like the previous edition (ISO,
2003) did, yet it also does not suggest any safe range of RH
fluctuation, leaving it deliberately vague. The new ISO technical recommendation (ISO, 2018) upholds the opinion that
the optimum range of RH variations for all archival or library collections cannot be specified but suggests that, generally, the optimum falls in the range of 30%–60% RH.
It is clear that research focusing on library and archival
materials’ responses to RH variations, for example, the research presented by A. Carver-Kubik and James Reilly (this
volume), can enable the development of better-informed and
more environmentally friendly strategies of climate control in
libraries and archives. The potential impact on improving energy efficiency and reduction of CO2 emission in the heritage
sector is large as a rough estimation shows that there are two
times more archives than museums globally.

Acclimatization Concept
The acclimatization of heritage objects to a particular indoor environment within which they have been preserved has
been a well-established concept in the conservation field, and
it has been widely used to establish the criteria for climate
control. Michalski (2009, 2014a) coined the term proofed
fluctuation, defined as the pattern of the largest RH or temperature fluctuations to which a collection had been exposed
in the past. It was assumed that the risk of continued physical
damage from fluctuations that do not go beyond the proofed
pattern is extremely low. The proofed fluctuation concept is a
very convenient tool for collection managers as it eliminates
the need for elaborate mechanical response analysis and offers a risk assessment for an entire collection based solely on
past climate records. Michalski (2014b) provided a practical method for extrapolating to multiple future cycles from
a maximum historic fluctuation of ±X% RH; for example,
at ±0.9X% up to 30 future fluctuations are tolerable, at
±0.65X% up to 1,000 future fluctuations are tolerable, etc.
Mechanical tests performed by Michalski (1991) showed
that the cracking of the glue ground layer on linen starts after
106 cycles of 0.1% strain amplitude and continues for an increasing number of such cycles. Kozłowski et al. (2011) also
showed that after crack initiation in the glue ground layer applied on wood, cracking continues for thousands of repeated
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cycles before the density of cracks saturates. Strojecki et al.
(2014), using the acoustic emission method, showed that the
cracking process was still active in a wooden wardrobe dated
to 1785 with an estimated rate of crack propagation of 0.6
mm/year. In the gallery, where the wardrobe was exhibited,
the amplitude of yearly RH variations was 35%. Assuming
an equal rate of crack propagation during the 27 years since
a climate control system was introduced, one can estimate
that the crack length increased by 16 mm in that time. Before 1989, for almost 200 years, the wardrobe was stored in
interiors without humidity control. For such interiors in the
Polish climate, a 55% amplitude of RH variations is typically recorded. Using the approach proposed by Michalski,
one can calculate that for a RH cycle with an amplitude of
55%, the rate of crack propagation is 600 mm/year (1,000
times larger than for the 35% amplitude). The obtained
propagation rates enable calculation of the damage development from the moment the wardrobe was constructed to the
present. The obtained value, 122 m, is unrealistically large.
This result suggests that the rate of crack propagation caused
by fluctuations is less than the “proofed” one and decreases
slower than in the Michalski model.
The above observations indicate that more experimental and theoretical work is required to understand fatigue
damage in historic objects and to estimate the contribution
of large numbers of climate cycles to damage development.
Using the obtained results, a new model should be developed
not on the basis of the plot of the amplitude of an alternating
stress versus the number of cycles to failure, so called S-N
curve (as in Michalski’s approach), but rather on an analysis of the damage propagation rate in a material in which
damage already exists. The application of nondestructive
methods for direct damage tracing in historic objects can be
particularly suitable for providing data supporting development of such a model.

Practical Tools
The development of damage functions for biological and
chemical processes leading to the loss of collections value
proved successful in optimizing collections care in many museums, libraries, and archives. However, only the development
of simple and easy-to-use tools and risk indicators opened the
doors for wider application of scientific research to collections
management. Such tools, for example, the time-weighted preservation index (TWPI) proposed by the Image Permanence
Institute and WuFi Bio software designed by the Fraunhofer
Institute, have been increasingly used in recent years. In particular, TWPI proved to be a powerful tool when defining
preservation targets and designing preservation strategy in
museums, libraries, and archives, according to the excellent
British standard PAS 198:2012 (British Standards Institution,
2012). Unfortunately, there are no adequate and easy-to-use

tools similar to TWPI for the quantitative assessment of the
risk of mechanical damage to various object categories caused
by climate variations. Proposed tools, such as eClimateNotebook (Image Permanence Institute, 2016) and the method
proposed by Martens (2012), do not reflect the physical reality of heritage objects with sufficient detail. A lack of adequate
tools creates a barrier in communication with decision makers
when designing a new sustainable preservation strategy for
a collection, which requires a balance of collection care with
associated financial and environmental costs. Finding that balance requires that decision makers know the relationship between expected mechanical damage, for example, the increase
of crack length and percentage of the collection affected, and
various climate control strategies. When this information is
combined with information about cost and CO2 emission, an
adequate cost-benefit analysis can be successfully performed.
An attempt to fill the existing gap and develop such a
tool, named HERIe by its authors, has been undertaken by a
consortium of research institutions as presented by Kozłowski
et al. (this volume). Using a web-based platform, the user is
asked to provide a basic characterization of the object and the
1-year (or multiyear) microclimatic data, measured or simulated for future preservation scenarios. The risk is assessed by
calculating and analyzing strain versus time histories in specific objects in real-world microclimates. All calculations are
performed using a predefined database, so using the HERIe
tool does not require any experience in mechanical analysis.
HERIe is freely available for testing at http://herie.mnk.pl.

CONCLUSIONS
Ideally, future trends in mechanical research applied
to the heritage field will address the interface between the
chemical degradation of synthetic materials and the resulting mechanical changes, as well as some aspects of mechanical damage development caused by climate variations. This
opinion grew out of the identification of the gaps in our
knowledge that make collection management less effective in
terms of both collection care and the associated environmental costs. However, this topic is one of a long list of other
interesting and important research ideas that have not been
adequately addressed. Despite this, we hope that this work
will help young and talented researchers to identify their own
interests at the crossroads where the humanities and engineering disciplines meet.

NOTES
1. An interesting overview of the history of climate control and climate specifications in museums can be found in Bratasz (2013), Luciani (2013), Bickersteth (2014), and Michalski (2014b).
2. A thorough review of plastic degradation can be found in Shashoua (2008).
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3. Comprehensive information on mineral interaction with climate can be
found in Waller (1992).
4. See, for example, the POPART Damage Atlas (POPART, 2016).
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was asked to write a brief introduction discussing the background that led me
to develop the ideas expressed in the article “Some Aspects of the Mechanical
Behavior of Fabric Supported Paintings,” which was released in 1982. In all
honesty it was really a matter of circumstances, the support of many wonderful
people, and considerable luck. My interest in fine arts conservation really started
when I was a child growing up in Norfolk, Virginia, in the 1950s. I was taking art
lessons at what was then called the Norfolk Museum (now named the Chrysler Museum of Art) when I met Robert Scott Wiles, who was a painting conservator there.
As young art students we were given tours of the conservation studio, and my parents developed a friendship with Bob Wiles, so the family kept in touch. The family
then moved to Washington, D.C., and we found that Bob had opened a conservation
studio in Washington. In 1966 I asked Bob Wiles if I could apprentice with him and
was fortunate to get a job under his supervision. Now a critical point here is that although I did have some college education, I had as yet not completed a degree at that
time. This was to have important consequences on my future educational directions.
The first painting I worked on was a full-length portrait of Thomas Jefferson by
George Catlin after the painting by Thomas Sully that belongs to the State Capitol in
Richmond, Virginia. It was covered with an extensive crackle pattern over the entire
painting, and I was asked to inpaint the cracks. Bob’s philosophy was, and rightfully
so, if one couldn’t properly reconstruct a damaged painting, then one had no business opening up old repairs. Well, I managed to overcome this hurdle, and frankly,
the earlier art lessons were a great help. At the time it was standard practice to reline
paintings with linen and a mixture of natural waxes and resins. Shortly thereafter we
switched to microcrystalline waxes and terpene resins. This time with Bob Wiles was
invaluable since it was necessary to learn the “craft of conservation” before answers
to the questions that were beginning to form in my mind could be found. For example, I was concerned about the use of what I thought was considerable heat in the
lining process. I had seen impasto flattened and moiré patterns caused by the close
contact of the original and lining textiles. The latter was more prevalent with the
introduction of hot tables, which we did not have at the time. Lining with handheld
hot irons and cupping with a shot glass were the standard practice at the Wiles studio. I also wondered what caused the extensive crackle pattern on the Sully portrait
of Jefferson. Naturally, I started reading everything I could get my hands on as Bob
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Wiles had a very good library of conservation-and artist’s
materials–related books and journals. Additionally, I started
investigating my further education related to this field.
In 1960 Caroline and Sheldon Keck started the graduate program in conservation at New York University (NYU).
Basically, the program was teaching many of the things I was
learning with Bob Wiles, but there was considerably more,
such as providing a very brief background in chemistry and art
history. There was also one critical aspect that I was not getting as a new student in the field, which was knowledge about
the fundamental materials and construction of paintings. That
I had to get from artists’ handbooks and other source materials, and frankly, they were useful, but there seemed to me that
there was a lot conflicting and often confusing information.
In 1970 the Kecks started the conservation training program
at Cooperstown, New York, and in the same year Oberlin
college started their conservation training program in Ohio.
It was even later, in 1974, that the Winterthur/University of
Delaware Art Conservation Program was started. All three
were master’s degree programs. As it turned out for me in
1967, the educational possibilities in conservation were quite
limited. I needed a bachelor’s degree to even apply to NYU,
and the other three programs were yet to open. During my
reading on conservation-related matters, one issue that consistently appeared about art and preservation was the effects
of adverse environments. The effects of the environment are
both chemical and structural issues. Yet there was almost no
systematic research related to the structure of art anywhere.
In fact, much of the work carried out in any art conservation
was structural in nature, yet there was little discussion about
the rationale for choosing such treatments. The first edition
of Garry Thomson’s book The Museum Environment did not
come out until 1978. And even then he admitted that his environmental recommendations were based largely on creature
comfort as little actual research had been conducted on the
structural effects of the environment.
It now was decision time about furthering my education.
What I decided was to see if I could go back to a university
and major in structural engineering. In 1967 I attended night
school at the University of Maryland University College for
one semester, after which I was accepted into the University of
Maryland Civil Engineering Department of the College of Engineering as a full-time student majoring in structures. This did
present problems as Bob Wiles needed a full-time employee,
and I was full time in school. Fortunately, this was resolved
as I was offered a part-time position with Russell Quandt,
who was the conservator for the Corcoran Gallery of Art and
the Abby Aldrich Rockefeller Folk Art Collection in Williamsburg, Virginia. Russell, who I believe studied under the Kecks,
was a most interesting man to work with. He had as many
questions about my studies in engineering as those related to
art conservation. One day in our discussions I asked him if he
knew why environmental changes were harmful to canvas-
supported paintings. His response was that the canvases on

the paintings were dimensionally responding to the moisture
changes, hence causing the paint to crack. I responded by then
asking him, if that were so, why did we continue to use linen
canvas as a lining material as this would seem to make matters worse. His response was “tradition,” and we both had to
laugh after that. But these were not unreasonable questions,
and they merited further study. In June of 1970 two major
things occurred: I received my B.S. degree in engineering, and
unfortunately, Russell passed way. This was a crushing blow
for both his family and me as he was fun to be with and had
a great inquisitive mind. I still think about him and miss him.
It must be said here that where many thought my educational
direction was foolish, Russell had encouraged it.
In my last semester as an undergraduate I accepted a fellowship offer to work on a master’s degree in engineering. In
all candor my decision to go for the master’s program at the
University of Maryland was not solely based on the fellowship but constant rumblings about dissention in the ranks at
NYU and the Kecks leaving to start a new and yet untested
training program at Cooperstown. So although I was returning to the university in the fall, I was no longer employed
as a conservator. As it turns out, fate intervened, and I was
approached by Judith Webster, who was both a conservator
and, along with her husband, Donald, a dealer in fine arts.
They needed someone to do structural work in paintings such
as linings, etc., and Judy would finish with the cleaning and
inpainting. Judy had been trained in the fine arts and was
an accomplished painter. This relationship turned out to be
the best of all possible worlds and is truly what made the
research in the structural aspects possible for me.
In May of 1971, Judy Webster and I jointly opened a
small conservation studio in Washington, D.C. The plan going
in was that I was to help Judy with her work, but I was able
to take on private work as I could get it. Over the next 5 years
many things happened. First, the business grew rapidly, and
I obtained my master’s degree in 1972. As it turned out, the
Washington area needed a private conservation treatment resource, and although I wasn’t aware of the need, I think Judy
had this in mind all along. She seemed to always be thinking
ahead. The second part of this period was that it gave me
time to think about the questions forming about the structure
of art. For example, although we initially continued to use
canvas as a lining material, we were also gradually switching
to multiple layers of fiberglass as a lining substitute. It was
also during this time that we constructed our first hot table.
Experimentation showed us that we could use minimum pressure successfully. It was also during this time that I started
experimenting with wax adhesives. I found that the addition
of terpene resins actually had little effect on the strength of the
mixture but did have a kind of eutectic effect in that it could
lower the melting temperature of the wax-resin mixture. At the
same time, I found that it was possible to purchase microcrystalline waxes with lower melting points, eliminating the need
for resins altogether. The development and use of aluminum
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honeycomb panels as painting supports also occurred at this
time, largely prompted by the need to support some very irregularly shaped canvas painting. Judy and I wrote an article
on the use of honeycomb panels that was published later in
1977 in Studies in Conservation (22(4):177–189). I think this
was my first formally published article. One of the positive
aspects of this time period was the opportunity to have open
discussions with other museum conservators working in the
Washington area. At the same time, I came to be aware of one
of the really ugly truths about trying to be innovative. It opens
one up to rather serious criticism for breaking with tradition.
This criticism was to be an unfortunate theme for much of my
research career. It made me aware that it wasn’t enough to try
to improve our understanding of the structure of art, it would
be necessary to go on a massive campaign of education. That
required a very strong and systematic research program that
justified any changes in conservation treatment that might be
considered. This program was to be a massive undertaking,
and I was unsure at the time as to how to accomplish it or
even if it was possible.
Around 1975, we found that the conservation business
was growing so fast that we had to consider moving to much
larger spaces. At the same time the D.C. government decided
to retroactively apply a service tax on conservation income.
We tried to fight this off through legal channels but were unsuccessful and finally agreed to a settlement payment. But it
also hastened our decision to not only move to a much a
larger space but to get out of D.C. In 1976 we moved to
Kensington, Maryland, gaining over six times the space we
had in Washington.
By this time we had had requests from different schools
to see if we would accept both short-term and long-term
interns, and we did both. So at least we felt that we were
having some positive impact. Further, the Kensington facility
became the proving ground for some of our research ideas.
Also at this time, we had clients that included major institutions in the Washington area and states, private collectors,
and art dealers. The business was now financially stable with
resources to consider a modest research program. So it now
became an issue to determine how to proceed.
I think that everyone will agree that as structures cultural artifacts are complex in that they contain multiple and
diverse materials in many different combinations. Further, if
any analytical approach is to be successful, it has to be capable of handling these complex shapes and materials. There
are different analytical techniques to be considered, and one
is computer modeling. But to be successful in modeling, a
database of the mechanical properties of cultural materials
had to be created. Such a database did not exist. This was
clearly the first step in any such research endeavor. My educational background now included many courses in mathematics; various structural analytical techniques, including
computer modeling; and techniques in testing the mechanical
properties of materials. So at least I had the background to
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develop and begin a test program. Further, it was necessary
to design and construct the test equipment needed to analyze
the mechanical properties of cultural materials. Since nearly
all of the cultural material of interest to us was influenced by
the environment, the equipment needed to be capable of measuring low-level forces and deformations on multiple small
specimens in contained spaces so that the temperature and
relative humidity (RH) could be tightly controlled.
In 1978, I started casting different commercial artists’ oil
paints on polyester sheets so thin films of these paints could
be removed and tested as free films. I really had no idea as to
how long it would take for these paints to naturally dry and
become usable test specimens. I just had to wait it out and see
what happened. In the meantime, the test equipment was designed, constructed, and calibrated. I could at least test other
materials such as linen canvas, cast samples of hide glue, and
other materials. The information I was trying to develop was
the mechanical properties of the materials at different levels
of RH. They included the complete stress-
strain plot, the
strength of the material, and the stiffness or flexibility, also
known as the elastic modulus. All of this information was
to become useful later. Further information needed was the
dimensional response of the materials to changes in RH.
The reason that changes in RH can cause damage to a
material is the expansion and contraction it undergoes with
those changes. If, however, a material is restrained and desiccated, it is unable to contract and develops internal forces or
stresses. If those stresses exceed the strength of the material,
it will fail. So one basic test would be to restrain a material
and monitor the stresses developed as the RH was lowered,
although acquiring these data through this process can be
slow. First, it takes a fairly long time for cultural materials,
even small samples, to equilibrate to changes in the environment. Even a very thin sample of hide glue takes about 12 to
24 hours to come to equilibrium to a change in RH. Second,
all cultural materials have time-dependent properties. This
means that a sample of material that has been subjected to a
force will either stress relax or deform over time depending
on whether it is restrained or not. All this information had
to be sorted out before it could be used. The solution to this
was to apply a load to a restrained sample of a material and
measure the length of time it took for the sample to come to
equilibrium. After observing the time it takes for a sample to
equilibrate to a new environment and fully stress relax after
loading, it became clear that building a materials database
was going to take a very long time unless one had a very vast
array of test facilities where large numbers of materials could
be tested simultaneously.
This level of testing was beyond the means of our lab;
however, by carefully selecting and testing materials at least
a proof of concept program could be completed. This approach was the one that would ultimately lead to the report
“Some Aspects of the Mechanical Behavior of Fabric Supported Paintings,” which was submitted to Smithsonian
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Institution in 1982. I had successfully applied to the National
Museum Act at the Smithsonian Institution for modest funds
to expand the test program at the lab in Kensington but also
established a research collaboration with my master’s degree
advisor, Dr. James Colville at the University of Maryland.
Through this collaboration, I was able to have access to the
computers at the university to do the preliminary modeling
that was developed for “Some Aspects.” It was also possible
to develop additional materials testing and analytical methodologies that could be useful in the future. This work led to
a Ph.D. degree for Jim Colville’s nephew, William Kilpatrick,
and some of his dissertation was presented at the Washington
conference of the International Institute for Conservation of
Historic and Artistic Works in 1982.

If I was to establish a broader research program, I needed
to get a job at a major institution, and for this I needed to
complete a Ph.D. program of my own. This I did in 1984 and
ultimately ended up at the Smithsonian Institution thanks to
Tim Padfield. Tim’s interest in the work I was doing was instrumental in recommending me to the Smithsonian Institution. On looking back over the years it became clear that the
North American philosophy on conservation training emphasized the “craft of conservation” without a strong, fundamental training in the “science of conservation.” I also think
that this is still the norm as the programs are 2-year training
programs, compared to many European programs leading to
B.A., M.A., and Ph.D. degrees. Maybe this will change in the
not too distant future.

Some Aspects of the Mechanical Behavior
of Fabric Supported Paintings
Marion F. Mecklenburg

I. INTRODUCTION

Though not formally published, this paper first
appeared in 1982. The research was supported in
part by a grant from the National Museum Act.

The deterioration of “fabric supported” oil paintings has generated perhaps as
much debate during the last four hundred years as have the paintings themselves. In
many cases the causes of damage are obvious; accidental tears, biological attack and
saturation with water usually are easily identifiable. Not as apparent, however, are
the causes of persistent cracking and flaking even after relatively recent conservation
treatment. An historically long list of painters have commented on the effects of
using excessive animal skin glue,l while recent writers have stressed the hygroscopic
nature of the fabric support.2 Some have discussed the effects of stretchers, while
others have further compounded the problem by introducing the concept of paint
film behavior with the associated idea that paint films become brittle with “age,”3
or more precisely, with oxidation and polymerization of the oil films. If artists used
oil paint directly, perhaps fewer forms of deterioration and destruction would occur,
since the addition of dryers and resins alters the mechanical properties of the design
layer. Clearly the number of variables is large enough that a systematic analysis of all
mechanisms of deterioration of fabric supported oil paintings will take considerable
time and resources.
Over the years the general consensus has been reached that environmental moisture plays a significant role in the mechanical deterioration of paintings, based on
the assumption that artists’ materials expand and contract due to gain and loss of
water associated with changes in environmental moisture. Expansion and contraction have become designated as the primary sources for the cracking and flaking of
paint from the fabric support, As a result, attempts are made to stabilize the moisture content of the air in most museums.
The magnitude of environmental moisture content (water vapor present in the
air) is usually indicated by the term “percent relative humidity” (%RH), and although an increase in relative humidity might suggest an increase in the water vapor
present, this is not always so. A decrease in ambient temperature can cause an increase in RH while the actual amount of water vapor present remains the same.4
Relative humidity provides a good way to relate the moisture content of a material
specimen to the condition of the surrounding air at a given temperature.
An example of a material influenced by environmental moisture is wood, which
swells with an increase in RH and shrinks when RH decreases.5 This motion has
long been considered the source of destruction of paint on a panel painting. When
the panel contracts in excess of the paint’s ability to do so, the paint cleaves under
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compression. Does the wood also expand so much during
high RH that the paint film is “stretched” and found to crack
under tension? Although the precise mechanisms of the behavior of panel paintings due to RH are yet to be fully determined, a basic principle apparently is at work. A material
swells or contracts in an attempt to relieve stress generated
within that material. Expansion and contraction are stress
release mechanisms, If a material cracks (due to tension) or
crushes and cleaves (due to compression), then it has been unable to completely relieve stress by expanding or contracting
and by definition has failed due to excessive stress. In a material such as wood, stress can result from the development of
internal force, such as swelling due to water vapor absorption
when the wood is restrained, or of external force, such as
bending or pulling, or from a combination of both. Similarly,
the paint on a fabric supported oil painting cracks because of
excessive unrelieved stress, whether the source of the stress
is internal or external to the paint. The key questions for the
conservator are: what are the sources of the stress, and how
does it relate to environmental moisture?
The study of stress development within a material falls
under a broad area of investigation called mechanics, which
can be further broken down into
1) the study of the mechanical properties of the materials
themselves, and
2) the stress analysis of the structures formed by the
materials.

All materials found in the traditional oil painting (wood,
fabric, glue and oil paint) gain and lose moisture with
changes in environmental moisture. To the degree that they
do this, they change both dimensionally and in their mechanical properties. The amount of moisture uptake is normally
plotted in equilibrium moisture isotherms (EMI). The putrified bast fibers of flax, used to weave linen, are approximately
95% cellulose, while cotton fibers are about 97–99% pure
cellulose.6 Because of their similar compositions, and since
the EMI for cotton is well established (considerably more
research has been done on cotton), it is presented here (Figure 1) as a general indication of the EMI for flax, and gives
a good description of water content (moisture regain) versus
RH. The moisture content is described in terms of moisture
regain—the percent weight of water versus weight measured
when the fibers are bone dry.
The principal constituent of hide glue is collagen, the fibrous connective tissue found in mammals and fish.7 Dry collagen absorbs water from the atmosphere, and the amount of
water it can absorb is related to RH (Figure 2).
In both cellulose and collagen the amount of water absorbed can be large, affecting their mechanical behavior. In
addition to their ability to absorb, their rate of moisture uptake significantly increases from about 75% RH to 100%
RH. This will have some important implications later in the
discussion.

FIGURE 1. Sorption isotherm for cotton at 20° C. From J.W.S.
Hearle, R.H. Peters, Moisture in Textiles (New York: Textile Book
Publishers, Inc., Division of Interscience Publishers, Inc. Manchester
and London, The Textile Institute, Buttersworth Scientific Publications), 1960, p. 18, Figure 8.

Much has been written about the moisture permeability of oil paints, while little research has been done on their
actual moisture content. Preliminary research suggests, however, the variability and importance of moisture content. For
example, a 42-month old specimen of flake white oil paint
(lead carbonate) weighing 0.2520 grams at 5% RH gains
0.0040 grams of water at 98% RH. This is an increase of
only 1.6% water by weight, but different pigments and drying times probably affect the amount of water gained. In
this particular specimen the change in moisture content was
small, yet its effect on the paint was dramatic; this effect will
be described below.
Since so much has been written on wood behavior and
moisture content, I refer the reader to various texts listed in
the endnotes.
As these artists’ materials gain and lose moisture they
tend to change dimensionally, to expand and contract, which
will be described in detail below. A frequently encountered
misconception is that this movement is the sole source of
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FIGURE 2. Absorption of water vapor by collagen. From F. Haurowitz, Chemistry and Biology of Proteins (New York: Academic
Press), 1950, p. 91, Figure 24.

stress development and hence of cracking of the material, but
this movement is not sufficient, for stress is only developed
if the material is either partially or fully restrained during
changes in moisture content. For fabric supported oil paintings, this restraint can come either from the various layers of
the painting or from the stretcher.

II. DIMENSIONAL CHANGES
(EXPANSION AND CONTRACTION)
Straightforward observation of the dimensional behavior
of the artists’ materials as a function of moisture content reveals useful data. Figures 3a through 3d show the changes in
length of four different paint samples versus RH. Each sample had been aged 36 months in an environmentally uncontrolled interior room. All samples were taken from tubes as
commercially available from various manufacturers and represent a much larger group of specimens. All paint and glue
samples were isolated and free of any substrate. Tests were
run over a period of several weeks, with samples cycled from
low to high humidity and back again (or vice versa) several
times. Some full cycles required nearly a week because the
samples were allowed to equilibrate at a particular RH for
about twelve hours before the corresponding measurement
was taken. Shown here are plots of the fifth cycle. By this time
the cycles had become regular, contrasting early cycles during
which many specimens sagged considerably at high humidity.
The white lead, titanium dioxide and vermillion changed
only slightly in total length, while the burnt umber changed
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dramatically with the variation in RH. These differing dimensional changes among types of paint probably effect the
overall structure of the painting, but the present discussion
is confined to differences among classes of materials, for example, between paint and glue. The behavior of the “vermillion,” an artificial azo pigment,8 seemed typical of this kind
of pigment. When gaining moisture all specimens increased in
rate of expansion at about 75-80% RH.
Figure 4 demonstrates the rather massive dimensional
changes of rabbit skin glue. This specimen was representative of many cast from granular rabbit skin glue mixed according to the manufacturer’s directions. Of all the artists’
materials glue demonstrates the greatest change in length,
and it can be cited as the prime source of stress development
in paintings.
The dimensional changes in fabric are more difficult to observe in a cyclic fashion, for once the free-hanging fabric enters
a period of high RH the yarn configuration 15 altered so that
the specimen shrinks (Figure 5a,b). This shrinkage alters the
behavior of the free-hanging specimen. Therefore, for a free-
hanging specimen, the first pass from low to high RH, before
the change in yarn configuration happens, is the only one that
reflects the behavior of a stretched fabric. A general picture of
force developing behavior in the stretched fabric is more accurately observed from figure lla (showing tangent modulus vs.
RH) and from tests of restrained linen (figure 12).

III. CHANGE IN MODULUS
To understand the behavior and deterioration of fabric
supported paintings we must determine why paint and glue
develop forces at all and why a thin layer of glue develops so
much more force than does a paint layer ten times as thick.
Actually, two materials with identical dimensional responses
to moisture, upon being restrained, can develop very different forces. From a mechanical point of view, this is because
the materials have different “mechanical properties”. The
modulus of one material is greater than the modulus of the
other. The modulus of a material expresses the relationship
between stress and strain, where stress is the distribution of
force within the material and strain is the material deformation with respect to the undeformed dimensions. (For further
definitions, see Glossary.)
The concept of the modulus is fundamental to the interpretation of material behavior; it is the quantity that allows
us to determine the magnitude of stress a material will develop if it is strained (expanded or contracted). Mathematically the modulus is defined as the ratio of stress to strain,
E = σ / ε in which E = modulus
		 
σ = force/area = stress
		
ε=d
 eformation/unrestrained
length = strain
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FIGURE 3 A, B. Unrestrained dimensional change in oil paint vs.
relative humidity at 70° F.

FIGURE 3 C, D. Unrestrained dimensional change in oil paint vs.
relative humidity at 70° F.

One way of looking at the force developed by shrinkage is to imagine that a specimen of material which would
normally be restrained from shrinkage is allowed to contract.
The amount of contraction is its deformation, δ, that is, the
contracted length subtracted from the restrained length,
δ = Lr – Lc. The strain of the specimen then becomes the deformation divided by the contracted length, E = δ/ Lc. The
stress of the restrained specimen is σr and is equal to the strain
times the modulus, that is,

These relationships show that as the thicknesses of the glue
and paint increase so does the total force. A higher modulus
also increases the total force.
If a history of the stress-strain behavior of the materials
discussed in this paper (glue, paint and fabric) were recorded,
it would show that the properties of these materials are influenced by moisture content as well. While glue and paint show
very low values of E (modulus) at high humidity, they have
very high values of E at low humidities.
Figures 6 through 11 illustrate the general stress-strain behaviors of oil paint, glue size and fabric. While the absolute
magnitudes of the various properties may vary somewhat, the
overall performance is the same within each group of material.
For the paint, interpretation of the stress-strain curves
(Figures 6a,b,c,d) explains important aspects of its behavior.

σ = ε × E = (δ/ Lc) × E = (Lr – Lc / Lc) × E
The total force (F) measured is then equal to the stress
of the restrained specimen times its cross-
sectional area
(F = σ × A, where A is equal to its width times its thickness).
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FIGURE 5 A, B. Unrestrained dimensional change in linen fabric vs.
relative humidity at 70° F.

FIGURE 4. Unrestrained dimensional change in rabbit skin glue vs.
relative humidity at 70° F.

At very high humidity the paint is quite flexible and exhibits very plastic behavior. It creeps to the point where it will
completely release any applied stress within a short period of
time, usually within a few hours. In addition, the breaking
stresses of the paint are extremely low, while the breaking
strains are high. Since the paint exhibits such plastic behavior, tensile failure is extremely unlikely at very high humidity except under extraordinary circumstances. However, as
the RH decreases the paints exhibit more elastic behavior
and demonstrate less creep. At very low humidity the paint
also becomes quite brittle and while the breaking stress is the
highest, the breaking strain is the lowest. The paint’s ability

to accommodate dimensional changes is significantly altered
by desiccation. The transition point from a generally plastic to a generally elastic behavior seems to occur at about
60% RH, 71° F, though this can vary slightly from pigment
to pigment and with the age of the paint. Note that for the
burnt umber (Figure 6d) breaking stress does not show on the
graph because the breaking strain, even at extremely low RH,
was very large.
With increased oxidation and polymerization of the paint
a general increase in the modulus will occur at all levels of
RH and a general decrease in breaking stress follows. When
the paint is most brittle and cannot appreciably creep at low
RH it has the highest potential for developing stress and thus
for becoming itself part of the support of the painting.
Figure 7 shows the tangent moduli of the paint samples.
The tangent modulus conveniently displays the change in
modulus of the four paint samples as RH changes.
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FIGURE 6A. Effect of relative humidity on stress-strain properties of flake white in linseed oil, 36 months
old, at 70° F.

FIGURE 6B. Effect of relative humidity on stress-strain properties of titanium dioxide in linseed
oil, 36 months old, at 70° F.
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FIGURE 6C. Effect of relative humidity on stress-strain properties of
artificial vermilion (azo) in safflower oil, 36 months old, at 70° F.

FIGURE 6D. Effect of relative humidity on stress-strain properties of
burnt umber in linseed oil, 36 months old, at 70° F.
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FIGURE 7. Effect of relative humidity on the tangent modulus of
four paint samples: 1) burnt umber in linseed oil, 2) flake white in
linseed oil, 3) titanium dioxide in linseed oil, 4) artificial vermilion
in safflower oil.
FIGURE 8. Effect of relative humidity on stress-strain properties of
rabbit skin glue.

The hide glue, in this case rabbit skin glue, demonstrates
the greatest changes in mechanical properties with varied
moisture content of all the materials (Figure 8). At about
95% RH the material is quite flexible and has a modulus
of 4000 psi; at 10% RH the modulus is nearly 400,000 psi.
Of all the materials found in a painting, glue has the highest
modulus, and it has a breaking strength approaching 10,000
psi. At about 75% RH its material properties change tremendously, corresponding to the most significant change in its
moisture content. Figure 9 shows this change while relating
the modulus to RH.
Fabric exhibits more complex behavior because it is not a
homogeneous material; it is a structure fabricated by weaving
yarns of spun flax fibers. Nevertheless some general observations can be made. With respect to the stress-strain curve
(Figure 10a,b), at low strain much of the behavior simply results from straightening crimped yarns (crimp removal zone
at strains below 0.025). After crimp removal the actual yarn
behavior takes over. Although increased moisture influences
the modulus by making the crimp more difficult to remove,

moisture affects the actual yarn behavior to a lesser degree,
and thus the yarn behavior contributes less to the modulus of
the fabric. Very high moisture content appears to lubricate
the fibers so that slippage occurs, and a lower yarn modulus
results as the strain increases. i.e., more elongation results
from less stress.
In general, when testing isolated fabric specimens the
warp and weft directions show obvious differences (Figure
11a,b). Stretched fabrics found on paintings seem to behave
similarly in both directions and similarly to the warp of an
isolated test fabric. These similarities are due to stretching the fabric before painting. Raw fabric weft yarns have
very little crimp, but upon stretching, the warp yarns induce
more crimp into the weft yarns (crimp transfer), making the
stretched fabric more orthotropic. Visual examination of actual painting fabrics and of Figures 16 and 17 bear this out.
Equally important is that although a fabric, upon being
stretched, appears to lose some of the yarn crimp (is strained
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oxidizes and polymerizes, the modulus increases, so higher
stress development should be expected in older, restrained
films. Unfortunately, strength of the film is not necessarily
maintained as time passes.
The glue film exhibits both high modulus development
and large dimensional changes, and if restrained, should
show very high stress development. This phenomenon will
be discussed later.
The fabric develops both high modulus and dimensional
change at humidities above 80%, and as expected, most force
development appears in this range.

IV. RESTRAINED TESTING

FIGURE 9. Effect of relative humidity on the tangent modulus of
rabbit skin glue.

beyond the crimp removal zone), the first time the fabric is
subjected to high humidity the yarn fibers slip and the fabric relaxes and returns to the crimp behavior zone. In fact,
to maintain a high strain on a fabric and subject it to high
humidity without losing much of the fabric tension seems
impossible.
Having now discussed the dimensional changes and the
modulus changes of the materials, their comparison becomes
of interest. In the paint specimens characteristic behavior
exists: paints that develop the high modulus undergo small
dimensional changes; paints with generally low modulus behavior undergo fairly large dimensional changes. If restrained,
the paints with high modulus are the ones that will develop
high stress (e.g., titanium dioxide and artificial vermilion).
Very low modulus paints maintain such plastic behavior that
little or no stress develops (e.g., burnt umber). As an oil film

The foregoing discussion alludes to the development of
a tensile stress within a material when that material, which
would otherwise contract with a loss of moisture content, is
restrained from contraction. If the dimensions of the specimen of material are known, then that stress is measurable.
If these dimensions are not easily obtained, as in a sample of
fabric, then the total force developed at one end of the specimen is measurable.
Tests were run on strips of linen (comparable to that
found in a given painting), having dimensions 7 × 0.5 inches
with a 32 × 32 thread per inch count; on cast strips of rabbit
skin glue with the same length and cross-sectional area of
0.000483 square inch; and on cast strips of paint 7 inches
long with a cross-sectional area of 0.00243 square inch. The
individual specimens were restrained to a near constant length
and the force developed by each specimen while changing the
RH at a constant temperature was measured, to observe the
relative behavior of each material.
Taking the warp direction sample of the linen first, a record was made of force versus RH (Figure 12). In this case
two distinct sections of the graph are apparent: from zero to
85% RH; and from 85% to 100% RH. The graph is relatively flat with a slight increase in total force as the specimen
is desiccated, but at 85% RH and above, a rapid and marked
increase in total force is observable. This behavior was measured during a cycle of four days duration and was repeated
during several following cycles. Above 95% RH the total
force becomes even higher, reaching the point where some
fiber slippage occurs and resulting in a net decrease in force
on the specimen.
Next a cast strip of rabbit skin glue was tested. It was
actually somewhat thicker than the layer normally found in
a painting, so the recorded forces were mathematically corrected to those for a film 0.00048 inch thick and 0.5 inch
wide. The plot of the total force versus RH is shown in Figure
13. The complete cycle lasted three days. This plot clearly
shows the remarkably high force development in rabbit skin
glue. From 96% RH to about 80% RH relatively little total
force is developed, while from 80% RH to 5% RH massive
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FIGURE 10A. Effect of relative humidity on stress-strain properties of linen in warp direction,
medium weight, 32 yarns per inch (#8800 Ulster), at 71° F.

FIGURE 10B. Effect of relative humidity on stress-strain properties of linen in Weft (Fill) Direction, medium weight, 30 yarns per inch (#8800 Ulster), at 71° F.
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FIGURE 11A. Effect of relative humidity on stress strain properties
of linen in warp direction, medium weight, 32 yarns per inch (#8800
Ulster), at 71° F.

force is developed. (Note that going from low RH to high RH
a different path is followed.)
Finally a strip of paint was tested. It was 42 months old
and chosen for its degree of drying.9 The pigment was an azo
pigment, vermillion, in safflower oil and showed nearly twice
the modulus of white lead and titanium dioxide paints after
comparable drying time. As with the rabbit skin glue, the dimensions were corrected, this time to 0.0048 inch thick and
0.5 inch long.
Figure 14 shows that above 75% RH no force developed
in the specimen, but from 75% RH to 5% RH force developed and at a faster rate than that of the fabric tested. At humidities of 75% and above, the paint creeps, losing all ability
to maintain a force.
Opinions have been expressed that a painting, composed
of layered materials, is too complex for analysis and that research on its separate layers does not offer meaningful information for the total painting. Actually, the opposite is true,
because the material behaviors of the individual materials can
be summarized mathematically to project the performance
of a total structure, in this case a painting. Therefore, if the

FIGURE 11B. Effect of relative humidity on stress strain properties
of linen in Weft (Fill) Direction, medium weight, 30 yarns per inch
(#8800 Ulster), at 71° F (preliminary results).

forces developed by the separate materials are added together
at each point of RH, a composite results. Figure 15 shows
the composite of the individual materials tested and indicates
that the general character of each material is retained. This
graph, then, predicts the behavior of an actual painting of
similar construction.
To compare this theoretical analysis with the actual behavior of a painting, samples from a 1912 painting by the
American artist Duncan Smith were tested. Test strips were
cut in both the warp and weft directions, each 7 inches long
and 0.5 inch wide. They were tested in the same manner as
the specimens of individual materials, that is, they were held
at a constant length during the full humidity cycle. The paint
film was essentially uncracked having only microscopic fissures at the top of the weave pattern. The painting consists of
a medium weight linen with layers of rabbit skin glue, white
lead oil ground and a thin wash of ivory black paint totalling
0.017 inch in thickness.
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FIGURE 12. Restrained specimen force development vs. relative humidity at 71°F for linen in
warp direction (#8800 Ulster). Length 7 inches. Width 0.5 inches (16 yarns).

FIGURE 13. Restrained specimen force development vs. relative humidity at 71°F for rabbit skin
glue. Length 7 inches. Thickness adjusted to 0.0048 inch. Resultant cross-sectional area 0.00024
square inch.
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FIGURE 14. Restrained specimen force development vs. relative humidity at 71°F for artificial
vermilion in safflower oil. Length 7 inches. Width 0.5 inch. Thickness 0.0048 inch. Cross-
sectional area 0.0024 square inch.

FIGURE 15. Restrained specimen force development vs. relative humidity at 71° F. Composite
of forces in Figures 12 through 14.
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The painting samples yielded similarly shaped curves
(Figures 16 and 17) even though one curve illustrates the
behavior of the warp direction and the other describes that
of the weft (fill). Both curves compare to the mathematically
projected composite plot of Figure 15. Even the magnitudes
of the forces are remarkably alike in all these, indicating that
the theoretical composite plot reflects the general behavior
of both the warp and weft directions of specimens from an
actual painting.
Most important is that the force can now be identified as
originating in specific layers as a function of RH. From zero to
80% RH the single most important source of force is the glue
layer; the paint layer is the next, and lastly, the fabric. Since
these forces are directly proportional to the thicknesses of the
respective layers, thicker paint and glue layers would develop
even higher forces. Even more significant is that the fabric is
responsible for a decreasing proportion of the total force in a
painting as the RH decreases. In fact, at 50% RH the fabric
of the hypothetical composite is supporting only 13% of the
total force and at 10% RH the fabric is supporting only 10%
of the force. In other words, the glue is really the support of
the painting having a glue size layer and the paint film is the
second contributing support. The only time a painting in the
humidity range below 80% is fully supported by the fabric is
after a crack through the paint, ground and glue layers has
formed. After crack formation, the fabric simply acts as a

“safety net” holding the pieces of the painting together. Under
very high RH conditions, from about 85% to 100% RH for
the restrained painting, the fabric is responsible for nearly all
of the force in the given examples and only under these circumstances it is actually “supporting” the painting.

V. AXIAL BEHAVIOR
The difficulty in describing the structural behavior of a
painting is that intuition about materials can betray understanding. Obviously a “stretched” material is in “tension,”
i.e., positive strain, positive stress. But layers of a painting
can literally contract in negative strain and still be in tension
(positive stress). The positive and negative values must be
correctly interpreted. Force (stress) and displacement (strain)
are different properties which vary in magnitude, not only
from layer to layer, but also from one area of a painting to
another.
Taking the simplest examples first, we can begin to systematically examine the behavior of a painting. The simplest
behavior might be called the “axial behavior”, or the structural behavior in a single planar direction as a function of the
layers present.
A one-inch wide strip isolated from an uncracked painting, extending from one stretcher bar to the parallel bar, could

FIGURE 16. Restrained specimen force development vs. relative humidity at 71°F for warp direction sample from painting by Duncan Smith, dated 1912.
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FIGURE 17. Restrained specimen force development vs. relative humidity at 71°F for weft (fill)
direction sample from painting by Duncan Smith, dated 1912.

be illustrated as in Figure 18a. Upon expanding the stretcher,
the strip of painting also would expand as shown in Figure
18b. That all layers of the painting expand (fabric, glue size,
ground and paint) is important, and structurally speaking, all
layers are strained. But strain can originate in any of the layers, so we must identify the sources of strain other than that
from stretcher expansion.
Interlayer interactions become significant when strain in
the painting occurs differentially, that is to say, non-uniformly.
Suppose that after expanding the stretcher as in Figure 18b
moisture were applied to the right half of the painting. In this
case (Figure 19b), point A moves to the right to point A′, and
if the motion were severe enough the contraction of the fabric
on the wetted side would compress and cleave the paint off
the painting (Figure 19c). This could happen since water softened the glue size, deteriorating the bond of the ground to the
fabric. Evidence of this mechanism often appears where water
has condensed and collected behind the lower stretcher bar of
a hanging painting. The fabric beneath the cleaved paint, is
directly responsible for the local damage. If the shrinkage of
the fabric were severe enough, tensile cracking of the paint on
the left side would occur due to expansion, and again all layers
of the painting would be strained. Note that the overall dimensions of the painting were not changed; the moisture content
of the painting was uneven and an in-plane displacement occurred. This behavior illustrates the point that while a stretcher

can maintain the outside dimensions of a painting, it can do
nothing to stop in-plane displacement. The stretcher would restrain massive contraction if the painting were uniformly wetted or if it were subjected to very high humidity. This restraint
would correspond to the considerable increase in fabric tension
due to very high humidity shown earlier in this discussion. Of
concern is the question, does an environment of high humidity, or of any particular humidity, guarantee uniform moisture
content of a painting? The answer is “no.”
Fabric “shrinkage” at very high humidity causing cleavage in one part of a painting and simultaneous cracking in
another part is a frequently observed phenomenon. What is
not so obvious is that the glue size can cause similar paint
compression and cleavage at the other end of the humidity
spectrum, at severe desiccation.
Now consider a sequence of possible steps that could
occur in a painting at low humidity. Start with the fixed strip
of painting at 50% RH. If the length of this specimen is held
constant and the specimen is desiccated evenly, then the stress
in the paint, the, glue and the fabric increases, but each to a
different magnitude. If the paint film were old enough and the
painting were given an initial “tension” at 50% RH, then the
increase in stress in the paint film due to desiccation (Figure
18b) could be sufficient to crack the painting. The paint film
could be described as having been “prestressed” at 50% RH
so that lowering the RH was sufficient to crack the paint. In
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FIGURE 18 A, B. Expansion of a painting due to either stretching or stretcher expansion. All
layers are therefore strained.

FIGURE 19 A, B, C. In-plane displacement due to uneven moisture content: a) Initial condition
prior to displacement, b) Displacement upon wetting right section, c) Damage resulting from
displacement.
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this case neither the glue nor the fabric contributed actively
to the paint film failure. Again, while the stretcher could fix
the outside dimensions of the painting, it could not stop this
internal stress development.
Crack formation modifies the geometry of the painting as a structure. Prior to cracking the total force acting
on the painting is the algebraic sum of the forces acting on
each layer. The force in each layer is simply the stress in the
layer times its cross-sectional area. Once a crack forms in
the paint film and ground, partial stress release occurs in
the cracked layers and the total force in the painting decreases slightly (cracking is a stress release mechanism).
More important though is the relocation of the forces in the
painting and its consequences. At the crack, the geometric
center of total force of the painting is located just below the
middle of the glue layer. But between the cracks, the center
of force still lies above the middle of the glue layer and a
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series of offset force lines appears (Figure 20b). In order to
regain full axial alignment of the geometric center of force,
displacement occurs and the painting “cups” (Figure 20c).
Remember that the outside dimensions of the painting have
not changed since the original “pre-tension” at 50% RH;
only the change to low RH is required for this cracking, displacement and cupping. If the painting had been stretched
even more tightly at 50% RH, the cracks could have formed
at that time with the same resultant cupping. The important
point here is that stretching a painting “conditions” it for
humidity related failure. The tighter it is stretched, the more
prone the painting is to damage due to desiccation; the less
initial tension, the less prone it is to cracking at low RH.
Lowering the initial stress in a paint film contributes to longevity of the painting.
The concept of axial displacement of forces has other interesting implications. An obvious one is of course the change

FIGURE 20 A, B, C, D. Locations of geometric center of force in a painting: a) Prior
to cracking of ground and paint film; b) Force relocation immediately after cracking of
ground and paint film; c) Force realignment displacing all layers out of picture plane,
“Cupping”; d) Force locations in unrestrained painting in low RH: glue in tension,
ground and paint layers in compression.
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caused by a patch on the reverse of a painting. Eventually
the patch shows up as a distortion on the front of the painting. The patch lowers the center of force of the painting in
that area, and the “lifting” of the patch is simply the realignment of forces throughout the painting. Another example is a
painting which has a very thick but very uneven design layer.
Originally the painting is basically flat, yet ultimately a mirror image of the painting appears on the reverse (Figure 21a,
b). This demonstrates the active structural participation of a
thick paint layer. It is definitely supporting a great deal of the
painting.
Suppose now that a painting has cracked for one of the
reasons above and is no longer restrained. This could happen if the painting were left in low humidity long enough to
permit the stretcher to contract or if a tacking edge fails. The
painting seemingly relaxes. However, now observable is that
while the paint film is relieved of all tensile stress, the glue size
is not. The paint film alone restrains the full stress-relieving
contraction of the glue layer, and the paint is now forced into
compression and a form of “ridging” can occur (Figure 20d).
Usually no general cleavage occurs since the bond of the fabric to the ground is at its strongest, unlike cleavage at high
RH discussed earlier; but, interlayer cleavage is most likely
to happen at this time when the paint film is in compression
and the glue size is in tension. This interlayer cleavage happens simply because the dimensional contraction of the glue
is so much greater than that of the paint layer. The fabric does
not inhibit this behavior since it is incapable of developing
compression stress.
This behavior suggests that at some point all layers are
initialized or are at minimum stress. This point actually lies
at about 85% RH (Figures 16, 17). Above 85% RH any
residual stress and strain from the period of low RH in the

ground, paint and glue layers are reduced to zero due to
swelling of these layers. Every time a painting is allowed to
enter this high humidity zone the fabric begins to increase its
role in supporting the painting, and all glue and paint layers
“initialize” to a near zero stress level so that any previously
stress-induced deformations of the design layer are “set”.
From approximately this point, 85% RH, dimensional
changes in the various layers can be measured. For example,
unrestrained paint (white lead) at 85% RH will shrink about
0.3% if subjected to 10% RH; glue, however, will shrink
2.4% with a change from 85% RH to 10% RH. This is a
substantial difference.
Clearly, the balance of forces in a painting is delicate. If a
painting is stretched too tightly, tensile cracking of the design
layer is risked, and the painting is conditioned for further low
humidity stress development. On the other hand, if it is too
loose, compression cleavage of the paint at high humidity or
compression ridging at low humidity are strong possibilities.
Finding the exact balance is not a simple task.

VI. BIAXIAL BEHAVIOR
In this discussion the assumption has been made that
with some exceptions the outside dimensions of a painting
remain fixed. However, when wood stretchers are used the dimensions remain fixed only if the painting is held at constant
humidity and temperature. Such maintenance is not always
found. The general behavior of the stretcher can be simply
stated by saying that stretcher contraction at low humidity
lowers the stress development in a painting and stretcher expansion at high humidity increases the stress. The influence of
the stretcher can be imagined as counter-clockwise rotation

FIGURE 21. Locations of geometric center of force in a painting with heavy but uneven design
layer: a) Immediately after application of force. b) Distortion resulting after sustained force
realignment.
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of the graphs in Figures 16 and 17, lowering the left sides
and raising the right sides. Though not readily apparent but
of utmost importance is that this effect can only be assumed
at certain points on the painting because the stretcher does
not release stress uniformly under low RH conditions. This is
because: 1) changes in the wood are greater across the grain
than along the grain direction; 2) the painting is tacked to the
stretcher bar and is unable to release stress in the direction
parallel to and near each stretcher bar.
To stretch a painting “evenly” and to increase stress uniformly in all directions, the edges must follow paths by which
a “rectangle” drawn on the surface of the “painting” will
enlarge without a net change in shape or proportion. When
attempting to carefully stretch a linen so that the yarns are
not distorted but remain parallel to the edges of the stretcher,
the diagonal path required for each point along the edge becomes apparent. When a stretcher is “keyed out,” however,
the points along the edges follow the horizontal and vertical paths of the stretcher bars (Figure 22). Expanding the
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stretcher thus enlarges the rectangle and simultaneously distorts it to a diamond shape, as seen in Figure 23 where the
solid lines represent the expanded but distorted grid, and the
dotted lines represent the initial, pre-stretched position. As
a result of the distortion of the painting, a principal stress
orientation occurs and cracks will form at the corners about
45° from the stretcher bars and usually they will be parallel
to one another. Figure 23 is the graphic display from a finite
element analysis computer program which shows the principle stress orientation. The expansion of a stretcher due to
high humidity is nearly identical to keying out the stretcher
with the minor exception that the stretcher bar does expand
slightly along the grain direction in high humidity. Why
and when the cracking occurs is important to understand.
Cracking occurs because expansion of the stretcher strains all
layers of the painting and therefore stresses all layers, including the paint. At low humidity the paint film is most brittle,
cannot withstand expansion and is most likely to crack. At
high humidity, on the other hand, the glue, ground and paint

FIGURE 22. Movement of edges during stretcher expansion: a) Broken vectors – Path required for
uniform expansion and uniform stress development in a painting. b) Solid Vectors – Path taken during
stretcher expansion.
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FIGURE 23. In-
plane distortion, stress development and crack
formation due to expansion of stretcher (computer output). From
J. Colville, M.F. Mecklenburg, Report on the Deterioration of Fabric Supported Paintings (Submitted to National Museum Act, Smithsonian Institution, Washington, D.C. 1978).

layers are much more flexible and are more likely to withstand expansion. Why does the need to expand paintings
seem to arise at low humidity? Simply because this is when
the stretcher shrinks and corner “draws” and “drapes” appear in the painting. An expanding stretcher increases tensile
stress in the direction indicated in Figure 23. The contracting
stretcher relieves that stress and if contraction is great enough
the painting literally goes into compression and buckles at the
corners, after which the painting is keyed out.
Another, even more serious problem can develop at
low humidity. At low RH stress in the paint and glue layers
can increase so tremendously (Figures 16 and 17) that the
stretcher contraction cannot release this stress completely or
uniformly and another stress pattern develops. This is illustrated in Figure 24, a graphic display of computer output. A
series of crack “waves” develops, radiating from the corner
of the painting. This is the result both of stress increase in all
layers of the painting at low humidity and of stretcher contraction. The less the stretcher contracts, the less pronounced
the wave crack curvature. Corner drape occurs simultaneously with wave cracks. If the stretcher did not contract during this low humidity period then no drape would result; nor
would partial stress release in the various layers occur, and
cracking would be random and more extensive.
In addition to these results of low humidity failure mechanisms, wave cracks and drapes, the center of the painting
usually is cracked perpendicularly to its long direction (Figure
25). Although this effect has been associated with differences

FIGURE 24. Residual stress distribution and crack formation at the
corner of a painting resulting from
desiccation of glue size, ground and
paint layers accompanied by stretcher
shrinkage.
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unrelieved stress in the long direction is sufficient to crack the
painting while residual stress in the short direction is not.

VII. CONCLUSION

FIGURE 25. Residual stress distribution and crack formation resulting from desiccation of the entire painting. Vectors show directions
and relative magnitudes of residual stress in central zone of painting.

between the weave directions of the fabric, another explanation now appears more valid because, first, the general fabric
behavior does not appear to differ much from warp to weft
at any humidity; and second, the fabric is responsible for very
little of the total force in a painting at low RH.
To understand the formation of these central area cracks,
assume that a painting is subjected to low humidity resulting in high stress development in the paint, ground and glue
layers. If the stretcher did not contract the stress could be
assumed uniform, and if cracks were to form they would be
random throughout the painting.
Now assume that the period of time to achieve desiccation is long and that the stretcher does contract. Stretcher
bars are normally of the same stock on all sides so that the
amount of contraction is the same in both directions. If the
amount of contraction of the stretcher bar is δ (deformation),
then the release of stress in the central section of the painting
can be computed in both the vertical (short) and horizontal
(long) directions. Since stress is related to strain. a strain release means a stress release. To compute the strain release in
the horizontal or long direction, use
εLR = δ/LL;
in the vertical or short direction use
εSR = δ/LS.
Because LL is much greater then LS the strain release in the
short direction is much greater than the strain release in the
long direction; and a much greater stress is released in the short
direction than in the long direction. Therefore, the residual or

This discussion of some highlights of the mechanical
behavior of the fabric supported painting certainly must be
considered only as an introduction to a field requiring much
broader investigation. For example, among aspects yet to be
discussed are the thermal properties of the materials.
But some conclusions can be drawn even at this stage
of the study. Previously the structural role of the linen fabric support has been completely over-estimated at humidities
under 85%. The structural participation of the paint itself, on
the other hand, was almost entirely neglected in traditional
discussions of painting behavior. The structural role of the
glue size had been most definitely under-estimated.
A concept of great importance to understand is that if a
painting is stretched, then all layers are stressed and “pretensioned” for further stress development resulting from desiccation. While a painting can be restrained at the edges, this
does nothing to stop in-plane displacement or damage due to
humidity extremes. Although a wood stretcher does contract
and relieve some stress at low humidity, it does so unevenly,
causing general stress patterns to appear. The situation would
be worse if a stretcher were not to contract at all, for then no
stress would be released.
This study surely demonstrates the potential devastation
resulting from exposure to the extreme ends of the humidity
scale. Holding an environment at a constant temperature and
RH certainly appears to reduce damage to fabric supported
paintings, but the assumption should not be made that humidity oscillation is the cause for damage because a constant
environment also obviates extreme desiccation and extremely
high humidity. There is some evidence that the most extreme
oscillations in humidity, from below 20% RH to above 85%
RH, cause continually increasing desiccated stress development in the rabbit skin glue. This must be explored in detail.
Other evidence shows that a narrow band of oscillation in RH might be quite acceptable if these oscillations
occur within relatively short periods of time, probably less
than eight hours. The reason for this is the very slow rate of
moisture loss from paint. A film of paint only 0.01 inch thick
might take at least 24 hours to lose 90% of its moisture if
desiccated from 85% RH. And this rather long period of time
was required in a controlled situation where the air was constantly agitated by high velocity air fans to facilitate moisture
loss from all exposed surfaces of the paint specimen.
The rate of moisture loss from the glue size and cellulose
is much faster, but is considerably buffered by the paint film
in an actual painting. A completely closed backing board of
a hygroscopic material will act to buffer the painting further.
More study of the rate of moisture loss would be exceedingly
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valuable. If such studies were to reveal that the stringent control of museum environments for fabric supported paintings
might be relaxed a bit, then substantial savings in energy
costs soon would be realized. Comparison between rates of
moisture loss and the lengths of time works of art spend in
different environments while traveling would provide valuable packing and shipping guidelines.
Along with controlled environments certain measures in
conservation should be reassessed. An obvious concept is that
if a painting can be supported stress-free then the probability of further cracking, cupping, and hence flaking, is over.
But this is unrealistic because to let a painting expand and
contract in order to relieve the humidity related stress development, the layers would have to change dimensions at different rates; since they are bonded together this is impossible.
On the other hand, stretching a painting can pre-condition it
to increased stress development. Clearly a compromise must
be reached. A long-held assumption has been that lining a
painting to linen would support the painting further. Now
recognizable is that if a painting is linen-lined with a hide glue
adhesive, then the glue adhesive does far more to support
the painting than the linen. In the northeastern United States
and most of Canada, the use of hide glue as a lining adhesive is ill-advised, for interior spaces during the winter season
routinely reach relative humidities below 15%. At low RH,
the in-plane contraction of such an adhesive is unacceptable,
particularly since it is usually applied more thickly as a lining
adhesive than when used as the size layer, and the linen lining
fabric, like the original support fabric, does little to restrain
in-plane displacement.
In summary, to support a painting, the material chosen
must: 1) be capable of developing and maintaining a large
percentage of the total force of a stretched painting; 2) be
able to restrain in-plane displacement as developed by dessicated glue and paint films; 3) restrain out-of-plane distortion
such as cupping and buckling. Other factors to be considered
when choosing the support include: 1) the modulus of the lining material when a high modulus is preferable; 2) the total
thickness of the lining material, since thickness gives more
structural stiffness and can be achieved with multiple layers
of the material; 3) the total dimensions of the painting, as
well as the thickness of the paint.
At one extreme of supports is the inert, solid panel which
carries nearly 100% of the forces in a painting. Several people have offered other promising alternatives.10 Further study
of the structural behavior of paintings will more clearly define the mechanical requirements for a lining support as well
as for the lining adhesive. If the proper support is chosen,
then the options available in choosing the adhesive might be
broadened considerably.
While the research has come a certain distance, it has
much further to go for utmost precision and refinement in understanding. Methods are now available for analyzing both
the materials of paintings and the structure itself without

experimenting on the objects themselves. Two significant
points already clear are that the stress development within a
painting will never be completely eliminated and that avoiding
the extremes of relative humidity cannot be over-emphasized.
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GLOSSARY
Brittle—A material is said to be brittle if it breaks without yielding.
Creep—Continuing deformation without an increase in applied force.
Elastic—A material is said to be elastic if it returns to its original dimensions after
having been deformed by an applied force and the force has been removed.
Mechanics—The study of the effects of force on bodies. In this paper it is limited
to static systems.
Modulus—The ratio of stress to strain; this ratio is the slope of the stress-strain
curve.
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Orthotropic—Exhibits similar material behaviors at 90° directions, in this paper,
the direction of the weave (warp and weft).
Plastic—A material is said to be plastic if after having been deformed by an applied
force it does not return to its original dimensions.
Strain—Change in length per unit length, i.e., inches per inch.
Breaking Strain—Strain magnitude at which a material fails either in tension or
compression.
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Stress—Force per unit area, i.e., pounds per square inch.
Breaking Stress—Stress magnitude at which a material fails either in tension or
compression.
Tangent Modulus—Slope of the stress-strain curve tangent to the curve at the origin
of the coordinates.
Yielding—A material is said to yield when its behavior changes from elastic to
plastic.
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