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SLOWING OR PREVENTING PHYSICAL CHANGES IN 
art objects is a fundamental, and often challenging, aim for collec-
tions preservation. Deterioration factors such as light, temperature, 
humidity, pollutants, shocks and vibrations, and material fatigue all 
must be understood, quantified, and mitigated. 

Until relatively recently, most of the analytical techniques 
available for the evaluation of physical and mechanical properties 
required extremely large samples and moreover resulted in the to-
tal destruction of the sample—clearly a problem for assessing the 
properties of an actual artwork. 

In the last decade, however, new and effective scientific tech-
niques for monitoring mechanical response and measuring physical 
properties have appeared, and many of these are now being applied 
specifically to works of art. These techniques include a number 
that can be directly employed on objects, such as acoustic emis-
sion, and others that can utilize small sample sizes, such as atomic 
force microscopy and nanoindentation. These two high-resolution 
techniques allow the measurement of detailed mechanical behavior 
and characterization at the micro- and nanoscale directly on historic 
material, such as paint cross sections, that can be correlated with 
accompanying chemical analysis.

new techniques   
Applied to any investigation into the effects of environmental con-
ditions experienced during exhibition, storage, and transportation, 
these new monitoring and measuring methods can help reveal 
how changes in the preservation state of art objects may have been 
caused by specific agents of deterioration, and thus they help define 
safer conditions for art collections. Furthermore, even though the 
process of deterioration is largely driven by chemical reactions, these 
usually result in changes to material properties at the microscopic 
scale. Mapping these material properties at a microscale resolution 
can aid in the development of models simulating deterioration. 

Acoustic Emission 
Acoustic Emission (AE) monitoring is a method of tracing micro 
damage in situ for objects exposed to potentially harmful conditions. 

The brittle cracking of any material triggers the release of energy in 
the form of ultrasound waves. These waves propagate through the 
material and can be recorded by piezoelectric sensors positioned on 
their surfaces. The technique is robust and highly sensitive, capable of 
operating in harsh environments and detecting crack initiation and 
growth at a micrometrical scale. It offers high temporal resolution, 
whereby individual AE events lasting several microseconds can be 
digitally captured and processed in real time.

AE has been applied in industrial and academic research to 
investigate crack propagation, yielding, fatigue, corrosion, and stress 
corrosion when monitoring objects of critical importance, such as 
liquefied natural gas storage tanks, bridges, and airplanes. The nonin-
vasive character of the measurement, together with its high sensitivity, 
makes the method extremely attractive for directly monitoring damage 
on heritage objects. Crucially, it has the potential to act as an early 
warning system, informing staff that environmental events may be 
contributing to microdamage in the collections they care for before 
an actual crack appears. Furthermore, AE monitoring results can be 
used to inform the development of environmental control strategies 
by verifying the validity of models that predict object damage.

An experimental program aiming to explore the response of 
historic objects to changes in relative humidity was recently con-
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From left to right: microindenter/scratcher; ultra nanoindenter; atomic force 
microscope; and optical microscope, inside a climatic chamber. A cross-sectional 
sample is under the optical microscope. Photo: Evan Guston, for the GCI.
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ducted at the Getty Conservation Institute as part of its Managing  
Collection Environments Initiative. The study combined the  
application of AE monitoring with physical measurements and  
photographic documentation of various historic, nonmuseum 
wooden objects subjected to controlled environmental stresses. 
Rather than using mock-ups, the study utilized wooden objects 
representative of a museum collection but purchased from antique 
stores or donated to the project. 

One striking result of this test was the very low level of AE 
activity for objects previously exposed to large climatic variations. It 
clearly supported the “proofed fluctuation” concept, which states that 
there will be no further mechanical damage to an object if the envi-
ronmental fluctuations are kept within those previously experienced.

Atomic Force Microscopy 
Atomic Force Microscopy (AFM) is a technique that allows the 
measurement of surface characteristics of a material at the nanoscale. 
It is a type of microscopy that scans a surface with a probe instead 
of light, resulting in a resolution in the order of fractions of a nano-
meter—more than a thousand times smaller than that of an optical 
microscope. Essentially, it works by scanning a surface with a cantilever 
with a very sharp tip. As the tip approaches the surface, the close-range 
forces between the surface and the tip cause the cantilever to deflect 
very slightly. These tiny deflections can be detected by a laser beam, 
and properties such as hardness and stickiness are then measured 
across the surface. 

AFM can be particularly useful for assess-
ing the adhesion of materials. The technique 
was recently employed to analyze the adhesion 
of paint to the plastic substrates used in painted 
animation cels to help formulate recommenda-
tions for storage conditions. These cels, used in 
the production of animated movies, consist of 
gum-based paints applied to thin, transparent 
sheets of cellulose acetate plastic. The paint on 
these cels exhibits a range of conservation issues, 
such as cracking and delamination. By analyz-
ing the pull-off adhesion force at the nanoscale 
when exposed to a range of relative humidity 
conditions, it was possible to demonstrate that 
the adhesion properties for the paint surface 
exhibit a dramatic change above 65 percent rela-
tive humidity. A major advantage of AFM is that 
the material properties of submillimeter samples 
taken from artwork can be analyzed in a virtually 
nondestructive way—no chemical alteration and 
minimal physical impact—allowing the sample 
to be used for subsequent testing.

AFM is also an ideal tool for analyzing the 
topography of a sample surface by scanning a 
region of interest with the cantilever in contact 
with the surface. By combining force measure-
ments and topographical imaging, AFM can 

inform us about the distribution, size, and mechanical properties 
of different materials within a sample. Such information can also 
be used in the modeling of chemically induced changes on the 
sample surface. 

The technique was recently employed to study the growth 
of metal soaps in oil paints. Metal soaps are formed by chemical 
reactions between certain metal ions present in pigments and the 
saturated fatty acids found in the oil binder. Initially amorphous, 
these compounds ultimately crystallize into relatively large pro-
trusions that can deform and crack the surrounding paint layers. 
Much effort in the field has gone into understanding the chemistry 
of this process, but until recently it was not possible to correlate 
this chemistry to physical phenomena, such as crack formation 
and propagation. Metal soaps have been observed to form around 
preexisting crystal nuclei that undergo chemically induced growth, 
building up stress fields in the paint layer. When local stresses 
are higher than a critical value, they cause crack formation and 
propagation. This process has now been modeled by scientists 
from Eindhoven University of Technology in the Netherlands. 
The simulation of this fracture process enables the description of 
developing complex crack patterns at the surface of the painting. 
The high resolution of AFM allows it to localize soap protrusions on 
a sample surface and measure their size and mechanical properties, 
such as stiffness and viscosity. 

Michal Lukomski and Vincent Beltran at work  
on a study by the GCI exploring the response of  
historic, nonmuseum objects to changes in relative 
humidity. The study combined acoustic emission 
(AE) monitoring with physical measurements 
and photographic documentation of the objects, 
which were subjected to controlled environmental 
stresses. Detail: Close-up of the AE sensor on one 
of the objects. Photo: Evan Guston, for the GCI.



Nanoindentation 
As its name implies, nanoindentation operates at the same size 
scale as AFM, but it has significant advantages with respect to the 
accuracy and precision of the results. Because of the high stiffness of 
the measuring frame and precise control of the force and deforma-
tion, nanoindentation can provide, to a much greater extent than 
AFM, quantitative information about measured surface properties. 
It is essential when exact values are needed to model the behavior 
of an object at the macroscale. Standard nanoindentation tests 
press a probe with a well-defined geometry into a sample in a 
controlled manner. The force-displacement curve produced by this 
indentation serves as a “mechanical fingerprint” of the material, 
from which quantitative properties such as stiffness and viscosity 
can be determined. 

Although typically used to examine nonviscous homogeneous 
media, nanoindentation can record changes in material properties 
for soft materials such as paints or plastics. These changes in material 
behavior can result in the cracking and deformation of art objects. 
An example of this process is the rapid and extensive deformation of 
Marcel Duchamp’s Little Large Glass, owned by the Yale University 
Art Gallery. This object’s deterioration was modeled by assuming a 
cross-sectional stiffness gradient in the cellulose acetate film (due 
to the migration of plasticizer toward the surface of the film). As a 
consequence of this gradient, temperature and humidity variations 
result in nonuniform swelling and shrinking, and this, in turn, leads 
to severe deformation of the object. To refine this model, nanoinden-
tation was used to quantify the stiffness gradient in a submillimeter 
cross-sectional sample taken from this Duchamp artwork. 

Micromechanical material characterization can also play an 
important role in understanding different damage processes, such 

as the formation of craquelure patterns on the surface of paintings. 
This process has been the focus of research at the Jerzy Haber Insti-
tute in Poland, which has sought to elucidate the formation factors 
for various types of craquelure patterns in order to understand how 
they correlate with the material properties of these cracking layers. 
Nanoindentation can be employed to determine the mechanical 
properties of submillimeter cross-sectional samples from paintings 
and explore the statistical variability of these properties for collec-
tions of different provenance or history.

advancing the field   
Novel techniques for micromechanical char-
acterization are advancing the field of art 
conservation by providing a more thorough 
understanding of the physical properties of 
artistic media and enabling the evaluation of 
new conservation procedures with unprec-

edented accuracy. Using techniques such as Acoustic Emission enables 
direct monitoring of micro damage development in art objects, 
while Atomic Force Microscopy and nanoindentation have provided 
the capability to directly characterize the mechanical properties of 
small-scale samples, to a degree that was previously unattainable. 

Investigating the use of these techniques is ongoing, with 
particular emphasis on the combination of all three. The best 
means of quantifying the risk of environmentally induced damage 
is to couple correlations with external conditions (provided by 
AE) with insights into the mechanical properties of the materials 
present (provided by AFM and nanoindentation) that make the 
object vulnerable to change. 

These breakthroughs facilitate the exploration of numerous 
research questions, including the effect of aging on the materials 
found in cultural objects and the impact that changing environments 
have on the mechanical behavior of these materials. It is expected 
that use by the field of these micro- and nanoscale techniques will 
increase in the near future, finally allowing heritage scientists to 
measure, monitor, and correlate chemical changes with mechanical 
properties of materials. These advancements have the potential of 
adding a completely new dimension to our understanding of the 
materials that make up our cultural heritage.

Michal Lukomski is a senior scientist at the Getty Conservation Insti-
tute. Emanuela Bosco is an assistant professor in the Chair of Applied 
Mechanics and Design at Eindhoven University of Technology. Lukasz 
Bratasz is a professor at the Jerzy Haber Institute of Catalysis and 
Surface Chemistry, Polish Academy of Sciences.

A diagram of Atomic Force Microscopy, a technique that allows  
measurement of surface characteristics of a material at the nanoscale. 
Graphic: Michal Lukomski, GCI.
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