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This paper has two purposes. The first one underlines that qualitative and quantitative studies of surface
states lead to relevant information for analyzing works of art, with lots of potential for art history, re-
storers, and curators. The discrimination between different artistic techniques and the influence of a
varnish on the leveling of paint surfaces are presented. The second purpose is the comparison between
different nondestructive optical topographic methods, i.e., goniophotometry, optical coherence topogra-
phy, and confocal microscopy, according to their accuracy, their discriminatory ability, their practicability
inside a museum, and the size limits of the studied objects. © 2010 Optical Society of America

OCIS codes: 030.5770, 100.6950, 240.6700, 290.1350, 180.1655, 180.1790.

1. Introduction

The surface states of works of art strongly influence
their visual appearance. An increase of the rough-
ness involves a bleaching of the colored surface that
induces colorimetric variations, such as an increase
of the lightness and a decrease of the saturation [1].
At the same time, the gloss decreases. The surface
state can be a fingerprint of the masterpiece [2]
and sometimes of the artist’s production. Its record-
ing can be a part of the archiving of the collection in a
museum. It can also be a tool for drawing up a status
report before and after an exhibition or a loan and for
the fight against forgery [3]. The modification of the
surface state can be due to a restoration or to specific
conditions of conservation or exhibitions andmust be
checked during the follow-up and the monitoring of
conservation or restoration treatments [4–7]. Finally,
surface metrology is also a method able to identify
some artistic techniques that stand out by their
roughness [8,9]. Topographic information is then
very important in the field of art for art historians,
restorers, and curators.

To study unique works of art, the experimental
methods must be nondestructive and contactless.
Optics in the visible range is then a prioritized field
and allows establishing the link between gloss and
surface topography. Previous studies have already
been published, each focusing on a particular artistic
case and using a given optical instrument [2–8].
Imaging is prioritized in these studies and quantita-
tive surface characteristics are rarely provided. In
this paper, we propose to compare different optical
methods with the intent of making an easier choice
in a future application. The comparison is not ex-
haustive, but refers to the instruments developed
at Institut des Nanosciences de Paris (INSP) or in
a European project. For a quantitative comparison
of the results, theoretical bases of surface metrology
are recalled in the Section 2. Three instruments are
then presented in Section 3: a goniophotometer in a
backscattered configuration, optical coherence to-
mography (OCT) in the visible range, and a portable
confocal microscope. Specular and distinctness-of-
image (DOI) glossmeters are also quickly described.

Various applications in art are presented in the
Section 4. They always cross surface state with vi-
sual appearance. First, the discrimination between
the three gold application techniques (on a bole, on
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a mixtion, and in an eggshell paint), which differ by
their roughness, is described. An example of this
identification is presented in an altarpiece from
the 16th century. Second, the influence of the binder
(oil, egg tempera, waxmilk, caparol, and cellulose) on
the surface state of paintings is developed. It is ap-
plied to the comparison of the artistic techniques
used in the representation of complexion according
to the epoch, from the 2nd century to now. Finally,
the leveling of a paint layer by a varnish is studied.
Both surface states of the varnish and of the paint
layer are simultaneously recorded by different meth-
ods and compared. This application could lead to the
development of new synthetic varnishes according to
the request of artists and restorers.
These examples will be the opportunity to present,

in Section 5, a comparison between the previous
methods used for imaging or quantifying the surface
states. Their accuracy, but also their discriminatory
ability, their practicability inside a museum, and the
size limits of the studied objects are then considered.

2. Theoretical Basis

To compare the results obtainedwith different instru-
ments, common relevant characteristics must be
defined. All the studied surfaces of works of art are
here considered as random. Their topography is then
characterized by two geometrical quantities [10]:

• the root mean square (r.m.s.) roughness h ¼ffiffiffiffiffiffiffiffi
hz2i

p
deduced from the surface function zðxÞ or

zðx; yÞ, describing the height z of the surface referred
to its mean plane, along a line or in a whole plane,
and
• the correlation length l defined by the correla-

tion function CðεÞ ¼ hzðxþ εÞzðxÞi ≈ h2½1 − ðε=lÞ2�,
with its approximation in the case of an isotropic
surface.

The r.m.s. roughness and the correlation length of
the studied surfaces are always larger than the
wavelengths in the visible range. The surfaces are
then classified as strongly rough in this range. More-
over, when the radius of curvature ρ ≈ h2=l is smaller
than the wavelength, which is here justified, the sur-

faces can be decomposed in a series of plane micro-
facets [11]. By definition, ðh=lxÞ2 ¼ hð∂z=∂xÞ2i and
ðh=lyÞ2 ¼ hð∂z=∂yÞ2i. In the case of an isotropic sur-
face, lx ¼ ly. Let ðθ;φÞ be the angles of the normal
to a microfacet, then ð∂z=∂xÞ ¼ tan θ cosφ and
ð∂z=∂yÞ ¼ tan θ sinφ. It follows that ðh=lÞ2 ¼ ð1=2
htan2θi. The ratio h=l is then the relevant geometric
characteristic of the surface state [10]. It will be cho-
sen for comparing the results obtained with different
instruments. The larger this ratio, the rougher is the
corresponding surface.

3. Experimental Techniques

Common requirements in studying unique works of
art are to use nondestructive, contactless, portable
instruments, leading to rapid analysis in situ. We de-
scribe successively three optical devices for studying
the surface states: goniophotometry, OCT, and confo-
cal microscopy, presented in Fig. 1. A glossmeter is
also shortly described, in order to link topography
and visual appearance.

A. Goniophotometry in Backscattered Configuration

The specificity of the portable goniospectrophot-
ometer is its back-scattered configuration [Fig. 1(a)].
This configuration is of great interest for surface
state studies and is also employed in lidar, radar,
and sonar techniques for studying topography, but
with other wavelength ranges. In the setup devel-
oped at INSP [10], two beams of optical fibers are
randomly mixed. The first one illuminates the stu-
died surface with white light. The second one collects
the light backreflected by this surface with the same
angle. The analyzed surface is a disk with a 5mm
diameter, large enough to ensure statistical results
with correlation length at the micrometer scale. The
radiance LðθÞ is measured for different backscattered
angles, adjusted by a goniometer, averaged on nega-
tive and positive angles, and then normalized by its
maximum Lmax. The normalized radiance LnormðθÞ ¼
LðθÞ=Lmax is wavelength quasi-independent because
the variation of the refractive index is smaller than
2% in the visible range. The measurements are then
realized for a given wavelength. The normalized ra-
diance is then directly proportional to the probability

Fig. 1. (Color online) Three different instruments used in this study: (a) a goniospectrophotometer in backscattered configuration, (b) a
full-field and time-domain OCT in the visible range, and (c) a portable confocal microscope μsurf (Nanofocus AG), mounted on a robot.
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density of the slopes of the microfacets PN, normal-
ized by ∬ PNdΩ ¼ 1. The more angularly spread the
curve, the rougher is the surface. A perfect plane sur-
face will theoretically lead to a Dirac function for
θ ¼ 0°, with a perfect collimated incident beam. In
the experimental setup, it defines the angular accu-
racy. The curve LnormðθÞ then allows easily deducing
the ratio h=l, using

�
h
l

�
2
¼ 1

2
htan2θi ¼ 1

2

R R
tan2θLnormðθÞdΩR R

LnormðθÞdΩ
:

This process has already been validated by compar-
ison of the ratio h=l obtained by goniophotometry and
profilometry on several rough copper surfaces [10].
The respective accuracy of Lnorm is �0:05 and of θ
is �0:5°. The ratio h=l is deduced within �0:01.

B. Optical Coherence Tomography

OCT has already been implemented in the infrared
range and in the Fourier domain for studying topo-
graphy of works of art [4,7]. A full-field OCT in the
time domain has been recently developed at INSP,
working in the visible range [12,13] [Fig. 1(b)]. Its
first specificity is the working domain in the visible
range chosen for future spectral pigment identifica-
tion in stratified layers. Its second specificity is the
use of a Mirau interferometric objective that avoids
moving the studied surface. Moreover, this Mirau ob-
jective decreases the sensitivity to vibrations. It also
increases the contrast of the images by use of various
splitter reference surfaces with different reflectivity.
It supplies today two-dimensional (2D) and three-
dimensional (3D) en-face and cross-sectional images.
To define a profile zðxÞ from the OCT images, the

following method is implemented. At each lateral lo-
cation x, the interface is first considered as thick and
located in the z range where the gray level is larger
than 98% of its maximum value. zðxÞ is then defined
as the mean value of z in this range. After that, the
profile is redressed and the r.m.s. roughness h is de-
duced. The correlation function is calculated and the
correlation length l is deduced by the first zero cross-
ing of this function. Finally, the ratio h=l is calcu-
lated, with a rather low accuracy, due to the optical
noise of the image.
The spatial resolution is around 1 μm for the three

directions, as for more classical OCT working in the
IR range. The ratio h=l is deduced within �0:05. The
lateral size of the images is around 320 μm today
without any scanning with a ×20 magnification of
the Mirau objective. The analyzed depth stands
around 50 μm, depending on the pigment concentra-
tion. The instrument will be portable in the near
future.

C. Confocal Microscopy

Awhite-light confocal microscope μsurf developed by
Nanofocus [14] is used in this study. It has already
been implemented for particular studies of works
of art [3,5,6], but only with a qualitative point of view.

The instrument allows measurements of areas up to
1mm2 in size without stitching, with a lateral accu-
racy down to 1 μm, and a vertical one of around
0:2 μm by use of relatively low magnification (×20).
2D and 3D en-face and cross-sectioning images are
provided, but on the condition that the upper layer
is transparent, in contrast with OCT. Profiles with
low noise are deduced from the images. The ratio
h=l is then simply calculated, using ðh=lÞ2 ¼ hð∂z=
∂xÞ2i with an accuracy of around 0.01. This vertical
accuracy can reach 10nm with higher magnification,
but smaller studied areas, and is rarely useful for
studies on works of art. The depth penetration can
be 100 μm for transparent media. The microscope
is now portable and mounted on a robot [3], as shown
in Fig. 1(c).

D. Gloss Measurements

To link topography and visual appearance, we also
implement gloss measurements. For the varnish
study, specular gloss at 20°, 60°, and 85° was deter-
mined using a micro-TRI-gloss instrument [15]. The
measured quantity is defined by GðθÞ ¼ 100Lsample
ðθÞ=Lref ðθÞ, where Lref ðθÞ) is the radiance reflected by
a reference standard, a highly polished planar black
glass with a refractive index equal to 1.567. The ac-
curacy of GðθÞ is in the 1%–2% range. For the binder
influence, specular gloss measurements are imple-
mented with a ZLR 1050 developed by Zehntner
at 20°, 60°, and 75°. Finally, Distinctness-of-Image
(DOI) gloss is determined according to ASTM Inter-
national E 430 using a Dorigon II abridged gonio-
photometer [15]. The measured quantity is now
defined by DOI ¼ 100ðLsampleð30°Þ − Lsampleð30°�
0:3°ÞÞ=Lsampleð30°Þ. The rougher the studied surface,
the smaller is the specular gloss and the larger is the
DOI gloss. Specular gloss and DOI accuracy lie
around 10% and the studied surface is about
1 cm2. The instruments are portable, but some need
contact.

4. Applications in Art

A. Discrimination of the Gold Application Techniques

Three different artistic techniques of gold application
are found in the literature [16] and attested from
cross sections of samples taken on real works of
art and using electronic microscopy. The first techni-
que is called “gold on a mixtion.” An oleo-resinous
medium is first applied on the background; the gold
leaf is then put on it. The medium dries slowly and
the gold leaf cannot be polished. The final metallic
surface is then strongly rough. This technique is
mostly employed in Byzantine and Orthodox icons.
The second technique is called “gold on a bole.”
The gold leaf is applied on an aqueous binder where
pigments, such as ocher, are embedded. This medium
dries quickly and the gold leaf can be polished. The
final surface is less rough. This technique is mostly
employed in religious Italian primitive paintings.
The last technique is the eggshell paint technique,
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in which gold particles are embedded in a binder. The
paint is applied in thin layers without any polishing.
This technique leads to the roughest surface. It is
commonly used in manuscripts but also in some
European easel paintings. Although the three meth-
ods differ by their final roughness, visual observation
cannot easily discriminate among them, as shown in
Fig. 2. The restoration intervention, evidently, de-
pends on the technique and only roughness measure-
ments can be used to distinguish among them, if no
sampling is allowed.
In this case, only goniophotometry in a backscat-

tered configuration is used for the discrimination.
Figure 3 shows the normalized radiance LnormðθÞ
measured on three model samples corresponding
to the three previous techniques. The process has
also been reproduced many times on real paintings
for which the gold application technique was already
known. The ratio h=l corresponding to the precious
curves are presented in Table 1. Graphs and ratio
h=l allow a satisfactory discrimination among the
three techniques.
The same process has been applied to study the

golden column of the angels’ concert, painted by
Matthias Grünewald in the 16th century, presented
in Fig. 4. The studied panel belongs to a triptych,
which is hung 4m high, and the platform allowed
only a lightweight instrument. Only goniophotome-
try was then implementable. The results on the col-
umn are added in Fig. 3 and in Table 1. They have
been reproduced in ten different locations of the
two columns. Both the curves and the ratio h=l un-
derline a column realized with a gold leaf on a mix-
tion. This information is first interesting for the
choice of a future restoration intervention. The layer
under the gold leaf is an oleo-resinous medium and
will determine the chemical products used for the in-
tervention. This result also supplies information for

art history on Grunewald’s artistic process. This gold
leaf on a mixtion underlines a new influence of
Grunewald’s realization coming from Northern
Europe, which adds to other Italian inspirations
highlighted by the drawing and the iconography of
the altarpiece.

B. Influence of the Binder on the Surface States of
Paintings

The works of art more often present painted dielec-
tric surfaces than metallic ones. This study then
focuses on the different artistic techniques used for
the representations of complexions in easel paint-
ings, according to the epochs. From the literature
[17,18] and numerous pigment identifications on real
paintings, it can be deduced that the pigments used
by the artists, from the 2nd century to the 19th
century, were almost the same: burnt umber or

Fig. 3. Goniophometry in backscattered configuration: normal-
ized radiance Lnorm as a function of the backscattered angle θ
for the three different gold application techniques and for the gold-
en column of Grünewald’s altarpiece presented on Fig. 4.

Fig. 2. (Color online) Examples of different gold application methods: (a) gold on a mixtion, Russian icon, 15th century; (b) gold on a bole,
Virgin, Giovanni di Paolo, 15th century; and (c) eggshell paint, manuscript, 15th century.
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vermilion and lead white. Only the binders vary with
the epoch: wax, tempera (with glue or egg), oil,
caparol, and cellulose binders were successively em-
ployed and led to different visual effect. To only
change the nature of the binder and to keep the same
pigment and the same volume pigment concentra-
tion, samples of “complexions” have been realized
by a contemporary artist, Jean Pierre Brazs. We here
present the results on samples made of burnt umber
and, successively, the five different binders. Other
pigments or pigment mixtures have been studied
in the same way to investigate the influence of the
binder on the visual appearance.
Goniophometry, OCT, and specular gloss measure-

ments have been implemented on the corresponding
samples [19]. Goniophotometric results are pre-
sented in Fig. 5. The studied surfaces are no longer
metallic, as in the previous application, but also scat-
tering, and the contribution of the bulk scattering

(radiance over 30°) has been subtracted. Neverthe-
less, the nature and the concentration of the pig-
ments are the same in all the samples; the bulk
scattering is then similar and the results can be com-
pared among themselves. This light scattering also
explains the difference between the shape of the
curves of Figs. 3 and 5 and no serious comparison
can be deduced from these figures. The correspond-
ing ratios h=l are presented in Table 2. Goniometry
clearly distinguishes the oil binder from the others.
The carthame oil leads to the narrowest curve and to
the smallest h=l ratio, thus to a smoother surface.
The other binders are all aqueous and goniophotome-
try cannot discriminate them.

OCT has also been implemented and we present
the results on two samples. The 2D cross sections
are presented in Fig. 6. They clearly show a smooth
surface for the carthame oil binder and a rough
surface for the cellulose binder. The ratios h=l,
obtained after removing the noise, are presented in
Table 2 and they are accordance with the goniometric
results.

Finally, specular gloss measurements have been
implemented on the same samples at different
angles. The results are gathered in Table 2. As
expected, gloss increases when the roughness and
the ratio h=l decrease. Only large reflection angles
(75°) allow discrimination between some binders.
Actually, the Fresnel reflection coefficient increases
with the specular angle and then the accuracy on
the gloss increases, also.

The three different kinds of measurements show
the same results: the oil binder creates a smoother
surface than all the other aqueous binders; the ratio
h=l is the smallest and the specular gloss is the lar-
gest. Nevertheless, the gloss at 75° discriminates
more clearly this binder from the aqueous ones than
the ratio h=l (a multiplicative factor equal to 10 in-
stead of 2). The aqueous binders lead to rather simi-
lar surface states and cannot be easily discriminated.
In this case, the ratio h=l is more discriminating than

Table 1. Ratio h=l as a Function of the Different Gold Techniques

Surface
Gold on
a Bole

Gold on
a Mixtion

Eggshell
Paint Grünewald

h=l 0:03� 0:01 0:06� 0:01 0:14� 0:01 0:07� 0:01

Fig. 4. (Color online) The angels’ concert, part of the Issenheim’s
altarpiece by Grünewald (16th century), Unterlinden Museum,
Colmar, France.

Fig. 5. Goniophometry in backscattered configuration: normal-
ized radiance as a function of the backscattered angle for samples
made of burnt umber and different binders.
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the gloss at 75° (a relative variation of 25% instead of
15%). The evaporation of the solvent during the dry-
ing of the aqueous paintings, associated to the migra-
tion of the pigments toward the surface, generates
final rough surfaces. On the other hand, the evapora-
tion of the solvent in an oil binder is weak and very
slow. These different evaporations can certainly ex-
plain the difference between the final surface states
of oil and aqueous paintings.
These results are now at the art historians’ dispo-

sal, in order to explain how these different binders
and their visual appearance answer to the fashion
or to the queries of the epoch or to the ease of use
for the artists.

C. Leveling of the Paint Layer by a Varnish

If the binder influences the surface state of a paint-
ing, then the applying of a varnish also modifies
the final topography and the visual appearance by
leveling the paint surface. For this study, natural
varnishes with different aging, different resins,
and different backgrounds are used to quantify the
surface state characteristics of each interface (air/
varnish and varnish/background). The results are
compared with previous studies on synthetic
varnishes that underline the influence of the molecu-
lar weight of the resin on this leveling [15,20].
Confocal microscopy allows simultaneous imaging

of both interfaces of a varnished object and cross sec-
tions including these interfaces. These images lead to
the measurement of the varnish thickness, to the
r.m.s. roughness, to the correlation length of each in-
terface, and to the ratio h=l. We present here one ex-
ample on a hand-made painted surface covered by a
fresh varnish made of mastic and turpentine. We
have obtained similar results with other resins (dam-
mar), with different states of degradation, with other
binders (linseed oil or a mixture of linseed oil and
turpentine), and with other backgrounds (metal or
glass). A cross section of the sample is shown in Fig. 7,
where both interfaces are visible. The total depth is
90 μmand the lateral dimension is 800 μm. This cross

section can be compared with the OCT results ob-
tained on the same sample and shown in Fig. 8.
The micrometric accuracy is the same for both de-
vices. The leveling of the paint by the varnish is
clearly visible on the OCT and confocal images. Both
images also show that the measurement of the var-
nish thickness can only be an average. By example,
on the confocal image, an axis (arrow) is chosen on
the cross section and a depth profile can be deduced
along this axis. The distance between the peaks, cor-
responding to the light reflected by both interfaces,
allows deducing the varnish thickness, here around
24 μm, but only relevant along this axis. In this hand-
made case, the brush strokes are visible and the
varnish thickness can be evaluated between 0 and
40 μm.

Confocal microscopy also allows simultaneous
imaging of both interfaces of the same sample in
2D or 3D, as shown in Figs. 9(a) and 9(b). The size
of the recorded surface is 800 μm × 800 μm. Corre-
sponding profiles are deduced along any chosen
direction. The profiles of both interfaces along a di-
agonal are presented in Figs. 10(a) and 10(b). These
profiles lead to quantitative results for each inter-
face, obtained from ten bordering profiles end to
end and presented in Table 3. As expected, the paint
surface is actually more than 32 times rougher that
the varnish upper surface. The brush strokes of the
hand-made paint layer are clearly distinguishable in
Figs. 7–10. Moreover, it must be noticed from the pro-
files [Figs. 10(a) and 10(b)] that the varnish levels the
high spatial frequencies of the paint and that only

Table 2. Ratio h=l and Specular Gloss for Different Angles and Different Binders [19,20]

Binder h=l OCT h=l Goniophotometry Specular Gloss at 20° Specular Gloss at 60° Specular Gloss at 75°

Cellulose 0:15� 0:05 0:09� 0:01 0:5� 0:1 0:6� 0:1 0:9� 0:1
Wax milk 0:10� 0:01 0:5� 0:1 0:6� 0:1 0:6� 0:1
Caparol 0:09� 0:01 0:5� 0:1 0:6� 0:1 0:7� 0:1
Carthame oil 0:10� 0:05 0:07� 0:01 0:7� 0:1 3:6� 0:1 11:9� 0:1
Egg tempera 0:10� 0:01 0:4� 0:1 0:7� 0:1 1:3� 0:1

Fig. 6. OCT cross sections for samplesmade of a burnt umber and
cellulose binder (down) and burnt umber with carthame oil (top).

Fig. 7. Confocal microscopy cross section on a paint sample
varnished with a fresh mastic in turpentine.
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the brush strokes of the paint remain in the upper
interface. The high frequencies belonging to the
second interface can be due to the drying of the
hand-made paint (rising of the pigments toward
the surface), but also to some experimental artifacts
of the instrument (narrow oscillations with sudden
break slopes). Nevertheless, this particular spatial
filtering has already been underlined on synthetic
varnishes and glass backgrounds and quantified by
Fourier transform and power spatial distribution
[20]. Other varnishes, backgrounds, and states of
degradation lead to similar results.
These results can be compared to those obtained

previously [15,20] by use of a stylus profilometer
and a glossmeter, on two synthetic varnishes, AYAT
and Regalrez, applied on a rough glass plate. These
varnishes have been studied for quantifying the in-
fluence of themolecular weight of the resin contained
in the varnish on the leveling effect. AYAT has a high
molecular weight and Regalrez has a low molecular
weight. The r.m.s. roughness, correlation length, and
ratios h=l deduced from the profiles are gathered in
Table 4. The varnish strongly reduces the roughness
of the background in mineral varnishes. The ratio be-
tween the varnish roughness and the background is 7
times larger in the case of synthetic varnishes, due to
different techniques of application (an applicator in-
stead of a brush). The influence of the molecular
weight of the resin is clearly underlined for synthetic
varnishes: the leveling by the Regalrez, a resin with
a small molecular weight, is much more important
than by the AYAT, with its large molecular weight.
Finally, the spatial filtering previously observed for
mineral varnishes is also noticeable in the profiles
of synthetic varnishes and is more pronounced for
low molecular weight resins.
We finish this study by comparing specular and

DOI glossmeasurements of these synthetic varnishes
with the previous topographic results. The results
have been added in Table 4. As expected, specular
and DOI glosses increase when the roughness of
the varnished surface decreases and, therefore, when
the molecular weight of the resin decreases. We also
notice that DOI gloss is more discriminating than
specular gloss.

These results will allow the development of a panel
of new varnishes with various glosses, by varying the
molecular weight of the synthetic resin and accord-
ing to the request of artists and restorers.

5. Discussion

We here compare the different methods previously
described, for their application to the study of works
of art. All the described instruments can now be im-
plemented with daylight and do not need any sam-
pling. To distinguish among themselves, several
criteria must then be taken into account: the ease
of implementation, the graphic interpretation of
the results, the relevance of the quantitative results,
and their accuracy, of course.

In a first step, gloss measurements can be used be-
fore topographic inspection. It is the easiest techni-
que for implementation. Relevant information can
be supplied for comparative studies, such as the dis-
crimination among different artistic techniques or
materials. For specular gloss, large angles must be
prioritized. DOI must be preferred to specular gloss,
for a better discrimination. Both gloss measurements

Fig. 8. (Color online) OCT cross section in 3D of a paint sample
varnished with a fresh mastic in turpentine [12].

Fig. 9. (a) 3D confocal image of the air/varnish interface of the
same sample. (b) 3D confocal images of the varnish/paint interface
of the same sample.
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have accuracy of around �0:05. Nevertheless, if the
standard setups are portable, they often need contact
with the studied surfaces.
In a second step, goniophotometry in a backre-

flected configuration supplies graphic information,
easily interpretable for the discrimination among dif-
ferent artistic techniques. The results are directly
obtained from the measured radiance and no further
computational image processing is then needed.
Quantitative values of the ratio h=l can be deduced

for quantification of the geometrical characteristics
of the studied surfaces and for further comparison,
with accuracy around 0.01, such as for the following
methods. The studied area is a 5mm diameter disk.
The setup is lightweight (around 1kg), contactless,
easily portable, and easy to use inside the museum.
It is adaptable to any position of the studied surface,
thanks to a ball joint and a translation table. The
implementation is relatively fast, around some min-
utes. An automation of the goniometer rotation could
be a possible improvement. This method supplies
only results of the upper interface of the objects
and must be kept for comparison among different
artistic productions. The process does not provide
images for archiving.

For the imaging of interfaces and cross sections,
confocal microscopy is also relatively fast to imple-
ment and can now be used inside a museum, thanks
to a robot. The important advantage, compared to a
classical profilometer, is the possibility of simulta-
neously recording both interfaces of both sides of a
transparent layer (varnish). Signal processing is
then needed to obtain the 2D and 3D images and
statistical processing from the deduced profiles is
needed for quantification of the surface states, in op-
position to the goniophotometric method. The accu-
racy on h=l is�0:01, as for goniophotometry, but here
h and l can be separately deduced with �0:1 μm. It is
also a tool to deduce a varnish thickness from cross
sections, which cannot be obtained by goniophome-
try. This method is well adapted for fingerprint
and archiving, and for qualitative and quantitative
comparative studies. An important improvement
will take into account the recorded surface function
zðx; yÞ, allowing direct deduction of the ratio h=lwith-
out the assumption of an isotropic surface, as it is
done from linear profiles. A second improvement,
in progress today, is the stitching of images and
profiles in order to increase the size of the studied
surfaces. A last improvement will deal with reducing
of robot’s weight, which does not allow today a mea-
surement from scaffolding.

Finally, OCT results lead to the same micrometric
accuracy in the three directions, the same depth lim-
it, of around 50 μm, the same surface area, around
some hundreds of micrometers square, and similar
images to those obtained by confocal microscopy.
The main difference deals with the imaging of scat-
tering media, which is possible with OCT. Both
coupled information on topography of the interfaces
and on pigment imaging and identification will be of
major interest for the study of works of art. The same
improvements described for confocal microscopy are
foreseen with OCT: processing of the surface function

Fig. 10. (a) Profile of the interface air/varnish of the same sample
along a diagonal of the en-face confocal image of Fig. 9(a). (b) Profile
of the interface varnish/paint of the same sample along a diagonal
of the en-face confocal image [Fig. 9(b)].

Table 3. Topographic Characteristics of Both Interfaces of the Same Sample, Deduced from Previous Confocal Profiles

Interface r.m.s. Roughness h (μm) Correlation Length l (μm) h=l

Air/varnish 2:0� 0:1 16:6� 0:1 0:12� 0:01
Varnish/paint 4:8� 0:1 16:6� 0:1 0:29� 0:08
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and stitching of the images. The instrument is not
yet portable but will be set up on a robot in a micro-
scope rack in the near future.

6. Conclusion

Using different experimental methods, we have pre-
sented three particular studies of topography applied
to works of art.
We first show that different artistic techniques of

gold application (on a mixtion, on a bole, and in egg-
shell paint) can been discriminated by their final
roughnesses without any sampling. It leads to a
guess of the nature of the binder under the gold leaf.
Gold on a mixtion has then been identified in situ on
an altarpiece painted by Grünewald. This kind of
identification is useful both for choosing the materi-
als used in a future restoration and for the knowl-
edge of art history and of the geographic influences
of the artist.
We then present the influence of different binders

(oily or aqueous) used by the artists according to the
epoch, to paint “complexions” in easel paintings. The
visual appearance of these artistic techniques differs
and is mainly linked to various surface states. The oil
binder is distinguishable from others by a smoother
surface and an important gloss. Aqueous binders
lead to rather similar surface states and visual ap-
pearances. These results are now devoted to art his-
tory by explaining the reasons of this evolution.
We finished by the study of the leveling of a paint

surface by different varnishes. The role of the mole-
cular weight of the resin is underlined: the smaller
the molecular weight, the more important is the
leveling of the background, while the smaller the
roughness and the ratio h=l, the larger is the specu-
lar and the DOI gloss. An immediate application of
these results is the possible follow-up of varnish re-
moval during a restoration and a tool for deciding the
beginning or the ending of such an intervention.
Another important application of this study is the de-
velopment of a panel of new varnishes with various
glosses, by varying the molecular weight of the syn-
thetic resin, according to the request of artists and
restorers.
In conclusion, this comparative study shows that

the imaging and the quantification of surface states
are powerful tools for studying works of art. We must
add that these surface states and their modulations
are also a powerful subject of creation in art, as in the
“ultra-black” paintings of the contemporary French
artist Pierre Soulages.
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