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Highlights (for review)

Highlights

SR beam in the micro-FTIR equipment preserved the superficial integrity of the sample.
The fingerprint of Storioni’s production around 1790 was highlighted.

Both invasive and non-invasive approaches yielded information on the stratigraphy.

Multivariate mapping was effective in imaging the multi-layered coating system.
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Abstract

A micro-sample detached from a historical bowed string instrument represents a valuable record that
allows researchers to collect a wealth of information concerning the materials used by the great
Masters of violin-making art and to disclose - at least partially - their procedures for finishing and
varnishing.

In the present work, a set of four cross-sectioned micro-samples - collected from well-preserved bowed
string instruments made by Antonio Stradivari and Lorenzo Storioni - are investigated by Synchrotron
Radiation (SR) FTIR micro-spectroscopy in reflection mode. SR-FTIR spectra are considered both as
point analysis and as univariate and multivariate chemical maps. Moreover, data obtained by a non-
invasive approach with a portable reflection FTIR spectrometer and SEM-EDX data on the same cross-
sections are also considered.

FTIR investigation of the cross-sections is a challenging task for such brittle and complex layered
micro-samples. Nevertheless, the high intensity of the analytical SR beam used in reflection geometry
allowed us to obtain informative FTIR spectra and to fully preserve the integrity of the samples.

Both the non-invasive and the micro-invasive reflection FTIR approaches can reveal the materials
spread on the wood surface to finish the musical instruments. The fingerprint of Lorenzo Storioni in his
production around 1790 is highlighted in the cross sectioned samples, definitely different from the
technique of Stradivari.

Keywords
Wooden historical artefacts; Reflection FTIR Spectroscopy; Chemical mapping.

1. Introduction

The most charming and discussed part of a bowed stringed musical instrument is the varnish,
remarkable result of the finishing treatments performed by ancient violin makers. Its role is not merely
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aesthetic and protective, since it influences - together with the ground coat - the mechanical and
vibrational properties of the wooden parts and, consequently, the sound quality [1-4].

During the last decades, a suite of analytical techniques has been employed to investigate materials
and procedures used for finishing historical string instruments [5,6], with a particular attention to those
produced in Cremona (Italy) by the Amati, Guarneri, and Stradivari families [7-10]. As a general result,
complex multi-layered systems - which were created on the wood through a wide variety of organic and
inorganic materials - [11-15] have been highlighted.

Researchers are presently engaged in developing analytical procedures aimed at maximizing the
information that can be retrieved from priceless historical musical instruments, in order to disclose how
the finishing treatments were made [16] and if they are preserved over time. Due to their high value,
sampling is seldom granted by conservators and owners of the instruments, therefore analyses on
violins are often carried out through non-invasive approaches in order to fully preserve the integrity of
the object [17-20]. Nevertheless, non-invasive approaches do not normally lead to both exhaustive and
highly spatial-resolved chemical information [21,22], which is somehow more accessible if samples are
available. These can be scrutinized with both elemental and molecular techniques [24-26] aimed at
obtaining a thorough chemical characterisation of the materials composing the layers.

Under this scenario, infrared (IR) spectroscopies are perfect candidates as IR radiation enables the
identification of both organic and inorganic chemical species. Portable FTIR reflection spectroscopy has
been used to collect chemical information on artworks [26], even though a tentative non-invasive
stratigraphic approach that considers spectra obtained by analysing differently preserved varnish areas
of the bowed string musical instruments [27]. On the other hand, FTIR micro-spectroscopies can be
exploited for investigating samples prepared as cross-sections [28,29]. Procedures specifically tailored
for preparing cross-sectioned samples for FTIR investigations, avoiding the use of embedding resins
which may interfere with the analytical steps, have been reported in the literature [30-32]. Nevertheless,
samples detached from historical violins are extremely brittle and their inclusion into epoxy resin still
appears the most feasible procedure to succeed in the preparation of cross-sections, ensuring that the
stratigraphy can be preserved for further and more informative analysis that may be developed in the
future.

In this work, reflection FTIR techniques have been employed for the analysis of three well-preserved
bowed string instruments (Table 1) produced by two ancient Cremonese masters of the violin-making
art, namely Antonio Stradivari (ca. 1644 - 1737) and Lorenzo Storioni (1744 - 1816) [33].

Table 1. List of violin makers, violins and related cross-sectioned samples.

Violin maker Instrument Year Of. Type Part Sample code
name construction
- 1790 Violin Backplate LS 1790
L. Storioni (1744 — 1816) Backplate LS 1793a
Bracco 1793 Small violin
Frontplate LS_1793b
A. Stradivari (1644 — 1737) Toscano 1690 Violin Frontplate AS_1690

Synchrotron Radiation (SR) FTIR spectroscopy in reflection geometry was used to analyse the cross-
sectioned samples (Figure 1). SR can dramatically increase the lateral resolution and signal-to-noise
ratio [34], making this technique particularly appropriate for the investigation of complex layered micro-
structures [35-39]. The reflection geometry avoids the contact between the probe and the sample,
contrary to the FTIR-ATR setup condition [29], in which the tip seriously alters the morphology of the
analytical spots and can therefore be considered as micro-destructive for these very brittle samples.

Spectroscopic data obtained on cross-sections are discussed in this work as both spot analysis and
maps. As for maps, they normally show the intensities of the characteristic absorption bands according
to a colour scale, thus depicting the spectral information and its spatial distribution on the sample area.



In recent years, multivariate methods have been introduced for treating spectroscopic data [40]. In
particular, they have been employed to support the interpretation of the data obtained from cross-
sectioned samples taken from paintings, in order to overcome some drawbacks of the chemical
mapping and to enable a straightforward representation of the whole information occurring in the FTIR
spectra [41-43]. Actually, Principal Component Analysis (PCA) enables the exploration of multivariate
data - such as the spectral ones - through simple and effective graphical outputs which visualise the
relationships between spectra in a scatter scores plot defined by representing the directions of
maximum variation of the original data and the loads of the original variables in a loadings plot [44]. PC
scores can be exploited to obtain pictures quite similar to chemical maps, but with a multivariate
meaning. In that sense, false colour images are constructed with a chromatic scale based on scores for
a single PC, or by the combination of the scores for more than one of them. Therefore, univariate and
multivariate data analysis have been applied here in order to check the merits of visual images of
components distribution for the investigated cross-sections.

SR-FTIR data on cross-sections are compared with the results obtained through the non-invasive
investigation of the musical instrument with portable reflection FTIR. Optical microscopy under UV-light
and SEM-EDX data are also considered to extend the overall information.
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Figure 1. UV images of the four cross-sectioned samples: LS 1790 (a), LS_1793a (b), LS_1793b (c),

and AS_1690 (d). The layers identified under the OM and described in 3.1 are indicated by capital
letters. The red grid highlights the area considered for mapping (see 3.1for details).

2. Experimental

The backplates of the Stradivari Toscano 1690 and the Storioni Bracco 1793 were first investigated by
non-invasive FTIR analysis using an Alpha portable spectrometer (Bruker Optics, Germany/USA- MA)
equipped with an R-Alpha external reflectance module (optical layout 23°/23°). The compact optical
bench consists of a Globar, a permanently aligned RockSolid interferometer (with gold mirrors) and an
uncooled DLaTGS detector. It was employed on the musical instruments at a working distance of 15
mm, thus analysing spots of about 5 mm in diameter. Pseudo-absorbance spectra [log(1/R); R =

reflectance] were shown between 3600 and 500 cm™, with a spatial resolution of 4 cm-'. Spectra from a

gold flat mirror were used as background. Reflection infrared spectra were then transformed into
absorbance spectra by applying the Kramers-Kronig Transformation (KKT) (included in the OPUS 7.2
software package). Analytical spots were selected on the basis of preliminary imaging of the musical
instrument under visible and UV light [45,46], in order to investigate variously preserved areas and
retrieve information both from the varnish and from the underlying layers.

Sub-millimetric samples were detached by a scalpel from the most preserved area among those
previously selected as non-invasive FTIR analytical spots. Samples were then embedded into epoxy
resin (Epofix Struers and Epofix Hardener 15:2, w:w) and cut as cross-sections. Subsequently, the
surface was dry-polished with silicon carbide fine sandpaper (500-8000 mesh).

The cross-sectioned polished samples were observed through an Olympus BXS51TF polarized light
optical microscope (OM) equipped with Olympus TH4-200 (visible light) and Olympus U-RFL-T (UV
light) lamps.



Imaging at higher magnifications was performed by a FE-SEM Tescan Mira 3XMU-series (Brno, Czech
Republic) Scanning Electron Microscope (SEM) in back-scattered electron (BSE) mode, setting the
accelerating voltage to 20 kV in low vacuum (100 Pa nitrogen pressure) Elemental microanalysis was
carried out using a Bruker Quantax 200 (Billerica, MA, USA) Energy-Dispersive X-ray spectrometer
(EDX) coupled to the FE-SEM apparatus.

SR-FTIR analysis was carried out by the SISSI beamline (Chemical and Life Sciences branch) at
Elettra Sincrotrone Trieste (ltaly) [47]. Measurements were performed in reflection geometry using the
Bruker Vertex 70v interferometer coupled with the Hyperion 3000 microscope (Bruker Optik GmbH) and
a single point mercury-cadmium-telluride (MCT) detector. 512 scans were averaged, at 120 KHz
scanner speed, with a spectral resolution of 4 cm™ in the spectral range 4000 — 750 cm™. Spectra were
pre-processed with a smoothing treatment (Savitzky-Golay method, 15 wavelengths gap size and 2"
polynomial order). The knife-edge slits of the Vis-IR microscope were set to an acquisition area of 10 x
30 um (10 pm corresponds to the minimum thickness of the layers observed under the optical
microscope). A gold substrate was employed for the background. Some spectra were collected by
adjusting the lateral resolution in order to focus the analysis on one selected detail. In addition, “one-
column” maps were collected from LS_1790 (15 rows), LS _1793a (11 rows), LS 1793b (18 rows), and
a grid with 8 rows and 5 columns (40 spectra) was obtained from AS_1690. Univariate chemical maps
were obtained by Opus 7.5 software package considering the characteristic signals for the varnish (the
peak at 1710 cm™ from ester and carboxylic acid groups of oils and resins), for proteins (the peak from
vC=0, amide |, at 1650 cm™) and for the embedding agent (the peak at 1510 cm™ from vC-C aromatic
ring). The chromatic scale was set to range from red (highest values) to blue (lowest values). An
interpolation algorithm was employed automatically by the software OPUS 7.5.

The multivariate approach considered a data matrix composed by as many rows as the total number of
SR-FTIR spectra (84) and as many columns as the number of spectral variables (2606). Different
spectral pre-treatments were combined with the Kramers-Kronig (KK) algorithm, namely smoothing
(Savitzky-Golay, 11 wavelengths gap size), first derivative (Savitzky-Golay, 11 wavelengths gap size
and 2" polynomial order) and mean centre. Exploratory data analysis was carried out by PCA, based
on the singular value decomposition (SVD) algorithm [48]. The optimal number of Principal
Components (PCs) to be retained was selected by evaluating the scree plot [49]. An interval-PCA
approach was followed, i.e. different models were investigated in order to select the spectral ranges
retaining the most relevant information [50]. The intervals investigated were 3500-3000 cm™, 3000-2700
cm™, 2700-2300 cm™, 2100-1800 cm™, 1800-1550 cm™,1550-1450 cm™, 1460-1260 cm™, and 1250-
1000 cm™. From the preliminary data exploration, it was noticed that relevant information was retained
by merging the range 2000-1400 cm™, being responsible for sample grouping according to the
materials involved in the composition of the finishing layers, thus this region was used for further
multivariate investigation. Score values from PCA were employed to obtain scores maps highlighting
similarities (or differences) among the layers according to a multivariate approach. The scores maps
resulted from a 3D reconstruction similarly to RGB images, where each channel - instead of merely
representing the intensity of colour - is associated to the score value on PC1, PC2, and PC3 calculated
for each grid point. Thus, the colour bars in the scores map have a multivariate meaning, as they
represent the variance of the considered spectral range (2000-1400 cm™), which can be related to
“classes” of materials according to the indication given by the loadings plot. In multivariate maps, no
smoothing was employed.

Data analysis was performed under Matlab environment (ver. 9.2, The Mathworks, Inc., Natick, USA)
using the PLS toolbox (ver. 8.5, Eigenvector Research, Inc., USA) software package.

3. Results and Discussion

3.1 Morphological features, molecular and elemental data



As expected, marker bands related to the embedding epoxy resin are evident in the SR spectra (Figure
SM1), but nevertheless these signals - appearing at 1610 cm™ (N-H deformation, primary amine; vC=C,
aromatic ring), 1510 cm™ (vC-C, aromatic ring), 1250 cm™ (epoxy groups; vC-0), and 1035 cm™ (vC-O-
C, ethers) [51-53] - can be easily singled out. Their intensity gradually decreases and disappears in the
spectra recorded from the external layers to the wood substrate. Furthermore, as the interfaces are not
clearly defined and layers are extremely thin, signals from various components are sometimes
combined in the resulting spectra.

By observing the cross-sections of the two violins by Lorenzo Storioni under the OM with UV light
(Figure 1, a-c), a common structure is evident for the coating systems. Samples LS 1790, LS _1793a
and LS_1793b, in fact, show a thick varnish layer A (60-90 um) characterized by a homogeneous light-
yellow UV fluorescence. Under the varnish, a thin preparation layer B (less than 10 um) with light-blue
fluorescence is spread directly on the wood (C). In addition, a further external varnish layer A’ (Figure 1,
a,c) appears in LS_1790 and LS_1793b. SR-FTIR KKT spectra of layer A highlight the marker bands of
a varnish made of a siccative oil and natural terpenic resins [7,19]: 1) sharp and intense vCH, bands at
2920 cm™ (asymmetric mode) and 2850 cm™ (symmetric mode), characteristics of the oil with minor
contribution from the resin; 2) weak vCH; bands from the resin at 2950 cm™ (asymmetric mode) and
2870 cm™ (symmetric mode) (Figure 2, a); 3) intense vC=0 at around 1710 cm™ ascribable to the ester
(oil) and carboxylic acid (resin) groups; 4) 8sCH, (oil and resin) and dasCH; (resin) at 1450 cm™; 5)
&sCHjs (resin) at 1375 cm™; 6) vC-O (oil) at 1255 and 1185 cm™ (Figure 2, a,b). Bands related to a
proteinaceous material - such as animal glue or casein - at 1650 cm™ (vC=0, amide 1) and 1550 cm™
(combination of vC-N and dN-H, amide II) [54,55] characterize all the KKT spectra collected on layer B
(Figure 2, c¢). These results turned out to be in accordance with the non-invasive FTIR investigation
performed on the backplate of the Bracco 1793 small violin [56] (Figure 3, a,b). In addition, some
inorganic phases are mainly detected by the non-invasive analysis on the most worn-out areas of the
Bracco: the Reststrahlen bands at around 1100-1000 cm™ (v,sSi-O-Si) as well as the signals at 1150
and 1100 cm™ (v,SO.), together with those at 670 and 600 cm™ (8.s50.), can be attributed,
respectively, to the silicate and sulphate groups [57,58]. The IR results are supported by EDX analyses
performed on some particles found at the A-to-B interface and in the layer B itself, with the signals of Si,
S and Ca confirming the presence of silicates and calcium sulphates (probably gypsum). All these
materials could be related to fillers dispersed in the organic binders [59,60]. In addition, EDX detects Fe
in some red particles, leading us to hypothesize the use of iron-based red pigments [61,62].

The microscopic observation under UV light of the sample AS_ 1690, obtained from the Toscano violin
(Figure 1, d), shows two thin layers of about 10-15 pm each with a yellow and a whitish fluorescence,
respectively layer A and B.

Despite the low intensity of the signals, the KKT spectra collected from the two layers highlight the
presence of an oil-terpenic resin varnish (Figure 2, a,b) in both layers. On the other hand, the spectra
acquired at the interface between the spruce wood (layer C) and layer B do not clearly point out the
presence of a ground coat, since the characteristic signals for proteinaceous materials are not detected
(Figure 2, ¢). A broad band, centered around 1650 cm™, is instead detected on the backplate of the
violin by the non-invasive analysis (Figure 3, c,d). This signal could be possibly attributed to
proteinaceous materials, as already reported in [27].

SEM-EDX highlights a significant presence of particles filling the wood pores. By focusing the electron
beam onto these particles, intense Si-Ka emissions are revealed, therefore enabling their identification
as Si-based materials. These SEM-EDX inferences are supported by the detection of Reststrahlen
bands - attributed to the antisymmetric Si-O stretching vibrations - in the region from 1100 to 1000 cm™
of the pseudo-absorbance spectra obtained by the non-invasive FTIR approach (Figure 3, c,d).
Similarly to the Storioni’s instruments, also layer B in the sample from the Toscano violin shows some
Fe-rich grains under the SEM-EDX, recognized as iron-based pigments.
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Figure 2. Reflection SR-FTIR KKT spectra collected in correspondence of the varnish layers (a,b) and
the ground coats (c) on the samples LS 1790 (black), LS 1793a and LS _1793b (red) and AS_1690
(blue). Spectra are shown in the ranges between 3000 - 2750 cm™ (a), 1800 - 1100 cm™ (b), and 1800 -
1100 cm™ (c). As for pseudo-absorbance spectra, see Figure SM2 in the Supporting Material.
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Figure 3. Reflection FTIR spectra in pseudo-absorbance (grey) and after KKT (black) acquired by the
portable spectrometer on the best conserved (a) and most worn (b) varnish areas of the Bracco small
violin, and on the best conserved (c) and most worn (d) varnish areas of the Toscano violin. The marker
bands of each identified material are highlighted: varnish (asterisks), proteinaceous material (circles),

silicates (black triangles), sulphates (white triangles).



3.2 SR-FTIR univariate and multivariate imaging
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Figure 4. Univariate colour-scale maps (al-cl), and multivariate scores maps (a2-c2) of samples
LS_1790 (al-a2), LS_1793a (b1-b2), and LS_1793b (cl1-c2). The colour-scale for the univariate maps
refers to the intensity of the band of the varnish at 1710 cm™ (al1,b1), and of the proteinaceous material

at 1650 cm™ (c1). The resulting colours in the scores maps are related to the epoxy resin (E), the

varnish (V), the proteinaceous preparation (P), and the wood substrate (W).

Chemical mapping was performed on sample LS_1790 (Figure 1, a) by considering the whole thickness
of the cross-section (Figure 4, al). As for the map obtained by the integration of the carbonyl bond
stretching band centered at 1710 cm™, the highest intensity of the signal is observed in correspondence
to layer A, perfectly matching the sample stratigraphy observed by OM. Lower intensities (green areas)
are identified in correspondence to the external varnish layer A’, which appears with a different
morphology if compared to the underlying varnish portion. Finally, the highest intensities related to
signals of the proteinaceous material are highlighted in correspondence of layer B, which has been
identified as the ground coat (Figure SM3a).

Samples LS _1793a and LS_1793b (Figure 1, b,c) show similar results (Figure 4, bl,cl). Also in these
cases, the maximum value for the band at 1710 cm™ is observed in the area corresponding to the
varnish layer A (Figure 4, bl) and the proteinaceous material is mainly assigned to the preparation
layer B, but it also extended up to the lower portion of the varnish layer A (Figure SM3b). It is worth
reporting that, as already shown in [56], some signals of proteinaceous material were also found
through a non-invasive approach in well-preserved areas of the Bracco small violin, thus suggesting the
presence of restoration materials in the most external layer of the coating system.

A similar picture emerges by considering the multivariate scores maps (Figure 4, a2-c2). In samples
from the violins by Storioni, the rows related to layer A show colours ranging from black to dark blue,
and those related to layer B show colours from green to light blue. An orange area, attributed to the
wood, is assigned only in the LS_1790. The interpretation of the score values, yielding different colours
in the multivariate maps, is obtained by considering together scores and loadings plots (Figure 5), in
order to identify spectral bands that mainly characterise each colour range. Figure 5a shows the scores
plot of PC1 vs PC2 accounting for 58% of total variance. It is possible to notice that the objects cluster
according to the materials in the finishing layers. Indeed, a group of objects in the bottom right quarter
of the PC1 vs PC2 plot can be associated with epoxy resin. The objects linked to the varnish are mostly
grouped in the bottom left quarter of PC1 vs PC2 plane, having negative PC1 scores. The grouping is



associated with PC1 loadings (Figure 5c) discriminating epoxy resin from other materials mainly thanks
to the signals between 1700 cm™ and 1600 cm™, and those around 1500 cm™. Objects corresponding
to spectra of the proteinaceous material cluster in the positive quarters of PC2 and are characterised -
in the PC2 loadings - by a notable variation in the region between 1700 cm™ and 1650 cm™, in
correspondence with the band attributed to amide I. Finally, by considering the third PC (accounting for
9% of the variance, Figure 5b), it is evident that a layer of LS 1790 assumes extremely negative PC3
scores and can be associated with the maple wood. Capital letters reported in Figure 4 for colour bars

are therefore selected accordingly.
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Figure 5. Scores plots from PCA on SR-FTIR spectra for samples LS 1790 (circles), LS 1793a
(rhombuses), LS _1793b (asterisks): PC1 vs PC2 scores plot (a), PC1 vs PC3 scores plot (b) and
loadings plot of PC1, PC2 and PC3 (c). The coloured squares in (a) and (b) include the objects
indicated with E (embedding agent - epoxy resin, red), V (varnish, siccative oil + plant resin, blue), P
(proteinaceous preparation, green), and W (wood substrate, yellow).
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Figure 6. Univariate chemical map (a), and multivariate scores map (b) of sample AS_1690. The colour-
scale maps refer to the peak of the carbonyl stretching (vC=0) at 1710 cm™. The layers identified and
described in the text are highlighted. The colours of the scores map are related to epoxy resin (E),
varnish (V), undefined materials (U), and wood (W).
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Figure 7. Scores plot: PC1 vs PC2 (a) and PC1 vs PC3 (b) calculated for sample AS_1690. Objects
(SR-FTIR spectra) are identified according to the position of the analytical spot in rows - from R1 to R8 -
of the mapping grid (reported in Figure 1). The related loadings plot is shown in Figure 5c. The coloured

squares in (a) and (b) select the objects corresponding to epoxy resin (E, red), varnish (V, blue),
undefined material (U, green), and wood (W, yellow).

A larger area is mapped in the sample AS_1690 (Figure 6). The map reporting the intensity distribution
of the 1710 cm™ peak is shown in Figure 6a. The red-yellow areas clearly highlight that the varnish is
mainly distributed in correspondence to the two layers indicated as A and B.

The scores map calculated for AS_1960 (Figure 6, b) partially confirms the presence of the oil-resinous
varnish in layers A and B, while the wood is correctly identified at the bottom of the stratigraphy. Even if
the identification of the protein’s diagnostic signals is not unambiguous here (as pointed out in Figure 2,
c), dark green areas in Figure 6b would suggest either wood or proteinaceous material, in accordance
with previous results [27].Therefore the green portions in the multivariate map of the Stradivari sample
is prudently labelled as “undefined” in Figure 6b.

To further investigate this topic, the loadings plot (Figure 5c¢) and the scores plot (Figure 7) are
considered. In the scores plots, the shape of the point indicates the position of the spectrum in the rows
of the mapping grid reported in Figure 6. The object distribution is due to the contribution of the original
variables, whose influence is described in the loadings relative to PC1, PC2 and PC3 and reported in
Figure 5c. The scores plots (Figure 7) confirm that the spectra are actually affected by signals
associated with the absorption of different materials [50]. Only spectra corresponding to epoxy resin are
well grouped assuming high positive PC1 and high negative PC2 values. On the contrary, the other
layers are difficult to be clearly separated, therefore spectra falling in the green area in PC1 vs PC2 plot
were scrutinized one by one considering both loadings and scores plots, in order to possibly gain
further information. Indeed, PC2 scores more related to varnish layers are between -0.004 and +0.001,
thus being in the bottom left quarter of the PC1 vs PC2 scores plot, whereas spectra labelled as
undefined assumed really high PC2 scores. However, a quite relevant group of objects are scattered
thus confirming that the B-to-C interface level results from the contribution of spurious signals related to
different constituents with various relative abundances, which differentiate them from those of layer A.

4. Conclusions

The combination of non- and micro-invasive reflection FTIR approaches allowed us to thoroughly
investigate the materials of the finishing layers on the whole set of violins object of this work. An oil-
terpenic resin varnish - spread on a pre-treated wooden substrate - was identified in the Toscano violin
made by Antonio Stradivari in 1690, and in the two violins made by Lorenzo Storioni in 1790 and 1793.
The microscopic examination performed on the cross-sections, however, highlights some decisive
differences in the stratigraphies. Stradivari varnish is composed of two thin layers of about 10-15 um of
thickness each and no evidence of a film-forming proteinaceous layer was found. This is probably due
to the penetration of the ground coat into the wood pores. As for the Storioni finishing layers, one
varnish layer of about 60-90 um of thickness and a proteinaceous ground coat (e.g. animal glue,
casein) 10 um thick were detected. In addition, some inorganic phases - silicate, sulphate, and Fe-
based particles - were detected on the violins by Stradivari and Storioni.

The collected results turned out to be in accordance with those obtained on other masterpieces of the
Cremonese violin-making manufacture. A similar layered system was highlighted by Echard et al. [10]
and by Brandmair and Greiner [63]. In their works, some well-preserved Stradivari musical instruments
were investigated and comparable coatings systems were revealed: in some cases, the proteinaceous
ground coat is completely penetrated in the wood pores, and the varnish is laid in two oil-resin varnish
layers, as we found in the Tuscan 1690 violin. The evident difference with the stratigraphies highlighted
in the Storioni violins could be explained by the progressive change of the technique that occurred in



the late period of the Cremonese violin-making tradition, after the death of Antonio Stradivari in 1737
[63].

As for the analytical methods, both non- and micro-invasive reflection FTIR approaches were able to
reveal the materials spread on the wood surfaces to finish the musical instruments under study. The
micro-invasive approach allowed us to observe and characterize each layer gaining spatially resolved
chemical information, in particular from the organic binders spread on the wood. These results were
integrated with those obtained through the non-invasive technique, extremely useful to collect spectra
from numerous analytical spots of the plate. The possibility to select areas with a gradual consumption
of the varnish, in fact, enabled us to gather information directly on the varnish layers and - if exposed -
on the lower ground coats and from the wooden substrates. Furthermore, the inorganic phases
dispersed in the binders or filled in the wood pores were identified - together with the EDX analysis -
thanks to the larger spectral range (up to 500 cm™) of the portable equipment.

On the other hand, cross sections revealed the presence of layers with similar composition. SR beam in
the micro-FTIR benchtop equipment enabled the acquisition of maps in reflection geometry avoiding
any contact with the cross-section and thus preserving its whole superficial integrity. Mapping has
proven its effectiveness in outlining a chemical picture of the layering. Univariate chemical maps, based
on selected diagnostic absorption bands, allowed us to investigate the multi-layered structures in the
samples from the musical instruments by Lorenzo Storioni and to highlight his fingerprint in the
production around 1790. Despite layers being evident, boundaries are not easily defined through
chemical mapping as interfaces are seldom sharp. Multivariate maps resulted in effective
representations of the stratigraphy by a single false-colour image, skipping the need of diagnostic band
selection. Even though the scores map are a really fast and simple method to visualise different
features of the layers, this approach only recognised the predominant signals in the spectra,;
consequently, it is important to stress that the multivariate attribution can be influenced by the presence
of complex spectra with multiple signals arising from different materials.

The investigation by reflection FTIR on cross-sectioned samples is a challenging task when such brittle
and complex layered systems are considered, so the intensity of the analytical SR beam played the
major role in obtaining informative FTIR spectra and the reflection geometry allowed us to fully preserve
the integrity of samples. An open issue for SR-FTIR investigation reported in this work is that the
chemical mapping of inorganic fillers was not successful. Further analyses aimed at characterizing
these particles at a nano-scale level are ongoing.
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Table(s)

Table 1. List of the violin makers, violins and related cross-sectioned samples.

Instrument Year of

Violin maker name construction Type Part Sample code
- 1790 Violin Backplate LS_1790
L. Storioni (1744 — 1816) Backplate LS_1793a
Bracco 1793 Small violin

Frontplate LS_1793b

A. Stradivari (1644 — 1737) Toscano 1690 Violin Frontplate AS_1690
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