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Abstract The wood finish of historical bowed string musical instruments made in Cremona
(Italy) during the seventeenth and eighteenth century is a complex multi-layered coating
system, where varnishes and other organic binders are variously mixed with inorganic fillers
and pigments. It consists of several layers with reduced thickness (tens of microns or less),
hard to be distinguished due to the similarity of the constituent materials. Nevertheless, the
identification of chemical and morphological features (layering and boundaries) is strictly
necessary to disclose the traditional manufacturing procedures. In this paper, we propose an
innovative protocol to fully characterize such a multi-layered coating system by combining
hyperspectral photoluminescence (PL) micro-imaging with μFTIR-ATR mapping and SEM-
EDX analysis. The protocol has been employed to study three cross-sectional samples from
violins made by Lorenzo Storioni (second half of eighteenth century), whereas a properly
reproduced laboratory mock-up was used to set the analytical protocol. The obtained results
demonstrate that the combination of these complementary spectroscopy mapping techniques
in a high-resolution strategy allows one to clearly identify the morphology of a few microns
thin layers, to assess the penetration depth of sizing treatments into the wood and to detect
restoration areas.
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1 Introduction

Bowed string musical instruments made from the sixteenth to eighteenth centuries in Cre-
mona represent a model for current violin makers. Unfortunately, few written sources are
available on the manufacturing procedures. Driven by the rediscovered value of tradition and
the musicians’ commitment, the investigation and the characterization of historical musical
instruments became a matter of study starting from the 1950s of the last century [1].

To transform a bare wood into a ready-to-play instrument, the wood surface is subjected
to a series of chemical treatments that turns it into a complex multi-layered coating system
in which inorganic micrometric particles (pigments, fillers) are variously mixed with organic
binders and varnishes. As described in previous works [2], wood is usually pre-treated with a
protein-based layer (e.g., animal glues or caseinates) to seal the wood pores and prepare the
surface for the application of the varnish. Besides, an inorganic fraction used as filler is often
identified [3–5]. Finally, a varnish layer—commonly made of linseed oil mixed with some
natural resins—is spread on the pre-treated wood. Within the mixtures, mineral siccative
agents (e.g., lead) and pigments (e.g., iron earth, madder lake) can be included [6–8].

The characterization of such a multi-layered system requires the identification of the
chemical composition of each layer as well as the detection of their morphological features,
as to say the sequence of the layers, their boundaries, and their overlapping. For this purpose,
generally, both non- and micro-invasive techniques, together with micro-destructive ones, are
used. The non-invasive approach involves the observation of the UV-induced optical emis-
sion of the whole object surface to assess the distribution of the heterogeneities, the worn-out
areas, and the retouches [9], in combination with spectroscopic techniques, as Fourier trans-
form infrared (FTIR) spectroscopy in reflection mode [10] and X-ray fluorescence (XRF)
spectroscopy [11]. Recently, non-invasive assessment of the inner layers has been achieved
[12] by combining different techniques as optical coherence tomography (OCT), mobile
nuclear magnetic resonance analysis (NMR-MOUSE) [13, 14], laser-induced breakdown
spectroscopy (LIBS) [15] and micro-computed tomography (CT), also by exploiting syn-
chrotron facilities [16]. Despite it, only the study of microscopic cross sections taken from
musical instruments, when feasible, can provide exhaustive and incomparable information
on the complex stratigraphy of the wood finish of these precious objects. For this purpose,
micro-FTIR spectroscopy and SEM-EDX are generally employed for the characterization of
the organic and inorganic fraction, respectively, while the optical emission from the strati-
graphic sample is only qualitatively observed with the aid of UV-induced micro-photography
[5, 17–19].

Over the last decades, steady-state and time-resolved photoluminescence (PL) spec-
troscopy has been successfully used in the cultural heritage field to characterize the emission
of different luminescent materials both in the laboratory and on-site with the aid of portable
instruments [20–25]. The effectiveness of the technique was proven for the identification of
semiconductor-based pigments thanks to the specific PL spectral features of these materials
[26–30]. When considering organic materials, the chemical specificity of the technique is
lowered by the presence of multiple emitting species that give rise to broadband and less
specific emission spectrum [31, 32]. Despite it, many studies have demonstrated that the
tiny spectral differences that may arise from chemical modifications or diversity in molec-
ular properties, although not being analytical, can provide useful information [33–35]. For
example, the cross-sectional study of the wood finish of historical instruments has been suc-
cessfully assessed with synchrotron-based photoluminescence micro-imaging coupled with
multispectral detection [36–38] and with two-photon fluorescence in combination with other
non-linear microscopies [39–42].
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In this paper, we propose to study microscopy cross-sections from historical musical
instruments by coupling hyperspectral PL imaging to FTIR-ATR mapping analysis. We
believe that the assessment of the optical emission from samples with a hyperspectral imaging
approach (in the following quoted as micro-HSI) can thoroughly overcome the limits of UV-
induced micro-photography by (i) providing highly resolved emission spectra detected in
each pixel of the sample and (ii) offering the opportunity to manipulate hyperspectral data
with multivariate analysis.

While hyperspectral imaging is a rapid emerging method in the Cultural Heritage field
[25, 43–45], up to our knowledge its use for the investigation of the wood musical instru-
ments finish is quite new and far from the routine. Moreover, in the Cultural Heritage field,
hyperspectral imaging is often employed to detect and study light diffusely reflected by an
artistic surface or sample, while it is less commonly applied to PL measurements. Finally, the
use of a custom-made HSI micro-imaging camera adds a pioneering glance to the research.

The method was tested on a properly reproduced laboratory mock-up and three cross-
sectional samples from violins made by Lorenzo Storioni at the end of the eighteenth century
in Cremona (Italy).

As a whole, the present research is aimed at: (i) proposing a micro-invasive methodological
approach that improves the commonly used one to fully characterize the multi-layered coating
system of bowed string musical instruments; (ii) assessing the potentiality of the innovative
micro-HSI system for the investigation of these peculiar microscopic samples; (iii) collecting
information around the wood finish of the Cremonese Master Storioni instruments.

2 Materials and methods

2.1 Laboratory mock-up

To set up the methodology, a mock-up simulating the coating system of bowed string musical
instruments was prepared according to some documented historical recipes [46, 47]. The
mock-up MU_1 (in Fig. 2) was made up of a maple wood slab (Acer pseudoplatanus L., 1753;
5×5x1 cm) (A) sealed with a double application of ammonium caseinate (B) and coated
with a layer of a linseed oil-colophony varnish layer (C) mixed with madder lake. The 15%
of casein concentration (Kremer Pigmente, Aichstetten, Germany, cod. 63200) in deionized
water mixed with ammonia (30% solution, 1 mL in 50 g of casein and water) was applied. The
linseed oil-colophony varnish was prepared by mixing 75:25 linseed oil (Kremer Pigmente,
cod. 73054) and colophony (Kremer Pigmente, cod. 60,300), as documented in the literature
[48]. Madder lake pigment was purchased as a commercial pigment (handmade madder lake,
Fantuzzi Colori Vegetali) and dispersed in the varnish layer in 20% of concentration. All
the layers were manually applied by brush in two superimposed coats. A sub-millimetric
sample detached from the mock-up through a scalpel was embedded in epoxy resin (Epofix
Struers and Epofix Hardener with ratio 15:2) and cut in cross-sections. The surface was then
dry-polished with silicon carbide fine sandpaper (1200–8000 mesh).

2.2 Cross-sections from historical violins

As case studies, a set of three sub-millimetric samples were collected from three different
bowed string instruments made by Lorenzo Storioni (Cremona, 1744–1816): two different
private owner instruments, a small violin (SL790) and a viola (SL790.1), made both in 1790,
and the Bracco 1793 small violin (SL793). The micro-samples were collected under high
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magnification with a scalpel on selected areas of the musical instruments (as described by the
instrument part in Fig. SI1 in Online Resource), embedded into epoxy resin (Epofix Struers
and Epofix Hardener, 15:2), and then cut as cross-sections. The surface was dry-polished
with silicon carbide fine sandpaper, as for the mock-up. The whole set of micro-samples
selected as case studies is described in Fig. SI1 in Online Resource.

2.3 Conventional microscopy observation under UV light

The cross-sectioned polished samples were observed through a commercial Optical Micro-
scope (OM) (Leica DM4000 RE, Germany), equipped with a UV lamp and a color digital
camera (NIKON D750, Tokyo, Japan).

2.4 Micro-HSI PL imaging

Hyperspectral PL micro-imaging was performed employing a custom-made epifluorescence
microscope (see [22]) coupled with a hyperspectral camera based on the Fourier transform
approach. The microscope was equipped with a 50×objective (PL FLUOTAR L 50x/0.55,
Leica, Wetzlar, Germany) and a dichroic mirror (Semrock, Brightline FF389-Di01, Rochester,
NY, USA), allowing the analysis of a field of view of 205×250 μm2, with a spatial sampling
pitch of 0.2 μm. The hyperspectral camera was composed of a common path birefringent
interferometer (the Translating-Wedge-Based Identical Pulses eNcoding System (TWINS)
[49, 50]) combined with a cooled monochrome camera (Retiga R6, QImaging, Teledyne
Photometrics, Tucson, AZ, USA, spectral range 300–1000 nm); the interferometer supplied
high-quality interferograms which provided high-quality spectral images of the PL emission
by Fourier transform [51, 52]. The spectral resolution of the hyperspectral camera was set by
the maximum scan delay introduced by the interferometer and could be as good as 4 nm at
600 nm wavelength. The PL was excited by a compact continuous-wave laser (DL-375–015,
CrystaLaser, Reno, NV, USA) emitting at 375 nm and an average power density on a sample
surface of 4 mW/mm2.

From the hyperspectral datacube, it was possible to extract a variety of information: the
direct RGB representation of the optical emission enabled the identification of different
stratigraphic layers. To better discriminate the distribution of the different layers, a super-
vised classification algorithm—the spectral angle mapper (SAM)—was applied. It has been
demonstrated in many other similar contexts that the application of this method is suitable to
highlight the distribution of fluorescent substances [53–57]. The algorithm treats the spectra
as vectors and determines the spectral similarity by calculating the angle between them [58].
Pixels with similar emission spectra are grouped and displayed in a grayscale, with white
representing the minimum and black maximum angle, after setting a proper threshold angle
value. The obtained different maps were combined in a false-color representation to visualize
the distribution of the layers.

2.5 μATR-FTIR analysis

Analysis was performed with a Thermo Scientific Nicolet iN10 MX Infrared Microscope
(Thermo Fisher Scientific, Waltham, MA, USA) mounting a slide-on ATR objective equipped
with a conical germanium crystal. Infrared absorption spectra were gathered in the range
4000–675 cm−1 at a spectral resolution of 4 cm−1; the reference and background spectra
were collected in the air before each map acquisition.
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The FTIR maps were acquired at low pressure and choosing a reduced slit. It avoided the
crack of the brittle sample and to select the investigated layer’s thickness. An aperture of
15×15 μm, scanned in the x–y directions with a step of 15 μm, was employed to map the
area of interest for each sample: 45×135 μm2 (40 spectra total) for MU_1 mock-up, 75×
210 μm2 (90 spectra) for SL790.1, 60×180 μm2 (65 spectra) for SL790 and 105×210 μm2

(112 spectra) for SL793.
Datasets were then processed with Thermo Scientific OMNIC Specta and OMNIC Picta

(Thermo Fisher Scientific, Waltham, MA, USA) software. As an automatic procedure per-
formed mapping, the obtained spectra mirror the features of the layering, in which boundaries
were not sharp and different components may form each layer. Smoothing pre-treatment
(Savitzky-Golay, 13 wavelengths gap size and second polynomial order) was applied to IR
spectra. FTIR univariate chemical maps were produced considering the characteristic absorp-
tion bands for each identified material. The spatial distribution of the materials was displayed
by a chromatic scale ranging from red for the highest to blue for the lowest values.

2.6 SEM–EDX analysis

The embedded micro-samples were observed at higher magnifications through an FE-SEM
Tescan Mira 3XMU-series (Brno, Czech Republic) scanning electron microscope (SEM) in
back-scattered electron (BSE) mode with an EDAX Apollo XL Silicon Drift Detector, setting
the accelerating voltage to 20 kV in low vacuum (100 Pa nitrogen pressure) without metalliza-
tion of the sample. Elemental microanalyses were carried out directly on the polished surface.
When diagnostic bands of the main inorganic functional groups were detected through FTIR
spectroscopy, the characterization was deepened with the SEM–EDX investigation.

2.7 Protocol

The whole protocol is schematically represented in Fig. 1 and is organized in three sequential
main blocks:

1. Preparation of sub-millimetric samples, as reported in Sects. 2.1 and 2.2.
2. Assessing of the layering: the microscopic observation of the cross-sections under visible

and UV light provides a first essential qualitative description; the quantitative assessment
of the fluorescence emission properties is then achieved through Micro-HSI PL imaging
on a selected region of interest with the aim of precisely identifying the morphology of
the different layers within the stratigraphy.

3. Chemical characterization: this is performed by combining μFTIR-ATR mapping and
SEM–EDX analysis when feasible. It completes the layering identification previously
limited to the sole spatial distribution information, also enabling the discussion of the
micro-HSI results with an insight to the chemical nature of the layers.

3 Results

3.1 Laboratory mock-up

The layering of the cross-sectional sample MU_1 can be barely detected by its observation
under UV light microscopy mainly highlighting the presence of a varnish layer in which the
red particles of madder lake are spread (Fig. 2).
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Fig. 1 Protocol scheme

In Fig. 3, the information extracted by the micro-HSI analysis is provided in terms of a
reconstructed RGB image of the optical emission and mean emission spectrum in each layer
of the mock-up (Fig. 3a and b). The emission of the wood (in cyan, A), of the sizing treatment
(in blue, B), of the varnish (in green, C) and madder lake grains (in red, D) are all broadband
and almost overlapped, apart for the spectrum of lake grains, bathochromically shifted with a
maximum at 600 nm and a shoulder around 520 nm (Fig. 3b). The SAM maps reconstructed
by taking as the reference spectrum the average one in an ROI of the sizing, the varnish, and
the madder lake grains, respectively, are displayed in Fig. 3c, together with a false-color image
generated through their combination (Fig. 3d). The SAM data processing highly enhances
the modest differences among the emission spectra of the different layers. It allows us to
visualize their spatial distribution with a micrometric spatial resolution. Here, the method is
particularly effective for detecting the sizing and visualizing its penetration into the wood for
up a couple of tens of microns proving its impregnant action. The overlapping between layer
B (sizing) and A (wood which correspond to the lower part of the panels reported in Fig. 3c)
confirm it. In particular, the diverse nature of layer B can be clearly evidenced: differently
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Fig. 2 MU_1 cross-section observed through OM under UV light. The capital letters mark the sample layers
from bottom to top: wood (A), sizing (B), oil-based varnish (C), madder lake grains (D). The white dashed
square outlines the area analyzed by micro-HSI. Colored squares mark the areas used as references for the
SAM processing of micro-HSI data

by the varnish layer which properly form a film on the top of the cross-section (green area in
Fig. 3d), that proteinaceous treatment (green area in Fig. 3d) can penetrate the porous wood
to fulfil its task namely turning the wood in a hydrophobic suitable surface for the following
application.

The univariate approach to theμFTIR-ATR mapping dataset allows us to infer the chemical
composition of the layers in the mock-up. In Fig. 4a, we report the abundance maps of
selected FTIR bands, representative of each material: the peak at 1025 cm−1 related to the
C–O stretching vibration of cellulose and hemicellulose for the wood (layer A), the band of
vC=O around 1710 cm−1 for the oil-based varnish (layer B), the peak related to vC=O of the
amide I at 1650 cm−1 for the protein-based material in the sizing (layer C) [59]. The spatial
distribution of the peak at 1510 cm−1 attributed to vC–C aromatic ring is also reported for the
embedding resin [19]. In Fig. 4b, the spectra collected in the correspondence of each layer
are shown. We note here that, based on μFTIR-ATR data only, it is not possible to detect
the presence of madder lake, probably because of the weakness of its infrared signal when
present in a mixture [47].

3.2 Cross-sections from historical violins

3.2.1 SL790 sample

The image under UV light of the SL790 is displayed in Fig. 5. From bottom to top, the sample
appears composed of the wood (A), the sizing (B) and a thick varnish layer (C).

Besides the detection of the wood, sizing and varnish, the analysis of micro-HSI data
allows us to clearly infer the presence of an additional layer at the top of the varnish layer
(labelled as D) whose presence is only slightly noticeable by the image under UV light (Fig. 5).
This layer is well evidenced by the false-color composite image (Fig. 6a) reconstructed by
combining different similarity maps (shown in Fig. SI2 in Online Resource) obtained based
on four ROIs within the sample stratigraphy (see Fig. 5 for reference points). Apart from the
modest differences between the normalized PL emission spectra of layer C (green in Fig. 6b)
and D (orange in Fig. 6b) which alone represents a quantitative and unquestionable marker
of the difference between the two layers emission properties, the combination of the highly
resolved HSI data with the SAM data processing method allows us to definitely highlight
the presence and the distribution of layer D. The quantitative approach of the PL and the

123



 1054 Page 8 of 18 Eur. Phys. J. Plus        (2021) 136:1054 

Fig. 3 Micro-HSI results on sample MU_1. a Reconstructed RGB image of the optical emission; b Mean
PL emission spectra of the wood (A), the sizing (B), varnish (C), and the madder lake grains (D)—spectra
are reported following normalization to the emission peak; c Similarity maps reconstructed based on the
SAM algorithm by considering as reference spectra the mean one in correspondence of the sizing (B), the
varnish (C), and madder lake grains (D)—angle values range between 0–7, 0–9 and 0–22 degrees, respectively;
d False-color image generated by the combination of the SAM maps reported in c—the sizing is reported in
blue, the varnish in green and the madder lake grains in red

Fig. 4 a μFTIR-ATR chemical maps and b related spectra collected on the wood (A), proteinaceous prepa-
ration (B), oil-resin varnish (C) and on the epoxy resin (ER). The marker bands selected to highlight the
distribution of each class of material are displayed
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Fig. 5 SL790 cross-section observed through OM under UV light. The capital letters mark the layers from
the bottom to the top: wood (A), sizing (B), varnish (C), uppermost area of the varnish layer (D). The white
dashed square outlines the area of the micro-HSI analysis, the colored squares mark the sampling areas of the
emission spectra used as references for the SAM processing

Fig. 6 a False-color image obtained by combining SAM maps collected on the SL790 (see Fig. SI2 in Online
Resource); b mean PL emission spectra collected for the wood (A), the sizing (B), the varnish (C) and the
additional layer on the top (D), normalized with respect to the maximum intensity; c μFTIR-ATR spectra and
d related chemical maps collected on the wood (A), proteinaceous preparation (B), and oil-resin varnish (C).
The marker bands selected to highlight the distribution of each class of material are displayed

data manipulation offered by the highly resolved HSI finally represent an improvement of
the outcomes from the UV light image (Fig. 5).

μFTIR-ATR data allows us to achieve the material composition of each layer (Fig. 6c).
Upon the wood (A), the sizing layer (B) is well represented by the spatial distribution of the
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absorption bands at 1650 cm−1 (vC=O, amide I) and 1550 cm−1 (a combination of vC–N and
δN–H, amide II) related to the proteinaceous, whereas the varnish layer (C) is well represented
by the spatial distribution of the vC=O band around 1710 cm−1 ascribed to the natural resins.
The characterization of the varnish is also completed by the presence of vCH2 and vCH3

bands due to the resins’ contribution in the range 3000–2800 cm−1 with the related bending
between 1450 cm−1 and 1375 cm−1 and the signals related to vC–O at 1255 and 1185 cm−1

[59]. The sizing layer represented by the blue area in Fig. 6a goes through the wood for about
20 μm depth and is identified by the 1650 cm−1 (vC=O, amide I) band distribution (Fig. 6d).
In contrast, the uppermost area of the varnish layer, highlighted by HSI imaging, does not
present any specific bands at the μFTIR-ATR analysis. This uppermost layer, more exposed
to the weathering, differs from the innermost. It is probably due to the physical and chemical
features modifications that occurred in the varnish upon aging: a widely explored issue in the
literature [34, 60, 61]. The impossibility to detect such a change with the FTIR analysis can
be explained by the low sensitivity or the scarce spatial resolution of the FTIR equipment.
Also, an alteration of the sole state of matter like the roughness or the density could be no
appreciable.

No signals ascribable to inorganic fraction were detected. Notwithstanding the inability
of μFTIR-ATR to chemically discriminate the uppermost layer identified by the micro-HSI,
the maps (Fig. 6d) properly describe the rest of the layering according to the other results.

3.2.2 SL790.1 sample

In sample SL790.1, the wood and the ground layers are missing. The microscope observation
under UV light revealed the presence of at least four layers (Fig. 7), two of which are highly
fluorescent: A, characterized by heterogeneities of variable size and C, described by a more
compact structure in which tiny heterogeneities are spread. The difference between the two
layers which is recognizable in the UV image can be better visualized through the similarity
maps shown in Fig. 8a, whose spectral emission slightly differs in the broad band with a
maximum around 580 nm (Fig. 8b). The outcome of the PL analysis provides the emission
spectra of the layers, therefore quantitatively validating the different optical properties of the
layers. Moreover, the multivariate approach to the hypercube of data permits a straightforward
visualization of that small differences also affording the identification of small details like
the particles dispersed in the layers (characterized by a different emission properties) which
are much more distinguishable in the SAM (Fig. 8a) than in the UV image (Fig. 7).

The μFTIR maps (Fig. 8c) reveal the chemical feature of the layering: the spatial distri-
bution of the varnish, highlighted through the vC=O band centered at 1710 cm−1 (whose
characterization is also completed by the presence of vCH2 and vCH3 bands in the range
3000–2800 cm−1 with the related bending between 1450 and 1350 cm−1 and the signals
related to vC–O at 1255 and 1185 cm−1) well describes the areas in correspondence of
layer A and C and partially of layer B; whereas the distribution of the peaks at 1650 cm−1

(vC=O, amide I)—combined with the 1550 cm−1 (combination of vC–N and δN–H, amide
II)—is mainly descriptive of the uppermost Layer D [59]. The spectra collected in the layer
B and D areas (Fig. SI3 in Online Resource) are characterized by a strong absorbance
attributable to the inorganic fraction, in particular to the characteristic band of the silicates
vSi–O around 1020 cm−1 and other absorption band related to the v + δSi-O falling in the
range 850–700 cm−1, probably ascribable to a mixture of kaolinite, quartz and K-feldspars
[62]. The investigation by SEM–EDX analyses performed on the particles revealed the sig-
nals of Si, Al, Mg and lower counts of Fe, K, Cl and Ca: these elements confirm the presence
of silicates, probably iron-aluminosilicates and feldspars [63]. In layer B, some particles with
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Fig. 7 SL790.1 cross-section observed through OM under UV light. The capital letters mark the layers from
the bottom to the top: varnish (A), weakly fluorescent layer (B), varnish (C), weakly fluorescent layer (D).
The white dashed square outlines the area of the micro-HSI analysis, the colored squares mark the sampling
areas of the emission spectra used as references for the SAM processing

Fig. 8 a Similarity maps of SL790 sample obtained from the processing of the emission spectra of layers A
(red) and C (blue); angles range from 0–4 and 0–3 degrees, respectively; b average emission spectra of the
two varnish layers A and C, spectra are shown following normalization to emission maxima; c μFTIR-ATR
chemical maps

high counts of Pb are also detected. Silicates and carbonates, characteristics for both the dark
layers, are mixed differently: with a resinous-based material in B and with a proteinaceous
D.

Under this scenario, layer B, C and D are probably restoration layers superimposed to
an original one (layer A). Indeed, the uppermost layer of a violin wood finish should be a
transparent varnish-based layer able to give protection and shine to the instrument surface, and
multiple layers made of glues and mineral mixtures are inappropriate for the purpose. The two
varnish-based layers (A and C) show slight distinct emission properties and morphologies.
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Fig. 9 SL793 cross-section observed through OM under UV light. The capital letters mark the layers from
the bottom to the top: wood (A), ground coat (B), oil-based varnish (C), gray fluorescent material with dark
non-fluorescent and reddish particles (D), not well defined and discontinuously brown and gray areas (E). The
white dashed square outlines the area of the micro-HSI analysis, the colored squares mark the sampling areas
of the emission spectra used as references for the SAM processing

Notwithstanding μFTIR-ATR analysis points out a common chemical nature that can be
explained by the unsuitable sensitivity or spatial resolution of the FTIR equipment or with a
modification of the properties due to different aging degrees [33].

3.2.3 SL793 sample

The SL793 cross-sectional sample from the Bracco 1793 small violin displays a complex
stratigraphy in which at least five layers can be recognized under UV light microscopy
(Fig. 9).

The false-color composite image (Fig. 10a), made up of 5 similarity maps (Fig. SI4 in
Online Resource), allows the detection of an additional layer: areas in Layer E are distin-
guished as two separate uppermost thin layers, the magenta-red (E1) and the green one (E2).
Moreover, it leads to a clear definition of layer B corresponding to the sizing (green) between
the wood (blue) and layer C (in yellow).

μFTIR-ATR mapping results combined with those obtained with SEM–EDX (Fig. 10b,
c), disclosed the composition of the layers. The spatial distribution of the intense vC=O band
around 1710 cm−1—completed by the identification of δsCH2 and δasCH3 at 1450 cm−1,
δsCH3 around 1375 cm−1, and vC-O at 1255 and 1185 cm−1—can suggest the presence
of resin-based varnish in layer C, D and E. Besides, the spatial distribution of the peak at
1650 cm−1 (vC=O, amide I) proper of the proteinaceous—complemented by the presence of
the band at 1550 cm−1 as a combination of vC-N and δN-H, amide II—is mainly associated to
the layer B, D and E areas [59]. In addition, numerous spectra in the area of the sizing and the
uppermost layers (D and E) bear the signals of the inorganic fraction (see Fig. SI5 see Online
Resource): when the band at 1390 cm−1, with a shoulder peak around 1360–1350 cm−1 is
recognizable, it is ascribable to the lead white pigment [64, 65], and when the stretching
vibration of the carbonate group (ν(CO3

−2)) falling at 1420 cm−1 and the characteristic
sharp peak at 870 cm−1 are present, they are related to the calcium carbonate (CaCO3) [66].
The presence of overlapped peaks in the region between 1100–990 cm−1 related to the Si–O
stretching vibrational mode also suggests the presence of silicates [62]. SEM–EDX (Fig. 10b)
confirms these results [63]: Ca-based particles dispersed in layer B (Fig. 10b, point 1) and
Si-, Al- and Mg-based particles in layer D (Fig. 10b, points 2, 3 and 4) clearly identifies the
presence of the ground layer enriched with minerals among the employed wood treatments
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Fig. 10 SL793 investigation results: a composite image obtained by the combination of SAM maps, in which
wood (blue), layer B (green), layer C (yellow), layer D (red) and layer E (uppermost magenta-red-green) are
recognizable; b SEM image with EDX analytical points marked with the arrows; c μFTIR-ATR chemical
maps

and inorganic particles in the proteinaceous upon the varnish. High counts of Fe in fine
particles in layer D (Fig. 10b, point 5) also suggests the presence of iron-based pigments in
the mixture.

According to the layering and its chemical feature, the presence of restoration layers can
be supposed, probably those superimposed to the layer C. The micrometric fragment was
obtained by sampling from the center of the soundboard violin from a dark and restored area
under the bridge. In this perspective, the presence of proteinaceous glue can be justified by
following restoration actions undertaken to prevent the mechanical damage likely produced
by the strain exerted by the strings in this area [67], whereas the presence of resins can be
explained by the widely spread usage of the violin rosin (namely colophony) applied by the
musicians on the strings and then accumulated in this area. The sequence of definite layers
observed in the composite image (Fig. 10a), also supports the hypothesis of distinct events
that occurred in separate moments.

4 Discussion

In this study, we tested for the first time the use of a hyperspectral PL imaging system. We
demonstrated that extremely small differences in the optical properties of the layers can be
enhanced by combining the high spectral resolution of the technique with the multivariate
statistical approach. This technique does not permit the retrieval of the chemical information
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Table 1 Protocol advantages and drawbacks expressed by the high (+ + +), medium (+ +), low ( +) and lack
of (−) effectiveness of each considered technique (first row) with respect to the main query (first and second
column)—the stratigraphic study of musical instrument finishing is empowered by combining the techniques

OM Micro-HSI Micro-FTIR SEM EDX

Morphological Layering + + + + + + −
Wood/sizing interface + + + + − −
Thin layers + + + + − −
Restoration/alterations + + + + − −

Chemical Organic binders − − + + −
Inorganic particles − − + + + +

Madder lake − + + − −

about the materials forming the layering, but it clearly displays their distribution. The chem-
ical characterization can be achieved exploiting the vibrational properties of the molecules
through the μFTIR-ATR mapping. Binning the two techniques entails a straightforward
advantage: the cross-interpretation of the results bring in a clear view of the complexity of
the multi-layered system of the wood finish, also, the high spatial resolution of the hyper-
spectral camera can compensate for the low lateral resolution of the μFTIR-ATR mapping,
providing more accurate distribution of the layers. The results of this study (summarized in
Fig. SI2 in Online Resource) definitely put in evidence the advantages and the drawbacks of
the proposed protocol (and schematically reported in Table 1) for the specific wooden arti-
facts. Due to the composition of the peculiar samples characterized by a mixture of organic
compounds, showing broadband and partially overlapped emission properties, micro-HSI
is scarcely adequate for the chemical discrimination of the material, whereas μFTIR-ATR
mapping, supported by the SEM–EDX when required, is crucial to chemically validate the
layering highlighted by the processing of the hypercube of data. Among the results the
detection of the madder lake is relevant. If the UV optical emission was confirmed to be
exceptionally suitable and specific for its detection [68, 69], we validated the strength of the
micro-HSI and the multivariate approach to enhance its signal and identification: the emis-
sion shifted toward the 600 nm with respect to the other classes of material commonly found
in the wood finish (e.g., varnish and proteinaceous ground), precisely identify and localize
the tiniest grains. Furthermore, the results highlight that the protocol works especially for
the identification of the sizing layer (layer B in MU_1 and SL790) and the assessment of
the penetration depth into the wood substrate. It is an outstanding result in the research field
of wooden musical instruments: in fact, the sizing features are supposed to affect the vibro-
mechanical properties of the wood and the instrument [70, 71]. This knowledge is as relevant
as arduous to be achieved and the proposed non-destructive approach on cross-sections is
extraordinarily advantageous to yield important information that turns to be preliminary and
occasionally useful to focus the following investigation. Furthermore, by the results plenty
of information have been gained about restoration processes (layers B, C and D in SL790.1;
layers D and E in SL793) and ongoing transformation areas (layer C in SL790). In our knowl-
edge, the multivariate approach to the micro-HSI data providing false-color images of the
combined grayscale SAM images can be considered the best non-invasive way to achieve a
precise spatial distribution of the layers and their exact boundaries, with a resolution as high
as able to describe even overlapped few micrometers thin layers in a composite stratigraphy
(sample SL793).
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The improvement of the micro-HSI contribution to the standard approach to the cross-
sectional study is evident: with the same sample preparation and spending a comparable
working time, it provides quantitative information of the emission properties of each pixel
supplying the compelling multivariate processing approach. Further development can lead to
recommending the micro-HSI as a non-destructive screening method, with an extraordinary
extended information load, if compared to the typical UV light microscopy. Moreover, the
selection of a proper method for the data analysis can be crucial for a substantial upgrade
of the methodology. Hence, the limits of the elected supervised classification method (SAM
algorithm) represented mainly by the arbitrary choice of the reference spectrum, can be easily
overwhelmed by employing an unsupervised multivariate statistical approach that must be
considered for the future.

5 Conclusions

To conclude, we have shown the first application of a novel protocol for the cross-sectional
studies of the wood finish of historical musical instruments. The methodology couples con-
ventional micro-FTIR and SEM–EDX mapping to the accurate characterization of the UV-
induced optical emission from samples through hyperspectral PL imaging.

By combining complementary mapping techniques, both morphological and chemical fea-
tures of multi-layered micro-samples have been retrieved. Considering the studied samples,
we showed how the method allowed us to (i) chemically identify the presence of madder lake
on the basis of its PL signal; (ii) provide a high-resolution strategy to define the boundaries
of thin layers, an issue that cannot be achieved by using only μFTIR-ATR mapping, due to
the low spatial resolution of the infrared technique; (iii) disclose the sizing layer features,
including the sizing penetration depth into the wood; (iv) identify restoration layers and
degradation areas within the varnish layer.

This application enabled us to get an insight into the historical manufacturing processes
of wooden musical instruments, providing the identification of the materials employed by
an important violinmaker from Cremona (Italy): Lorenzo Storioni, who is one of the last
interpreters of the Cremonese tradition.
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