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Abstract 

The paper reports on the development of an analytical method based on the use of a new 
miniaturised short-wave infrared (SWIR) spectrometer for the analysis of cultural heritage samples. 
The spectrometer is a prototype characterised by small dimension (45.0 mm in diameter x 47.5 mm 
in height x 60 grams weight), easily handled and transferable out of research laboratories. The 
prototype enables the acquisition of spectra in the SWIR range of 1200 – 2200 nm, which is a 
unique feature for miniaturised spectrometers. The exploitation of this spectral range allows the 
detection of a high number of combination and overtone bands, which guarantees significant 
diagnostic power to the instrument. The present study lays a significant foundation to the 
development of analytical strategies based on miniaturised NIR spectrometers working in the SWIR 
spectral range for the characterization of complex samples such as cultural heritage specimens. 
Analytical performances of the new spectrometer were assessed on archaeological bones, 
cinematographic films and bronze patinas. The selected cases of study present challenging 
conservation issues not properly addressed, and their analyses usually require to be performed on-
site, in places not easily accessible by restorers, archaeologists and/or scientists. The data acquired 
with the prototype, combined with a multivariate data analysis approach, show the possibility to i) 
differentiate between the materials used as a support for cinematographic film namely cellulose 
nitrate (CN), cellulose acetates (CA) and polyethylene terephthalate (PET); ii) sort out 
archaeological bone fragments according to their collagen content as an initial screening test for 
bones characterization; iii) differentiate between corrosion products on outdoor bronze sculpture, 
which is important for assessing the state of conservation of the artwork. The prototype enabled 
rapid information acquisition to guide restoration strategies, which need to be supported in real time 
by quick and easy analytical procedures.  
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investigations; Archaeological bones; Cinematographic films; Bronze patinas.  

 



2 

 

 

1. Introduction  

The miniaturization of vibrational spectrometers and sensors has revolutionised the analytical field 
and has led to portability, simplified use through automation, and the reduction in time and costs of 
the analyses [1]. These advantages have attracted interest from end-users and product developers 
for on-site and on-line analytical applications. Miniaturised spectrometers represent a new 
generation of portable diagnostic systems [2], which can be associated with automatic data 
processing methods, leading to an easy interpretation of the results even by non-specialist 
technicians. Near infrared (NIR) spectrometers are used for developing miniaturised analytical 
tools: no sample preparation is required, and measurements are usually fast and completely non-
invasive [3]. NIR spectrometers have already been widely used in industry for quality control via 
data processing methods. In addition, miniaturised NIR spectrometers have been applied in agro-
food [4, 5] and pharmaceutical research [6, 7], as well as in diagnostic studies in forensic fields [8].  

Miniaturised NIR spectrometers could also represent a turning point in the chemical investigation of 
the cultural heritage. Although the importance of scientific analyses in the conservation field is 
largely acknowledged, the related cost, time and expertise required are often not feasible.  

In cultural heritage research, the use of NIR spectroscopy (1000 – 2500 nm) has had a late and slow 
introduction, with respect to other research fields. Nevertheless, in the last decades NIR 
spectrometry has moved from laboratory benchtop instruments to portable devices that can be used 
on-site, attracting an increasing interest for the non-invasive study of works of art in galleries or 
museums, without requiring precious objects to be moved or sampled.  

NIR molecular investigation has been carried out on stones [9], paintings [10] and illuminated 
manuscript [11, 12] using optical fibre spot reflectance spectroscopy. The spectral range used for 
the single point analysis varies according to the type of sensor spectrometer used, typically: 400-
1000 nm (Visible-NIR range), 780-1000 (NIR range), 1050-1700 nm and 1050-2500 nm (Short-
Wave-IR ranges) [13]. More recently, research has also focused on NIR hyperspectral imaging 
which provides chemical images, simultaneously obtaining information on the molecular 
composition and spatial distribution of the constituents [14, 15]. 

In this paper we assess the potential of a new miniaturised SWIR prototype for the qualitative 
investigation of artistic and archaeological objects, for on-site use (Fig. 1). The prototype is very 
small (45 mm in diameter x 47.5 mm in height), weighs very little (60 grams) and uses a simple 
method based on bringing the sensor into contact with the surface to be analysed. The prototype 
exploits a SWIR range of 1200 – 2200 nm, presenting a unique feature for miniaturised NIR 
devices which usually have a limited range between 900-1700 nm [16-18]. The analysis guarantees 
the good diagnostic power of the data in heterogeneous artwork samples, exploiting a spectral range 
characterized by a high number of combination and overtone bands [19].  

We believe that this is the first time that a miniaturised NIR spectrometer working in the SWIR 
spectral range has been proposed for the characterization of cultural heritage materials.  

Challenging conservation issues were considered in an attempt to address new specific needs and 
conservation issues that to date have not been studied sufficiently. Archaeological bones, 
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cinematographic films and bronze patinas were investigated. All our case studies were linked to 
particular needs: the analysis had to be performed on-site (archaeological excavations, film 
restoration laboratories, and sites of monuments) and to be carried out in places that were not easily 
accessible (scaffolding, isolated places) by restorers, archaeologists and/or scientists. The NIR 
prototype enabled rapid information acquisition to guide restoration strategies, which needed to be 
supported in real time by quick and easy analytical procedures. We thus implemented appropriate 
reflectance spectral databases and tailored-data processing methods for the identification of the 
materials. 

2. Materials and Methods 

2.1 Miniaturised NIR spectrometer and data elaboration 

The NIR prototype was designed by Viavi Solutions (JDSU Corporation, Milpitas, CA) (Fig. 1) [5, 
6]. The system measures the diffuse reflectance in the spectral region of 1208–2160.5 nm (8278–
4629 cm–1). It is controlled by a portable computer via USB port. A linear-variable filter (LVF) is 
used as the dispersing element. LVF is directly connected to a 128-pixel linear Indium Gallium 
Arsenide (InGaAs) uncooled detector, which results in a compact device. Two tungsten light bulbs 
were used as the radiation source. The spot of analysis is approximately 3 mm in diameter. All the 
collected spectra were recorded nominal spectral at a nominal resolution of 7.68 nm. Spectralon 
was used as the NIR-reflectance standard with 99% diffuse reflectance. The spectrum acquisition 
was performed with an integration time of 3 ms and 1000 scans resulting in a measurement time of 
3 s per sample. The MicroNIR Pro software (JDSU Corporation, Milpitas, CA) was used for data 
acquisition.  

Multivariate data processing was performed by means of in-house Matlab routines (The Mathworks 
Inc., Natick, USA). Suitable row pre-treatments were selected and applied in attempt to minimise 
systematic unwanted variations, which could affect the signals. In more details, standard normal 
variate (SNV) transform was selected to correct for both baseline shifts and global intensity 
variations, while first Savitzky-Golay derivation was applied to enhance details within complex 
spectral features (e.g. unresolved broad shape bands). Afterwards, the spectra range considered 
were the following: 1369.3-2122.1 nm for cinematographic films, 1254.9- 2122.1 nm for bone 
samples and 1307.9-2091.4 nm for copper-based corrosion products. Column centring was 
performed prior to principal component analysis (PCA). 

2.2 Cinematographic films 

A total of 79 developed cinematographic film rolls or roll sections characterised by different 
polymeric bases (cellulose nitrate -CN-, cellulose acetates -CA- and polyethylene terephthalate 
PET) were analyzed. Samples belonged to different typologies (Black and white, Colour, Negative, 
Positive and intermediate elements) and manufacturing companies (Eastman Kodak©, Agfa©, 
3M©, Ferrania©, Pathe©, Orwo© and Fuji©). Preliminary information about the polymeric base 
composition was obtained by films inscriptions and conventional mechanical and visual films 
examination. According to their state of conservation film samples were broadly grouped in “well-
preserved” (10 CN samples, 19 CA samples, and 13 PET samples) and “degraded” (16 CN samples, 
11 CA samples, and 10 PET samples). 
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At least 5 spectra from each sample were recorded by placing the film between the spectrometer 
and the gold-coated glass holder. All films were analyzed directly in contact with the polymeric 
base. 

2.3 Ancient Bones 

A total of 7 bone samples coming from different Italian archaeological sites (Table 1) were 
analysed. Samples were selected based on their ages (from ca. 45 ka to Early modern times) and 
provenances (from Southern to Northern Italy). Most of them (RB63, R313, UC86, UC88) are 
undetermined bone fragments of animal origin, while two bones (RP and SMM) belonged to Homo 
sapiens. Sample OV is attributable to an ovicaprid. Bone samples are characterized by different 
state of conservation, according to the excavation site and age. On these bases it was possible to 
argue that samples RP, SMM and OV could present a higher collagen content in comparison to 
samples RB and to those from Uluzzo archaeological site. 

Table 1: Bone samples investigated  

Sample Provenance Date Species Anatomy Notes 

RP Roccapelago (Modena, 
Italy) 

16th-18th 
cent. 

Homo sapiens femur 
section 

Partially mummified 
individual 

SMM Santa Maria Maggiore 
(Trento, Italy) 

15th cent. Homo sapiens talus - 

OV Ostra Vetere (Ancona, 
Italy) 

6th-7th 
cent. 

Ovicaprid tibia - 

RB63 Riparo Broion 
(Vicenza, Italy) 

45 ka undetermined/fauna bone 
fragment 

- 

R313 Uluzzo C (Nardò, 
Italy) 

42 ka undetermined/fauna bone 
fragment 

badly preserved 

UC86 Uluzzo C (Nardò, 
Italy) 

42 ka undetermined/fauna bone 
fragment 

badly preserved 

UC88 Uluzzo C (Nardò, 
Italy) 

42 ka undetermined/fauna bone 
fragment 

badly preserved 

 

A total of 11 spectra were recorded for each sample, positioning the sensor directly in contact with 
the bone surface.  

2.4 Copper-based corrosion products  

Brochantite (Cu4SO4(OH)6), antlerite (Cu3SO4(OH)4), and atacamite (Cu2Cl(OH)3) were 
synthesized in laboratory and characterized by XRD and FTIR spectroscopy, in order to have pure 
standard reference materials. The analysis of the standards was performed by positioning the 
instrument on pressed pellets made of 200 mg of pure compound [20]. Eleven spectra were 
recorded for each sample.  
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Copper and bronze plates (5 x 7 cm) naturally and artificially aged have been selected as 
representative samples of outdoor bronze patinas. All samples show similar stratigraphy represented 
by a brown layer of cuprite adherent to the metal/alloy and an external layer of green copper 
hydroxysalts on top of the cuprite layer. The urban natural sample (UN) is characterised by the 
presence of a thin layer of cuprite and brochantite produced on a copper plate coming from a roof 
which has been exposed to the urban atmosphere of Munich (Germany) for almost 80 years; the 
natural patina was further subjected to artificial ageing under UV radiation [21] and salt exposure 
[22] for a total of 2000 hours. The urban artificial patina (UA) was artificially generated by 
employing the Pichler process, which allows to create an external green thick layer of copper 
hydroxysulphate brochantite. Antlerite was observed in the UA patina as well, in minor amount 
compared to brochantite [23]. The UA sample was submitted to the same artificial ageing process 
previously described for the UN sample. The marine natural (MN) sample, is characterised by the 
presence of an external layer of atacamite with phosphates, silicates and malachite in minor amount 
and was obtained exposing samples to the marine environment of Cabo Raso (Portugal) for 31 
months. The patina components of UN, UA and MN samples were characterized by XRD and FTIR 
analysis [24]. The analysis was performed by placing the spectrometer in contact with the patina. 
Eleven spectra were recorded for each sample. 

 

3. Results and Discussion 

3.1 Historical cinematographic films 

In general terms, cinematographic films are made up of a thick, transparent polymeric base, which 
supports the thinner sub-layers that contain the recorded image and/or sound. Three general types of 
materials are used to produce the bases for film: cellulose nitrate (CN), cellulose acetates (CA), and 
polyethylene terephthalate (PET). CN and CA film bases are intrinsically unstable, tending to lose 
their acetyl and nitro functional groups via hydrolysis [25, 26]. Such phenomena, together with the 
decomposition of gelatine and the plasticizer migration, are the most important causes of 
cinematographic film degradation. To slow down the film’s degradation rate, controlled storing 
conditions need be adopted, according to the type of polymeric base (such as the freezing of CN 
elements). However, this may drastically increase the cost of the conservation of film collections. 
Thus, accurate identification of the film base is important for the most rational resource 
management of a movie archive.  

The traditional approach to identifying film bases consists in a simple visual examination of the 
film’s inscriptions and an empirical assessment of its structural characteristics. However, this can 
sometimes lead to an erroneous identification. Chromatographic techniques have also been 
proposed for characterizing the polymers used both in animation cels and cinematographic films 
[27, 28]. However, chromatographic analyses in most cases are costly, long, and require complex 
instrumentation and reagents, and they are invasive, requiring samples [29]. In comparison, 
spectroscopic analyses are a simpler and more accessible way to characterize film and animation cel 
bases: Raman spectroscopy [25, 30], FTIR spectroscopy in transmission and Attenuated Total 
Reflection (ATR) modes [27, 30, 31] and NIR spectroscopy have been proposed. However, these 
techniques involve several drawbacks such as the non-portability of the instruments, the danger of 
damaging the sample during the analysis, or the occurrence of fluorescence in Raman spectra.  
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Portable NIR sensors are a promising alternative for film base studies, as they require much less 
analysis time and less expensive instruments. They can also be used on-site in a completely non-
invasive way.  
In order to offer a suitable diagnostic tool for film base identification, the performance of our new 
NIR prototype system was evaluated. Spectra of the three classes of polymers used as film bases 
showed particular spectral profiles in the NIR region of between 1200 and 2200 nm, which enabled 
them to be identified (Table2, Fig. 2a). 
 
Table 2: Absorption bands in the NIR region of cellulose nitrate (CN), cellulose acetates (CA) and 
polyethylene (PE). 
 
Cellulose 

nitrate 
(nm) 

Cellulose 
acetate  
(nm) 

Polyethylene 
(nm) 

Tentative Assignment  

1423 1415 
 

1st overtone of OH stretching [32-34] 

  
1415 1st overtone of OH stretching [35] 

 
1677 1661 1st overtone of CH stretching [35-39] 

1707 1723 1707 1st overtone of CH stretching [34, 35, 40, 41] 

  
1799 - 

1899 
  

1st combination of OH stretching and bending [40] 

 
1907 1915 

1st combination of OH stretching and bending [32, 40, 42], 
2nd overtone C=O stretching [34, 35, 43] 

  
1945 

 
2nd overtone of C=O stretching [42, 44] 

2021 
  

- 

 
2137 2137 

Combination band of aromatic CH stretching and ring 
vibration [42] 

 
CN features diagnostic bands at 1423 nm (1st overtone of OH stretching), and at 1707 nm (1st 
overtone of CH stretching) [39]. CA samples can be easily identified and differentiated from the 
nitrocellulose-based films due to the characteristic double band at 1677 nm (1st overtone stretching 
of CH)[39] and at 1723 nm (1st overtone of CH stretching) [41]. Finally, the different chemical 
nature of PE bases led to a NIR spectrum that was very dissimilar from the previous ones and 
characterised by a very strong band at 1661 nm that can be attributed to the 1st overtone of CH 
stretching [37]. PE spectra were also characterised by a band at 2138 nm due to the combination 
band of aromatic CH stretching and ring vibration [42].  
This simple identification of the diagnostic band thus differentiates among the film bases. The data 
obtained were processed with principal component analysis (PCA) in order to assess the robustness 
and the discriminatory power of the method. Chemometric tools may also enable simple analysis 
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methods to be developed that can support conservators and archive staff in interpreting the results. 
The resulting score scatter plot clearly shows three different clusters associated with the three 
classes of cinematographic film bases (Fig. 2c). The interpretation of the loadings scatter plots (Fig. 
2d) enables the variables involved in the sample separation to be clearly identified. The diagnostic 
bands at 1423 and 1707 nm (in the loading plot variables at around 1690 nm and 1400 nm related to 
bands after derivative correction) played a crucial role in the separation of CN samples, as expected. 
On the other hand, CA samples were characterised by bands at 1723 and 1907 nm (variables around 
1707 and 1892 related to bands after derivative correction), while the PE basis can be clustered 
thanks to the presence of bands at 1661 and at 2138 nm (corresponding to bands with a derivative-
like shape at about 1638 and 2114 nm).  
The correct identification of film bases is even more important in degraded and partially altered 
films, which usually require urgent conservation actions together with appropriate storage. The 
performance of the micro NIR prototype was therefore also evaluated on degraded samples 
belonging to the three different classes. Degraded films are characterized by a reduced mechanical 
resistance, embrittlement, distortion and shrinkage, dye plasticizer exudation, dye fade, gelatine 
decomposition, delamination and “channelling” of the emulsion [45]. 

Spectra collected from CA degraded samples showed a strong decrease in the bands at 1661 and at 
1723 nm. Conversely, a broad band appeared at 1462 nm which was attributed to the 1st overtone 
of free OH (Fig. 3a). These outcomes may be related to the hydrolytic degradation observed in CA 
degraded materials [46]. To test the discrimination ability of the unsupervised model, a new dataset 
was created, including both well-preserved and degraded samples, and then submitted to PCA. The 
resulting plot described three main clusters associated with the three different types of polymers, 
each containing well-preserved and degraded samples (Fig. 3c). The limited dispersion of samples 
belonging to the same class led to a good discrimination among the various polymeric classes. The 
loadings plot (Fig. 3d) confirmed the diagnostic role of bands at 1661, 1707, 1723 and 2138 nm, as 
previously described. Our NIR prototype is thus suitable for the identification of the film support 
irrespectively of the state of conservation.  

3.2 Ancient Bones 

The characterization of bone proteins in human and animal remains is fundamental for phylogenetic 
and diagenetic studies of ancient populations. Collagen is the main protein in bone, with non-
collagenous proteins (NCPs) being less abundant. Proteomic, radiocarbon and stable isotope 
analyses of bones, can provide information on the taxonomy, age, diet and mobility of ancient 
populations. Unfortunately, the effectiveness of these investigations can be compromised if the 
amount of preserved collagen is too low [47-49]. In fact, collagen is subject to significant 
alterations mostly due to changes in the climate and the burial environment [50]. The above-
mentioned analyses are therefore usually performed on a very large number of samples, with a high 
cost in terms of time and money.  
Rapid screening methods are thus increasingly employed to detect collagen in bones before the 
bones are subjected to further analyses. Bone samples can be investigated through elemental 
analyses for the evaluation of the %N content [49]. Raman and Fourier-transformed infrared 
spectroscopy have also been proposed as screening tools for the detection of collagen in bones, with 
the use of microscopes and bench instruments [51-53] as well as portable instrumentation [54, 55]. 
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However, these analytical approaches are destructive and/or time consuming, limiting their 
application to large numbers of bone samples.  
NIR has been applied for taxonomical discrimination of bones [56] as well as for the non-invasive 
evaluation of bone preservation. Bone collagen is detected thanks to the presence of diagnostic 
proteinaceous bands in the NIR spectral region [57-59]. To date bones samples have mainly been 
analysed in the laboratory with benchtop spectrometers. A portable NIR spectrometer coupled with 
fibre-optic reflectance probe was recently tested for in situ analyses [60]. Our new miniaturized 
device, which is inexpensive and easier to use than conventional portable spectrometers, appears to 
have great potential as a screening tool for use in situ during archeological excavations. 
To evaluate the performance of our NIR device, we analysed seven bone samples, from two 
archaeological sites and characterized by different conservation stories (Table 1). We speculated a 
higher collagen content (%) for specimen RP (partially mummified individual) and a lower content 
for the Palaeolithic samples (RB63, R313, UC86 and UC88; <1%). Although older in terms of 
absolute age, macroscopically sample RB63 appears to be better preserved than the Uluzzo samples 
(R313, UC86 and UC88). This may be related to the different burial environments of the two 
places. RB63 comes from the northern site of the Riparo Broion (Vicenza, Italy), which has a lower 
annual temperature than Uluzzo. Samples OV and SMM, from the Late Antiquity and Late 
Medieval periods respectively, should present a collagen content that is somewhere between the 
content found in Palaeolithic and modern specimens. 
Our preliminary hypotheses were in line with the observations of the spectra profiles (Fig. 4a), 
which enabled us to identify the collagen diagnostic band at 2053 nm (N-H combination bands) in 
four samples: RP, SMM, OV and RB63. A shoulder band was also identified at about 1692 nm 
likely due to the first overtone C-H stretching (better visible after the first derivative correction with 
a band at 1677 nm) in sample RP, SMM, OV. On the other hand, for the other samples (Uluzzo), no 
evidence of collagen was found either in the raw data or in the spectra after the first derivative 
correction, which is commonly applied to increase the readability and identification of weak and 
broad NIR bands. 
The PC1 vs PC3 score plot showed an appreciable separation of the samples (Fig. 4c). Spectra 
obtained on RP, SMM, OV and RB63 samples showed a good reproducibility leading to a low 
dispersion in the scatter plot. Conversely, samples R313, UC86, UC88 were characterized by a 
higher dispersion, making a clear separation between them difficult. The analysis of the loadings 
plot (Fig. 4d) indicated the crucial role played by the band at 2053 nm (2022 nm in derivative) in 
differentiating the bones according to their collagen content. The wavelengths around 1910-1935 
nm (1891-1945 nm in derivative) that can be attributed either to the O-H bands of hydroxyapatite or 
to the water content in the samples, seemed to influence the dispersion of the spectra belonging to 
the same sample. Based on PCA results we were able to tentatively describe the bones according to 
their collagen content. The sample presenting the highest relative content of collagen was RP, 
followed by SMM and OV. Collagen was also detected in sample RB63 although probably in a 
lower amount. Finally, samples R313, UC86, UC88 seemed to be characterized by the lowest 
content of collagen. Since the characteristic collagen bands were not detected, collagen may have 
been present possibly in a very low amount or be even absent. 
 

3.3 Metal samples 
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Although little has been done to explore the use of NIR spectroscopy for identifying corrosion 
products in bronze patinas, the infrared microscopy extended range of MCT detectors (7800-650 
cm-1) was recently exploited to study small samples from the corrosion surface of the bronze 
sculpture of Neptune in Bologna [20]. In addition, SWIR imaging system (1000-2500 nm) has also 
been used for on-site mapping of corrosion products on two sites of a bronze sculpture of Auguste 
Rodin [61]. 
However, neither analytical approach can be easily used on-site by inexperienced operators. 
Since accurately characterizing outdoor bronze patinas is fundamental in planning appropriate 
conservation interventions, the on-site characterization of corrosion products using our miniaturized 
spectrometer seems extremely promising.  
Brochantite (Cu4SO4(OH)6), antlerite (Cu3SO4(OH)4) and atacamite (Cu2Cl(OH)3) are three copper-
based corrosion products commonly found on the surface of outdoor bronze sculptures. Brochantite 
and antlerite typically grow on outdoor sculptures exposed in urban environments, whereas 
atacamite is mainly found in marine environments. These compounds indicate a proliferation of 
dangerous corrosion processes and thus being able to identify helps in revealing the state of 
conservation of the sculpture. Brochantite and antlerite are the result of electrochemical processes 
involving the interaction of the bronze alloy with SO2 from the atmosphere. Atacamite is a warning 
signal of the presence of copper chlorides, which may be related to a dangerous and highly 
corrosive phenomenon called “bronze disease” [62].  
The above-mentioned corrosion products can be easily identified by their characteristic absorption 
bands in the near infrared [20]. The spectra of the synthesised compounds, collected by means of 
the NIR prototype, are presented in Fig. 5a. The brochantite spectrum has a weak band at 1431 nm 
due to the 1st overtone of the OH stretching and a broad band at 1945 nm. Antlerite shows two well-
defined bands at 1431 and 1477 nm, the former assigned to the 1st overtone of the OH stretching, 
and a broad band at 1968 nm. Atacamite presents several bands, the most characteristic located at 
1469 (1st overtone OH stretching), 1861, 1953 (shoulder) and 1992 nm (not assigned).  
Eleven spectra from each standard compound were collected and submitted to PCA. Fig. 5b shows 
the first derivative spectra submitted to PCA. The score plot PC1 vs PC2 (Fig. 5c) shows the well-
separated compounds, while the loading plot PC1 vs PC2 highlights the relevance of the variable at 
1992 nm (2007 nm in derivative) for atacamite and 1431 and 1477 nm for antlerite (1423 and 1461 
nm in first derivative) as the reason for the separation.  
Since the multivariate method differentiated among the three standard compounds, it was also 
applied to data collected from naturally-occurring corrosion products in different environments or 
artificially produced in the laboratory. Thus, samples presenting corrosion products grown in the 
urban environment (sample UN), marine environment (sample MN), and an artificial patina (sample 
UA) were submitted to the analysis. The spectra are reported in Fig. 6a.  
Although the NIR spectrum of the UN sample is noisy, it shows a weak band at 1438 nm thus 
assigning the first overtone of OH stretching of brochantite. The spectrum of the UA sample shows 
the OH overtone at 1431 nm and a very week band at 1469 nm, revealing the presence of 
brochantite and, in a smaller amount, antlerite. By comparing the standard spectrum of atacamite 
with the MN spectrum, the signal in the first overtone region (1461 nm) as well as the strong band 
at 1984 nm can be linked to the presence of atacamite. XRD and FTIR data collected on the three 
patina samples and reported in the pertinent literature [23, 24] confirm the results obtained with the 
NIR prototype. 
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PCA analysis applied to the near infrared data led to interesting results for the differentiation of 
bronze patinas grown in different environments (Fig. 6c). The near infrared data of UN, MN and 
UA show a good separation in the score plot PC1 vs PC2 (Fig. 6c). The loading plot (Fig. 6d) 
highlights the important role of the variables at 1984 nm (2015 in first derivative) for the separation 
of MN spectra. The separation of spectra recorded on UN and UA samples, was linked to variables 
in the first overtone region, and also to the band at 1438 nm (1484 nm in first derivative). We 
believe that these results underline the usefulness of our small portable micro NIR sensor for the in-
situ study of copper-based corrosion products. 
 

4. Conclusions 
 
We have proposed a new SWIR portable prototype (1200-2200 nm) in combination with 
multivariate data analysis. This can be used as an on-situ, rapid, non-invasive methodology for 
identifying and differentiating materials in objects of artistic and archaeological interest. Our 
instrument is at the cutting edge of the development of miniaturized devices. In terms of its use in 
the cultural heritage is concerned, the methodology managed to: i) differentiate between the 
materials used as a support for cinematographic film, ii) sort out archaeological bone fragments 
according to their collagen content, and iii) differentiate between corrosion products on outdoor 
bronze sculpture. The spectral range employed proved to be well suited for the analysis of the 
selected objects as they all presented characteristic overtone or combination bands.  

We believe that the results obtained using our methodology have important implications in the 
study and preservation of the different materials. The differentiation of cinematographic film 
samples, for instance, helps conservators-restorers to safely classify the samples according to their 
chemical composition, thus reducing the risks connected to degradation. The identification of 
collagen in bone fragments means that bones can be identified according to the collagen content and 
thus represents an initial screening test. Finally, the presence of certain corrosion compounds on 
bronze sculptures may help in determining the state of conservation of the objects and consequently 
help in deciding whether conservation is urgently needed.  

The advantages of the device in terms of cost, portability, ease of use could be exploited not only by 
conservation scientists but also conservators and conservator-restorers. To this aim, further efforts 
will be devoted to the development of new chemometric approaches for the automatic data 
processing and interpretation.  
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Figure Captions 

 

Fig. 1: The prototype SWIR spectrometer.  
 
Fig. 2: Analysis of cinematographic film samples well-preserved; a) representative spectra of 
cinematographic film support cellulose acetate (CA), cellulose nitrate (CN) and polyethylene 
terephthalate (PET); b) first derivative spectra of cellulose acetate (CA), cellulose nitrate (CN) and 
polyethylene terephthalate (PET); c) Score plot of CA, CN and PET samples; d) loading plot of CA, 
CN and PET. 

Fig. 3: Analysis of cinematographic film samples well-preserved and degraded; a) representative 
spectra of degraded cinematographic film support cellulose acetate (CA-d),cellulose nitrate (CN-d) 
and polyethylene terephthalate (PET-d);b) first derivative spectra of degraded cellulose acetate 
(CA-d),cellulose nitrate (CN-d) and polyethylene terephthalate (PET-d); c) Score plot of well-
preserved and degraded CA, CN and PET samples; d) loading plot of well-preserved and degraded 
CA , CN and PET  

Fig. 4: Analysis of bone samples; a) representative spectra of samples UC86, UC888, R313, OV, 
RB63,RP and SMN ;b) first derivative spectra of UC86, UC888, R313, OV, RB63,RP and SMN; c) 
Score plot of bone samples with convex polygons calculated for each class; d) loading plot of bone 
samples. 

Fig. 5: Analysis of standard powder copper-based corrosion products; a) representative spectra of 
antlerite, atacamite and brochantite; b) first derivative spectra of antlerite, atacamite and 
brochantite; c) Score plot of copper-based corrosion product samples; d) loading plot of copper-
based corrosion product samples. 

Fig. 6: Analysis of natural and artificial copper-based corrosion products on copper or bronze 
substrates; a) representative spectra of copper-based corrosion products grown in urban artificial 
(UA), marine natural (MN) and urban natural (UN) environment. b) first derivative spectra of 
copper-based corrosion products of UA, MN and UN samples; c) score plot of UA, MN, UN 
samples; d) loading plot of UA, MN, UN samples. 

 

 















- A new miniaturized SWIR spectrometer is proposed for cultural heritage analyses 
- The prototype enables rapid information acquisition to guide restoration strategies 
- The prototype can be used as an in-situ, rapid, non-invasive analytical method 
- Cinematographic films, bones and bronze patinas were efficiently characterised 



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 


